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Abstract 

Durability is an important aspect of reliability of concrete structures. In order to establish the carbonation model of 
polyvinyl alcohol (PVA) fiber concrete including the influences of PVA fiber length and volume content, a series of 
accelerated carbonation experiments were carried out on the normal concrete specimens and PVA fiber concrete 
specimens with fiber lengths of 3 mm, 6 mm, 12 mm and 18 mm and fiber volume contents of 0.1%, 0.3%, 0.5%, 
0.75%, 1.0% and 1.5%, respectively. The experimental conditions remained at temperature of 20 ℃, humidity of 70%, 
and carbon dioxide concentration of 20%. It was found that the addition of PVA fibers could improve the carbonation 
resistance of concrete considerably. Within the investigated range of fiber length and content, the carbonation resist-
ance of concrete is first strengthened and then weakened with increasing PVA fiber length or content. The quadratic 
carbonation depth prediction model could characterize the influences of PVA fiber length and content better than 
the linear model. The carbon dioxide diffusion equation was established by introducing a PVA fiber influence fac-
tor and its parameters were determined from the carbonation depth prediction model. The carbonation process of 
PVA fiber concrete under the accelerated carbonation experiment condition was simulated. Both the model and 
the numerical method were validated by comparison between the experimental and numerical results. Finally, the 
influences of added PVA fibers on the carbonation life and durability of reinforced concrete components were further 
studied numerically. The results showed that compared with the normal concrete component, the durability of PVA 
fiber concrete components is significantly improved.
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1 Introduction
As one of the most widely used construction and building 
materials, concrete has high compressive strength, but 
low tensile and bending strength, poor ductility, and low 
fracture toughness (An et al., 2014; Pacheco-Torgal et al., 
2012; Samarakkody et al., 2017). In order to improve the 
mechanical properties, various kinds of fibers, such as 
steel fibers (Belletti et al., 2008; Fuente et al., 2012; Tiberti 

et  al., 2018), jute fibers (Razmi & Mirsayar, 2017), car-
bon fibers (Spelter et al., 2019), polyvinyl alcohol (PVA) 
fibers (Zhang & Yang, 2019), etc., have been added into 
concrete. They can effectively inhibit the initiation and 
development of micro-cracks in the early hardening pro-
cess of concrete, and bring better tensile, bending and 
crack-control properties to concrete. Steel fiber concrete 
received attention first. However, it has non-ignorable 
downsides, such as increased concrete density and non-
uniform distribution of fibers in concrete, as well as steel 
fiber corrosion. In recent years, synthetic fibers, such as 
PVA fibers, attracted wide attention due to their high 
acid and alkaline resistance, high bonding strength with 
the cement matrix, and relatively low cost. At present, 
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PVA fiber concrete has been applied in some engineering 
practices (Muntean et al., 2017; Thong et al., 2016; Zhu & 
Lv, 2011).

With the increasing attention paid to the durability of 
concrete, the carbonation resistance of concrete, as one 
of the most important aspects of the durability problem, 
has become a hot issue of research and attention (Chen 
& Qian, 2017; Ding & Chen, 2019; Frazão et  al., 2015; 
Possan et al., 2016). Carbon dioxide in the environment 
intrudes into porous concrete and dissolves in the pore 
solution to form carbonic acid, which reacts with the cal-
cium hydroxide around the pores to form calcium car-
bonate (Mi et  al., 2019; Omikrine Metalssi et  al., 2020). 
This reaction continues until the pH value in the pore 
solution drops to the range of 8.5 ~ 9.0. Therefore, the 
carbonation is a process that develops slowly from the 
surface to the inside of concrete. In reinforced concrete 
structures, once concrete carbonation passes through the 
protective layer, the depassivation of the internal rein-
forcement would occur (Carević & Ignjatović, 2019; Han 
et al., 2016; Saetta et al., 1993; WSNB Dong Cui, 2018).

In recent decades, the research on the prediction model 
of concrete carbonation depth attracted much attention. 
For example, in 2020, Liu et  al. (2020) studied the car-
bonation rate of concrete in different environments, and 
proposed a carbonation depth prediction model consid-
ering the effects of temperature, relative humidity and 
carbon dioxide concentration. Felix et  al. (2021) estab-
lished a carbonation model for fly ash concrete based on 
the artificial neural network, and evaluated the effects 
of the cement consumption and fly ash content, as well 
as carbon dioxide concentration and relative humidity. 
Li et  al. (2020) proposed three mathematical models to 
describe the diffusion of carbon dioxide in concrete with 
different carbonation reaction rates, respectively.

Some attention was also paid to synthetic fiber modi-
fied concrete. Flores Medina et al. (2014, 2015) studied the 
effects of polypropylene (PP) fibers on early age shrink-
age and cracking in the concrete with natural pozzolan 
cement and their combined influences with silica fume 
on concrete durability. Tonoli et  al. (Tonoli et  al., 2019) 
showed the effects of the initial moisture content on the 
carbonation degree, mechanical and physical properties of 
fiber–cement composites after their exposition to carbon 
dioxide atmosphere and after accelerated ageing cycles. 
Zhang et al. (2018) investigated the carbonation durability 
of engineered cementitious composites and concluded that 
the material reinforced with 2 vol % PP fibers has superior 
carbonized durability. Up to now, however, no quantitative 
prediction model is given for carbonation depth prediction 
of synthetic fiber modified concrete.

In this paper, some rapid carbonation experiments 
were performed on the normal concrete and PVA fiber 

concrete specimens, and the influences of PVA fiber 
length and content on the concrete carbonation are 
studied to establish the carbonation model of PVA fiber 
concrete including the influences of PVA fiber length 
and volume content. Finally, as a simple application, the 
model was used to numerically evaluate the durabil-
ity of reinforced PVA fiber concrete components after 
validation.

2  Experimental Method
2.1  Materials
P.I.42.5 Portland cement, medium sand, continuous 
graded coarse limestone aggregates with density of 
2719  kg·m−3, tap water, and PVA fibers with lengths of 
3  mm, 6  mm, 12  mm and 18  mm (see Fig.  1 for 6  mm 
and 18 mm) were used as raw materials to prepare speci-
mens. The chemical composition of Portland cement, the 
physical and mechanical properties of PVA fibers, the 
aggregate gradation, and the concrete mix proportions 
are shown in Tables 1, 2, 3, 4, respectively.

2.2  Experimental Procedures
The specimens have sizes of 
100 mm × 100 mm × 100 mm. They are divided into two 
kinds: one is normal concrete specimens with zero PVA 
fiber content, and the other is PVA fiber concrete speci-
mens with different fiber lengths and contents. Except for 
the normal concrete specimens, there are 18 combina-
tions of fiber length and content in total. Among them, 
the specimens with fiber lengths of 6  mm and 12  mm 
have fiber contents of 0.1%, 0.3%, 0.5%, 0.75%, 1% and 
1.5%, respectively, but the specimens with fiber lengths of 
3 mm and 18 mm have only fiber contents of 0.1%, 0.3% 
and 0.5%, respectively, as shown in Table 5. Each combi-
nation of PVA fiber length and content, including nor-
mal concrete without PVA fiber, has 12 specimens, every 
three ones of which are for the 7-, 14-, 21- and 28-day 
carbonation experiments, respectively.

 

(a) 6 mm  (b) 18 mm 
Fig. 1 PVA fibers of different lengths.
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In accordance with the state standard of the People’s 
Republic of China (GBT50082-2009) (The state stand-
ard of the People’s Republic of China, 2009), after curing 
and demolding, the specimens were put into the stand-
ard curing room with temperature of 20  °C and rela-
tive humidity of 95% above for 28 days. After that, they 
were put into the drying oven and dried at 60  °C for 
48  h to fully dissipate the water inside the specimens. 
Finally, they were cooled naturally. For the carbonation 

experiments, two opposite sides of each specimen were 
retained, but the remaining surfaces were sealed with 
paraffin wax.

After the preparations have been made, all the 
specimens were put into the accelerated carbonation 
chamber to carry out the accelerated carbonation experi-
ments. The experimental temperature was controlled 
at 20 ± 3  °C, the humidity was 70 ± 5%, and the carbon 
dioxide concentration was 20 ± 5%. Three specimens in 
each combination were taken out when the carbonation 
time reaches 7, 14, 21 and 28 days, respectively. Measur-
ing points were set every 10 mm interval on the retained 
surfaces of each specimen, as shown in Fig. 2a. Then the 
specimens were cut up at every measuring point and then 
1% phenolphthalein alcohol solution was sprayed to the 
cutting surfaces, as shown in Fig. 2b. Finally, the distance 
of the color boundary from the specimen surface was 
measured as the carbonation depth at the correspond-
ing measuring point, as shown in Fig.  2c. The arithme-
tic averages of carbonation depth were computed for all 
measuring points of each specimen and for all specimens 
of each combination. The data from the normal concrete 
specimens were treated as the reference.

3  Effects of PVA Fiber Length and Content 
on Carbonation

3.1  Prediction Model of Carbonation Depth
In order to study the fiber content effect on the carbona-
tion, the fiber length was fixed on 6  mm and 12  mm, 
respectively, but the fiber content was changed from 
0.1 to 0.3%, 0.5%, 0.75%, 1%, and 1.5%. Fig. 3 shows the 
variation of carbonation depth versus time for the PVA 
fiber concrete specimens with fiber lengths of 6 mm and 
12 mm and different fiber contents. For comparison, the 
carbonation data of normal concrete specimens are also 

Table 1 Chemical composition of Portland cement.

LOI is the loss on ignition, namely the percentage of weight lost after ignition between 1000 and 1100 °C

Composition SiO2 Al2O3 Fe2O3 CaO MgO R2O LOI

Content /% 20.6 5.0 3.4 63.3 1.3 0.5 1.76

Table 2 Physical and mechanical properties of PVA fibers.

Diameter 
/μm

Elongation 
at break /%

Tensile 
strength /
MPa

Initial 
modulus /
GPa

Density/g/cm2

15 6.9 1830 40 1.29

Table 3 Aggregate gradation.

Grain size /
mm

Sieving 
size /
mm

Sieving 
mass /
kg

Mass content 
/%

Passing rate /%

0–4.75 4.75 193 3.86 3.86

4.75–9.5 9.5 1678 33.57 37.43

9.5–16.0 16.0 2108 42.18 79.61

16.0–19.0 19.0 652 13.05 92.66

19.0–26.5 26.5 367 7.34 100.00

Table 4 Concrete mix proportions.

Cement /kg  m−3 Sand /kg  m−3 Aggregates /kg 
 m−3

Water /kg  m−3

433 674 1148 195

Table 5 Combination of PVA fiber length and content.

Fiber length Fiber content

0.1 0.3 0.5 0.75 1 1.5

3 mm √ √ √

6 mm √ √ √ √ √ √

12 mm √ √ √ √ √ √

18 mm √ √ √



Page 4 of 14Luo et al. Int J Concr Struct Mater            (2022) 16:9 

plotted in it. It can be seen that the carbonation depth 
has a decreasing growth rate with time, which is very 
consistent with Fick’s second law. Accordingly, similar to 
the normal concrete, the carbonation depth of the PVA 
fiber concrete can be assumed to be directly proportional 
to the square root of time. In addition, for the same fiber 
length and carbonation time, the carbonation depth first 
decreases with the PVA fiber content increasing from 0 
to 0.75%, and then increases with the increase of PVA 
fiber content from 0.75 to 1.5%. Therefore, no matter 
the length of PVA fiber is 6 mm or 12 mm, for the same 
carbonation time, the carbonation depth of PVA fiber 
concrete with 0.75% content is the minimum. It indi-
cates that PVA fiber concrete with 0.75% content has the 
strongest carbonation resistance.

This is because the incorporation of appropriate 
amount of PVA fibers into concrete can improve the 
internal structure and reduce the porosity, thus improv-
ing the compactness and the resistance of carbon diox-
ide penetration (Aminul Haque et al., 2019). In addition, 
the incorporation of PVA fibers can also inhibit the for-
mation and development of early cracks as channels for 
the diffusion of carbon dioxide in concrete (Chen et al., 
2018, 2019; Li & Cao, 2018). However, if too many fibers 

are added, they would cluster around each other, so that 
the fibers cannot fully integrate with concrete and there 
is a negative impact on the hydration process of concrete 
(Xu et  al., 2020). Moreover, the clustering of fibers can 
also produce voids inside the concrete to accelerate the 
penetration of carbon dioxide. Additionally, it is worth 
pointing out that, compared with the normal concrete 
specimen, the PVA fiber concrete specimens have worse 
fluidity and a less slump, but stronger adhesion during 
the concrete-making process.

In order to study the fiber length effect on carbona-
tion, the fiber content was fixed on 0.1%, 0.3%, and 0.5%, 
respectively, but the fiber length was changed from 3 to 
6 mm, 12 mm and 18 mm. Fig. 4 shows the variation of 
carbonation depth versus time for the PVA fiber con-
crete specimens with fiber contents of 0.1%, 0.3%, and 
0.5% and different fiber lengths, respectively. It can be 
seen that when the fiber content is 0.1%, the curves of dif-
ferent fiber lengths are only slightly different so that the 
effect of fiber length on carbonation is not obvious. From 
Fig.  4b and c, however, the specimens with fiber length 
of 6 mm nearly have the strongest carbonation resistance 
for the same carbonation time but different fiber content. 

(a) Measuring point distribution    (b) Cutting surface at a measuring point 

(c) Carbonization  depth  measurement 
Fig. 2 Main steps of carbonization depth measurement.
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This suggests that the fiber length should also be selected 
appropriately.

This should be because the increase in the fracture 
resistance of PVA fiber concrete comes from the bridg-
ing action of fibers across cracks (Zhang & Yang, 2019). 
If the fibers are too short, their bridging action and abil-
ity to inhibit early cracking of concrete would be very 
limited. If the fibers are too long, however, they can be 
easily twisted and bent during the concrete-making pro-
cess. As a result, the bridging action of PVA fibers and 
the fracture resistance of PVA fiber concrete would also 
be reduced.

Based on Fick’s second law, some theoretical or empiri-
cal models were proposed for the carbonation of normal 

concrete (Czarnecki & Woyciechowski, 2015; Jiang et al., 
2000, 2019; Neves et  al., 2013; Papadakis, 2000; Wang 
et  al., 2018). It was believed that the carbonation depth 
is directly proportional to the square roots of the carbon 
dioxide concentration in the environment and the car-
bonation time (Czarnecki & Woyciechowski, 2015):

where d is the carbonation depth in unit of mm, C0 is 
the carbon dioxide concentration in the environment, t 
is the carbonation time in unit of day, and K is the car-
bonation coefficient in unit of mm/

√

day . According to 
the experimental data, K is fitted. For normal concrete, 
K = 3.839 mm/

√

day . For PVA fiber concrete, however, 
K can be taken as the linear or quadratic function of the 
fiber length x1 in unit of mm and fiber volume content x2.

For the linear model,

But for the quadratic model,

They have the same constant term as the carbonation 
coefficient of normal concrete.

The multiple regression analyses were carried out at the 
significance level of 0.05 to fit the model coefficients in 
Eqs.  (2) and (3), as shown in Table 6. In this table, R2 is 
the coefficient of determination. It is much lower than 1 
for the linear model, but reaches 0.943 for the quadratic 
model.

According to the linear and quadratic models, the 
relationship of the carbonation coefficient with the fiber 
length and content can be expressed as:

By substituting them into Eq. (1), respectively, two time 
evolution models of the carbonation depth are obtained 
for PVA fiber concrete:

As an example, Fig. 5 shows their prediction curves of 
the carbonation depth of PVA fiber concrete with PVA 
fiber content of 0.5% and lengths of 3 mm, 6 mm, 12 mm 
and 18  mm, respectively. It is very clear by comparison 

(1)d = K
√

C0t,

(2)K = 3.839+ a1x1 + a2x2.

(3)K = 3.839+ a1x1 + a2x2 + a3x
2
1 + a4x

2
2.

(4)K = 3.839− 0.0219x1 − 0.9500x2,

(5)
K = 3.839+0.0111x1 − 3.5231x2 + 0.0005x21 + 1.9239x22.

(6)d = (3.839− 0.0219x1 − 0.9500x2)
√

C0t,

(7)

d =(3.839+0.0111x1 − 3.5231x2

+ 0.0005x21 + 1.9239x22)
√

C0t.

(a) 6 mm 

(b) 12 mm 
Fig. 3 Time evolution of carbonation depth in the PVA fiber concrete 
with fiber lengths of 6 mm and 12 mm.
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that, although both the two model predictions have a cer-
tain deviation from the experimental results, the quad-
ratic model has smaller coefficient of determinations and 
higher fitting accuracy than the linear model. Accord-
ingly, it is more reasonable and was used in the subse-
quent numerical simulations of carbonation.

3.2  Carbon Dioxide Diffusion Equation
The diffusion behavior of carbon dioxide in concrete 
is driven by its concentration gradient. The governing 
equation of carbon dioxide concentration in concrete can 
be expressed as (Liu et al., 2020):

in which C is the carbon dioxide concentration in con-
crete, D is the diffusion coefficient and r is the carbona-
tion reaction rate. The first term on the right side of 
Eq. (8) reflects the physical process of carbon dioxide dif-
fusion into the concrete, and the second term is for the 
carbonation reaction between carbon dioxide and alka-
line aggregates. The PVA fibers incorporated into con-
crete inhibit the diffusion process of carbon dioxide, thus 
reducing the diffusion coefficient. However, they have lit-
tle influence on the carbonation reaction, so their influ-
ence on the carbonation reaction rate r can be ignored.

By introducing a PVA fiber influence factor F4(x1, x2) , 
the diffusion coefficient for PVA fiber concrete can be 
expressed as (AL-Ameeri et al., 2021; Hwang et al., 2020; 
Saetta & Vitaliani, 2004):

in which D0 is the diffusivity of carbon dioxide in the 
standard temperature and humidity condition:

where w/c is the water–cement ratio and H  is the relative 
humidity inside the concrete.

In Eq.  (9), F1(T ) reflects the influence of temperature 
on the diffusion coefficient and can be expressed as (Saet-
taa & Vitaliani, 2004):

where Q = 21,800  J/mol is the energy dissipated by the 
reaction of 1 mol carbon dioxide, R = 8.314 J/mol·K is the 

(8)
∂C

∂t
= D∇

2C − r,

(9)D = D0F1(T )F2(H)F3(η)F4(x1, x2),

(10)D0 = 8× 10−7(w/c − 0.34)(1−H)2.2,

(11)F1(T ) = exp

[

Q

R

(

1

T0
−

1

T

)]

,

(a) 0.1% 

(b) 0.3% 

(c) 0.5% 

Fig. 4 Time evolution of carbonation depth in PVA fiber concrete 
with fiber contents of 0.1%, 0.3% and 0.5%.
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molar gas constant, T  is the ambient temperature, and T0 
is the reference temperature for measuring D0.
F2(H) reflects the influence of humidity on the diffu-

sion coefficient and has (Saettaa & Vitaliani, 2004):

(12)F2(H)=(1−H)2.5,

where H is the ambient humidity.
F3(η) reflects the effect of carbonation degree on the 

diffusion coefficient and satisfies (Saettaa & Vitaliani, 
2004):

(13)
F3(η)=

{

1− 5
9
η 0 ≤ η < 0.9

0.5 0.9 ≤ η ≤ 1.0
,

Table 6 Multiple regression coefficients.

Coefficients a1 a2 a3 a4 R2

Linear model − 0.0219 − 0.9500 0.062

Quadratic model 0.0111 − 3.5231 0.0005 1.9239 0.943

(a) 3 mm 
 

(b) 6 mm 

 
(c) 12 mm 

 
(d) 18 mm 

Fig. 5 Carbonation depth predictions of PVA fiber concrete with a fiber content of 0.5% and different fiber lengths from the linear and quadratic 
models.
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where η is the carbonation degree. When the concrete is 
not carbonized, η = 0, but when it is completely carbon-
ized, η = 1.

As the PVA fiber influence factor, F4(x1, x2) reflects the 
influence of added PVA fiber on the diffusion coefficient 
and is defined as

where K (x1, x2) is the carbonation coefficient of PVA 
fiber concrete, which can be determined by Eq.  (5), and 
K0 = 3.839 mm/

√

day is the carbonation coefficient of 
normal concrete.

The carbonation reaction rate r can be expressed as 
(Saetta & Vitaliani, 2004):

where r0 = 2.8 ×  10–7/s·mol is the carbonation reaction 
rate in the standard temperature and humidity condition.

f1(T ) reflects the effect of temperature on the carbona-
tion reaction rate:

where E0 = 91.52  kJ/mol is the carbonation activation 
energy.

f2(H) reflects the influence of humidity on the carbon-
ation reaction rate and is expressed as:

f3(η) reflects the effect of carbonation degree on the 
carbonation reaction rate:

The molecular concentration of carbon dioxide in the 
environment, Cm , is given by the ideal gas equation:

in which the pressure is expressed as P = 101325CV in 
unit of Pa with CV as the volume ratio of carbon dioxide 
in the air, and V  is the gas volume.

According to the relative molecular mass of carbon 
dioxide, Cm can be converted to the mass concentration 
of carbon dioxide at the boundary C0 by

(14)F4(x1, x2) =
K (x1, x2)

K0
,

(15)r = r0 · f1(T ) · f2(H) · f3(η),

(16)f1(T ) = exp

(

−
E0

RT

)

,

(17)f2(H) =







0 0 ≤ H < 0.5
2.5(H − 0.5) 0.5 ≤ H < 0.9
1 0.9 ≤ H < 1

(18)f3(η)=1−η.

(19)Cm =
PV

RT
,

(20)C0 = 0.044Cm.

4  Model Validation
The carbonation reaction reduces the pH value when car-
bon dioxide penetrates into the concrete. The concentra-
tion of carbon dioxide gradually decreases from outside 
to inside in the concrete. In general, there is pH value 
greater than 10.0 and lower carbon dioxide concentration 
in the uncarbonized zone, but there is pH value less than 
10.0 and higher carbon dioxide concentration in the car-
bonation zone. The lowest pH value for phenolphthalein 
color development is about 10.0 (Ji et  al., 2014). There-
fore, the measured carbonation depth value for the color 
boundary of phenolphthalein reagent or the carbonation 
front in concrete corresponds to the critical carbon diox-
ide concentration. If the carbon dioxide concentration 
exceeds this critical value, the concrete would be carbon-
ized. Otherwise, the concrete would not be carbonized.

In addition, the critical carbon dioxide concentration 
can also be determined by simulating the carbon dioxide 
concentration distribution in the concrete under the con-
dition of laboratory with ANSYS software. According to 
the specimen size in Sect. 3.1, a two-dimensional model 
with a size of 100 mm × 100 mm is established, as shown 
in Fig. 6. Carbon dioxide can diffuse into the sample only 
from the left side of the model. According to the experi-
mental condition, the concentration of carbon dioxide 
on the left outside is 20% and the ambient temperature is 
20 ℃. The concrete is assumed uniform and isotropic. In 
the carbonation experiments in Sect. 3.1, the carbonation 
depth of the normal concrete specimen is 10.05 mm after 
28-day carbonation. According to the numerical results 
obtained by solving Eq.  (8), there is the critical carbon 
dioxide concentration of 0.262 kg/m3 in this position.

Subsequently, the carbon dioxide concentration dis-
tributions in the concrete models with different PVA 
fiber contents and lengths are further simulated for dif-
ferent carbonation time. Their carbonation depth values 
are determined according to the critical carbon diox-
ide concentration. By comparing the experimental and 

Fig. 6 Two-dimensional model of an experimental sample (size unit: 
mm).



Page 9 of 14Luo et al. Int J Concr Struct Mater            (2022) 16:9  

numerical results, the model and numerical method are 
validated.

Fig. 7 shows the experimental and numerical carbona-
tion depth values of PVA fiber concrete specimens with 
3 mm PVA fiber length and 0.1% or 0.5% content for dif-
ferent carbonation ages. It can be seen that for different 
fiber contents and different carbonation ages, the numer-
ical results are quite close to the experimental ones. For 
the specimens carbonized for 28 days, the average error 
of carbonation depth is about 1.95%. Taking the PVA 
fiber concrete with a length of 3  mm and a content of 
0.5% as an example, according to the carbon dioxide con-
centration distribution inside the specimen after 28-day 

carbonation, the carbonation depth is 7.36 mm. On the 
other hand, its averaged experimental carbonation depth 
is 6.91 mm. The error between the two is about 6%. This 
shows that the carbon dioxide diffusion equation with 
the determined coefficient is reasonable and acceptable.

5  Simple Application to Carbonation Prediction 
of Reinforced Concrete Components

5.1  Geometric Model
As a simple application, the carbonation behavior of a 
reinforced concrete component with a rectangular cross-
section is simulated at 20% ambient carbon dioxide con-
centration and 20  ℃ ambient temperature by solving 
Eq.  (8) with the aid of ANSYS software. Its section size 
is 100  mm × 100  mm, as shown in Fig.  8. Four longitu-
dinal reinforcements are round steel bars with a radius 
of 3 mm. The protective layer has a thickness of 25 mm. 
Carbon dioxide diffuses into the component from all 
sides.

5.2  Results and Analysis
On the line between the midpoint A on the left side of 
the rectangular section and the centroid of the section 
B, marked by the red line segment in Fig. 8, four points 
3  mm, 5  mm, 10  mm and 15  mm away from point A 
are selected as the observation points of carbon dioxide 
concentration. From the numerical results, their carbon 
dioxide concentration values after 7-, 14- and 28-day car-
bonation are extracted, respectively, as shown in Fig. 9.

It can be seen that the carbon dioxide concentration 
on the surface of the component remains unchanged at 
0.36  kg/m3. After certain carbonation time, the curve 
of carbon dioxide concentration with the depth shows 
a downward trend along the observed path, and the 
downward trend is slowed down with the increase of 
carbonation age. This shows that the deeper into the 
surface of the component, the lower the carbon dioxide 

 
(a) 0.1% PVA content 

 
(b) 0.5% PVA content 

Fig. 7 Comparison between the simulated and experimental 
carbonation depth values of PVA fiber concrete with 3 mm fiber 
length and different contents.

Fig. 8 Reinforced concrete component with a rectangular section 
(size unit: mm).
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concentration. In addition, the longer the carbonation 
lasts, the flatter the curve of carbon dioxide concentra-
tion is. With the extension of carbonation time, the more 
fully carbon dioxide diffuses into the component interior, 
the less the decrease of its concentration with the depth.

In Sect.  3.1, it is concluded that the PVA fiber con-
crete with 6 mm fiber length and 0.75% volume content 
has the best carbonation resistance. To vividly show the 
diffusion process of carbon dioxide inside the concrete, 
Figs. 10 and 11 show the contours of carbon dioxide con-
centration in the rectangular-section reinforced concrete 
components made from normal concrete and PVA fiber 
concrete with 6 mm fiber length and 0.75% volume con-
tent after suffering carbonation of 7, 14, 21 and 28 days, 
respectively. The ranges of carbon dioxide concentration 
represented by different colors are fixed for compari-
son. It can be seen that, with the growth of carbonation 
age, the red area with high carbon dioxide concentration 
keeps expanding, while the blue area with low carbon 

Fig. 9 Variations of carbon dioxide concentration with the depth for 
different carbonation ages.

Fig. 10 Contours of carbon dioxide concentration in the normal concrete component: a for 7 days, b for 14 days, c for 21 days, and d for 28 days.
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dioxide concentration keeps shrinking obviously, which 
reflects the continuous diffusion of carbon dioxide from 
surface to interior. In addition, by comparing the car-
bonation contours of the normal concrete and PVA fiber 
concrete components, it can be found that, for the same 
carbonation age, the red area of PVA fiber concrete is 
obviously smaller than that of normal concrete, while its 
blue area is obviously larger than that of normal concrete. 
This fully shows that compared with the normal concrete, 
the PVA fiber concrete has stronger resistance to carbon 
dioxide diffusion.

5.3  Durability and Carbonation Life
The damage of carbonation to the durability of reinforced 
concrete lies in the depassivation of the internal rein-
forcement after carbon dioxide penetrates the protective 
layer of reinforced concrete, as well as the vicious circle 
from steel corrosion to surface burst and corrosion inten-
sification. As a result, the structural carrying capacity 
continuously declines. Therefore, the diffusion of carbon 

dioxide in the concrete structures is closely related to 
their durability.

The carbonation depth criterion (Marques et al., 2013; 
Sun et al., 2020) can be used to study the carbonation life 
of PVA fiber concrete component. According to this cri-
terion, when carbon dioxide diffuses to the steel bar sur-
face, the concrete protective layer would be completely 
destroyed and the steel bar begins to rust. In the follow-
ing, the numerical simulation method is firstly adopted 
to obtain the time required for the carbon dioxide con-
centration to reach 0.262  kg/m3 at the depth of 25  mm 
from the surface, which is the protective layer thickness 
of the reinforcements. This is the carbonation life of the 
concrete component under the accelerated carbonation 
experiment condition. Then, the carbonation life of the 
component under the natural environment is obtained 
by the following empirical relation, so as to realize the 
prediction of the carbonation life or durability under the 
natural environment (Liu et al., 2020):

Fig. 11 Contours of carbon dioxide concentration in the 0.75% PVA fiber concrete component with 6 mm length: a for 7 days, b for 14 days, c for 
21 days, and d for 28 days.
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in which, d1 is the carbonation depth under the acceler-
ated carbonation experiment condition, d2 is the car-
bonation depth under the natural condition, t1 is the 
accelerated carbonation time, t2 is the natural carbona-
tion time, c1 is the carbon dioxide concentration for the 
accelerated experiment, namely 20% here, and c2 is the 
carbon dioxide concentration in the natural environ-
ment, namely 0.03%.

Fig. 12 shows the predicted carbonation life of the PVA 
fiber concrete component with a fiber length of 6  mm 
and a volume content of fiber increased from 0 to 1.5% 
under the accelerated carbonation experiment condition. 
It can be seen that compared with the reinforced normal 
concrete component without PVA fibers, the carbonation 
life is significantly improved. The carbonation life of rein-
forced normal concrete component is about 162.3 days, 
but after adding 6 mm length and 0.75% volume content 
PVA fibers, the carbonation life reaches about 266.7 days. 
The life is extended about 39.15%. However, it must be 
noted that more PVA fiber content is not better. The car-
bonation life increases monotonically when the PVA fiber 
content increases from 0 to 0.75%, but decreases mono-
tonically when the content continues to increase from 
0.75% to 1.5%. Therefore, the carbonation life reaches the 
maximum at the PVA fiber content of about 0.75%.

According to Eq. (21), the carbonation life of the rein-
forced normal concrete component in the natural envi-
ronment is about 228  years. This is a surprising result. 

(21)
d2

d1
=

√

t2 · c2

t1 · c1
,

However, it is consistent with that from Jiang et  al. 
(2010), in which it takes about 150 years for normal con-
crete to reach carbonation depth of 17 mm in the natural 
environment. It was believed that the carbonation life of 
concrete would be significantly reduced due to other fac-
tors, such as fatigue loading.

Due to the addition of 6  mm length and 0.75% vol-
ume PVA fibers, the carbonation life of reinforced con-
crete component in the natural environment is up 
to 111.7  years. Compared with normal concrete, it is 
extended about 150 years. This indicates that adding PVA 
fiber into concrete can protect the reinforcement better, 
delay the carbonation life of reinforced concrete signifi-
cantly, and improve the durability.

6  Conclusions
In this paper, the influences of fiber length and volume 
content on the carbonation behavior of PVA fiber con-
crete are investigated by the accelerated carbonation 
experiments and numerical simulations. The following 
conclusions are drawn:

(1) The carbonation resistance of concrete can be 
remarkably improved by the appropriate addition 
of PVA fibers. Both the length and volume con-
tent of PVA fibers have important influences on 
the carbonation development of concrete. With the 
increase of fiber length or content, the carbonation 
resistance of concrete tends to be strengthened first 
and then weakened. When the fiber length is 6 mm 
and the fiber content is about 0.75%, the carbona-
tion resistance of concrete is the strongest.

(2) The carbonation coefficient can be regarded as a 
function of the PVA fiber length and content, and 
their relationship can be better described by the 
quadratic function model than by the linear model. 
Based on this relation, the coefficient of the carbon 
dioxide diffusion equation can also be determined 
by introducing the PVA fiber influence factor 
involving the PVA fiber length and content effects.

(3) The durability of reinforced concrete components 
can be significantly improved by appropriately 
adding PVA fibers. In the accelerated carbonation 
experiment condition, the PVA fiber concrete com-
ponent with 6  mm length and 0.75% volume con-
tent has the longest carbonation life. Compared 
with the reinforced normal concrete component, 
the carbonation life of reinforced concrete compo-
nent with PVA fibers of 6 mm length and 0.75% vol-
ume content in the natural environment is extended 
about 65.8%.

Fig. 12 Carbonation life versus fiber content for the 6 mm length 
PVA fiber concrete component under the accelerated carbonation 
experiment condition.
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