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Abstract. Carbonation test was carried out on the cement paste specimens with fly ash content 

of 0% to70%. The change rules of pore structure of cement paste with different fly ash (FA) 

content before and after carbonation were studied by means of microscopic test, which 

included mercury intrusion porosimetry (MIP) test and Brurauer Emmerr Teller (BET) test. It 

is found that total porosity, harmful holes’ prosity (pore diameter>50nm), as well as most 

probable pore diameter and average pore diameter increase obviously when the content is 

above 40%, and a certain two order function relationship between the CO2 gas composite 

diffusion coefficient and the content of FA is presented. 

1. Introduction 

Carbonation, as a classic issue of durability, has received intensive attention for more than half a 

century. Carbonation can reduce the alkalinity of concrete and result in the destruction of oxide film 

on the surface of steel bar. With the combined effect of air and water, steel bar will be corroded, which 

leads to the damage even failure of concrete structure. With the wide application of fly ash (FA) 

concrete in recent years, the research on its durability has become increasingly urgent. The 

carbonation performance of concrete depends on the change of its complex microstructure 

characteristics. Therefore, it is of great significance to study the effect of FA content on the pore 

structure of concrete. 

Domestic and foreign scholars had found that CaCO3 precipitates generated in carbonation reaction 

block capillary pores and split the original large hole into small pores with the aperture of 2~10nm, 

which changed the porosity and pore size distribution of cement-based material [1-4]. While divergence 

on the law of FA content on the diffusion coefficient of CO2 in concrete had been still unsolved. Some 

research found that the diffusion performance of gas was greatly affected by the water-binder ratio: 

When the water-binder ratio was 0.25, the gas diffusion coefficient changed little with the FA content 

of 15%~45% while increased obviously when it was greater than 45%. Whereas, some other research 

found that FA content can reduce the diffusion coefficient of early-age concrete, and FA had greater 

influence on reducing gas diffusion with the increase of concrete age [5-6]. Actually, as a kind of porous 

solid medium, concrete had an irregular and discontinuous pore structure with different ratios and 

aggregates, and certain errorr could not be ignored when concrete was directly taken as the test object. 

Meanwhile, pore structure was mainly tested through mercury intrusion porosimetry (MIP) test in 

previous researches, which could only accurately measure pore size of 0.1μm~100μm. 

In order to study the pore structure of FA concrete comprehensively and precisely, cement paste 

specimens was tested, and Brurauer Emmerr Teller (BET) test, which could accurately measure pore 

size of 2nm～190nm [12], had been jointly used with MIP test to implement the pore structure test 

http://creativecommons.org/licenses/by/3.0
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before and after carbonation. Furthermore, an attempt to reveal the relationship between the FA 

content and CO2 composite diffusion coefficient was presented in this paper. 

2. Experimental Investigation 

2.1 Raw Materials 

Specimens was prepared with ordinary portland cement (OPC) and FA. Local commercial Type I 

Portland cement conforming to ASTM C150 had a standard compressive strength of 52.5N/mm2 

(Class 52.5). FA sample for this study was collected from Chongqing Power Plant in China. The 

chemical compositions of the FA sample and cement are presented in Table 1. FA is added to cement 

by replacing it with equal quantity and the proportions are 0%, 10%, 20%, 30%, 40%, 50%, 60%, 70%. 

The details of the mix design and designation of cement paste specimens are presented in Table 2. 

2.2 Carbonation Test 

Specimens of 40×40×160mm were cast and cured in a standard curing room (95%±5% relative 

humidity and 20±2˚C) for 90 days. Later, these specimens were transferred to an accelerated 

carbonation chamber that maintained (20±3) % concentration of CO2, temperature of (20±5) ˚C, and 

relative humidity of (75±5) % for 28 days. To distinguish the carbonized section and the uncarbonized 

section, 1% phenolphthalein was sprayed on the surface of the specimens, and phenolphthalein 

changed from red to colorless was the carbonized section. Then the uncarbonized and carbonized 

cement paste specimens with different content of FA were cut into cubes of 3~5mm, 0.5~1mm. After 

that, absolute ethyl alcohol was added to prevent these cubes from hydration. Finally, cubes were dried 

in a vacuum drying oven at 50˚C for 7 days in order to remove the ethanol before pore structure test. 

 

Table 1. Chemical composition of cement and fly ash / (wt%). 

Oxide CaO SiO2 Al2O3 Fe2O3 MgO 
K2O+ 

Na2O 
TiO2 MnO SO3 P2O5 Others LOI 

Cement 62.72 21.35 4.29 2.71 0.69 0.84 0.20 0.11 4.06 0.07 0.19 2.73 

Fly Ash 10.03 46.41 23.29 8.71 2.47 3.85 0 0 1.68 0 0 1.52 

 

Table 2. Mix proportion design of cement paste with different fly ash content. 

Sample ID 
Volume of fly 

ash 
W/B 

Unit content (kg/m3) 

Cement Fly ash Water 

FA0 0% 0.53 1179.99 0 625.39 

FA10 10% 0.53 1061.99 118.00 625.39 

FA20 20% 0.53 943.99 236.00 625.39 

FA30 30% 0.53 825.99 354.00 625.39 

FA40 40% 0.53 707.99 472.00 625.39 

FA50 50% 0.53 589.99 590.00 625.39 

FA60 60% 0.53 472.00 707.99 625.39 

FA70 70% 0.53 354.00 825.99 625.39 

3. Results and Discussion 

3.1 Analysis of MIP Tset Result 

The porosity and pore size distribution curves before carbonization (NC) and after carbonization (C) 

of cement paste specimens with different FA content obtained through MIP test are shown in 

Figure1~Figure4. According to the results, the evolution law of pore structure is shown in Table 3. 
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Figure 1. Porosity before carbonation Figure 2. Porosity before carbonation 
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Figure 3. Pore size distribution before carbonation Figure 4. Pore size distribution after carbonation 

 

Table 3. Pore structure before and after carbonation (MIP). 

Sample 
Median pore 

width(nm) 

Average pore 

width(nm) 

Most probable 

pore width(nm) 

Porosity 

（%） 

Critical pore 

width(nm) 

FA0 
NC 20.97 25.23 17.36 17.8 38.07 

C 34.89 21.11 7.09 21.29 118.2 

FA10 
NC 29.54 23.14 24.95 17.49 74.22 

C 30.72 21.96 7.81 20.88 166.80 

FA20 
NC 23.54 22.72 19.76 16.14 65.94 

C 21.24 15.09 4.95 21.98 181 

FA30 
NC 28.17 25.27 24.93 17.73 69.96 

C 32.94 24.47 7.11 23.66 591.3 

FA40 
NC 42.04 34.49 39.95 21.88 97.29 

C 49.28 28.38 7.11 25.17 1635 

FA50 
NC 46.05 36.44 44.90 22.41 105.2 

C 117.9 34.98 7.12 30.71 1387 

FA60 
NC 80.8 50.42 27.90 31.95 820 

C 132.4 42.06 7.12 33.1 1281 

FA70 
NC 356.8 100.8 47.25 32.88 1155 

C 381.40 58.62 7.08 38.37 2366 
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(1) For uncarbonated specimens, when FA content ranges from 0% to 30%, the total porosity 

decreases compared with pure cement paste specimen, the proportion of harmful pore (pore size>50 

nm) decreases, while proportion of harmless and less harmful pore (pore size<50 nm) increases. When 

the content is more than 40%, the porosity continuously increases and the total porosity increases 

significantly in the case that the content is higher than 60%. Product generated in the microaggregate 

effect of FA and the secondory hydration reaction between active substance and cement hydration 

product Ca(OH)2  fill the pores, which not only decrease the porosity of concrete materials and 

increase the compactness of materials, but also refine the pore and reduce the porosity. Moreover, with 

the increase of FA content, the cement content and the total hydrate in specimen decrease, and the 

secondary hydration reaction of fly ash is slow. Combined with the above two reasons, the beneficial 

distribution of pore structure reaches an extreme value when the FA content is 40%. 

(2) Combined with the change law of porosity before and after carbonization, it can be found that: 

① the proportion of harmless pores (pore size<20nm) obviously increases. According to the 

carbonation mechanism, CaCO3 generated from carbonation reaction block the pores and cut the large 

pores into small pores, which increases the proportion of harmless pores. This conclusion is consistent 

with previous studies [7]. ② The proportion of more harmful pores (pore size>200nm) of all specimens 

after carbonization (28d) is much higher than that before carbonization. FA mixed in cement paste will 

react with cement hydration product Ca(OH)2 to form hydrated calcium silicate gel [8-9]. During the 

reaction of carbonation, the hydrated calcium silicate (CSH) gel is decomposed into silica gel, which 

affects the pore structure distribution of the material and moves towards the large pore direction. As a 

result, the proportion of more harmful pores increases (pore siz >200 nm). ③ The porosity of all 

specimens increases after carbonization. 

(3) Carbonation reaction significantly influences the average pore size and the most probable pore 

size of the specimens, the values of which are obviously smaller than those before carbonization. 

Meanwhile, the critical pore size of the specimen after carbonation is obviously larger than that before 

carbonization. Critical pore size refers to the maximum level of pores that can connect larger pores. It 

represents the connectivity between the pores and reflects the curvature of the permeability path. The 

change of its value influences the medium transport in cement based materials. The critical pore size 

of the carbonized specimen increases obviously, which indicates that the connectivity decreases and 

the curvature degree increases after carbonization. Also, the transmission coefficient of carbon dioxide 

in the specimen become smaller. 

3.2 Analysis of BET Tset Result 

The cumulative pore volume and differential pore size distribution curves of cement paste cpecimens 

with different FA content before and after carbonization obtained through BET testare are shown in 

Figure 6~Figure 9. 
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Figure 6. Cumulative pore volume 

before carbonation. 

Figure 7. Cumulative pore volume 

after carbonation 
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Figure 8. Pore size distribution before carbonation 
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Figure 9. Pore size distribution after carbonation 

 

 

Table 4. Pore structure before and after carbonation (BET). 

Sample 

BET specific 

surface area 

(m2/g) 

Average pore 

width (nm) 

Cumulative pore 

volume (cm3/g) 

Most probable 

pore width (nm) 

FA0 
NC 51.649 9.329 0.117 3.29 

C 41.297 10.190 0.104 3.29 

FA10 
NC 51.656 10.489 0.132 3.29 

C 31.376 11.095 0.085 3.29 

FA20 
NC 43.941 10.829 0.116 3.72 

C 39.178 10.49 0.099 7.05 

FA30 
NC 33.247 11.053 0.110 3.72 

C 54.981 8.608 0.090 3.72 

FA40 
NC 39.088 13.967 0.134 4.28 

C 47.962 9.167 0.119 3.72 

FA50 
NC 30.585 13.72 0.103 4.21 

C 40.319 9.958 0.095 3.72 

FA60 
NC 38.874 10.614 0.100 3.29 

C 35.518 11.07 0.094 12.11 

FA70 
NC 25.361 11.216 0.069 3.29 

C 29.043 10.78 0.075 12.11 

 
Figure 10. Porosity evolution of cement paste with different FA content 
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before and after carbonation 

When FA content ranges from 0 to 50%, the cumulative pore volume of the carbonized sample is 

smaller than that before carbonization. The larger the content of FA, the smaller the reduction of 

cumulative pore volume. Meanwhile, the average pore size of most specimens is reduced after 

carbonization. By analyzing the change law of cumulative pore volume and average pore size, it can 

be concluded that the CaCO3  generated from carbonation reaction will block the pore, and the large 

pores will be divided into small pores. As a result, the accumulative pore volume and the average pore 

size are reduced, and the pore size is refined. When the content of FA is greater than or equal to 60%, 

the cumulative pore volume curves before and after carbonization almost overlap. The cumulative 

pore volume of the specimen with 70% FA content after carbonization is larger than that before 

carbonization because the proportion of cement replaced by FA is high. The cement content in the 

specimen is greatly reduced, which results in a sharp decrease in the content of Ca(OH)2 generated 

from hydration. After the secondary hydration reaction with FA, the content of Ca(OH)2  is quite small, 

and the materials in the specimen are mainly the residual FA and calcium silicate hydrated gel. FA 

content is higher, Ca(OH)2 content is lower in the specimen when the mixing proportion is 60% ~70%. 

CaCO3  precipitates are relatively few, which has relatively low influence on porosity. 

4. Research on Diffusion Ability of CO2 in FA Cement Paste 

The determining condition for the transport and diffusion of gas CO2  in cement-based materials is the 

relative size relationship between the average free path and pore size of gas molecule. According to 

the different diffusion modes, it can be divided into Fick diffusion, Transition diffusion and Knudsen 

diffusion. Owing to the complex change of the pore size, the gas transport distance is much greater 

than the vertical depth, so it is exparte to describe the transmission of CO2 in the carbonization of 

cement-based materials only through Fick diffusion, another two modes should also be considered. 

Moreover, data tested by MIP should be replaced by BET when pore size is less than 50nm. Here is 

the formula as below [10]. 

0 Fick Transition KnudsenD D D D                                                (1) 

Where D0  is the composite diffusion coefficient, α, β, φ is the porosity corresponding to three 

modes of diffusion, ε is the total porosity. With formula (1), the composite diffusion coefficient of CO2  

in cement paste with FA content of 0%~70% can be obtained, as shown in Table 5. 

Table 5. Composite diffusion coefficient of CO2 gas in fly ash cement paste. 

Sample ID α (%) β (%) φ (%) ε (%) 
DFick 

(10-6 m2/s) 

DTransition 

(10-6 m2/s) 

DKnudsen 

(10-6 m2/s) 

D0 

(10-6 m2/s) 

FA0 2.252 0.038 14.696 17.80 5.66 1.758 2.549 2.824 

FA10 1.531 2.404 12.848 17.49 5.66 1.795 2.629 2.673 

FA20 0.653 1.847 13.220 16.14 5.66 1.801 2.641 2.598 

FA30 0.692 2.262 13.974 17.73 5.66 1.814 2.670 2.557 

FA40 1.688 8.200 11.625 21.88 5.66 1.818 2.679 2.541 

FA50 2.360 10.139 9.394 22.41 5.66 1.814 2.670 2.536 

FA60 5.458 16.886 8.92 31.95 5.66 1.838 2.722 2.698 

FA70 14.171 15.103 3.269 32.88 5.66 1.816 2.672 3.539 
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Figure 11. Composite diffusion coefficient of CO2 gas in fly ash cement paste 

 

According to Table 5 and Figure 11, for cement past with water-binder ratio of 0.53, when the FA 

content ranges from 0% to 50%, the CO2 gas composite diffusion coefficient of the sample will not 

increase by the mixing of FA.Through the regression analysis of data, the prediction model of CO2 gas 

composite diffusion coefficient related to the content of FA can be obtained as shown in formula (2). 
2 6

0 ( )= 0.1403 0.002969 2.534 10f f fD f m m m    （ ）                    (2) 

Where mf   is the FA content (%), R2 is 0.951. 

5. Conclusion 

(1) The proportion of harmless pores (pore size<20nm) increases obviously after carbonation results 

from the CaCO3 generated in carbonation reaction precipitated in the pore, which divides the large 

pores into small ones. Meanwhile, the reaction between FA and Ca(OH)2 results in the decomposition 

of CSH gel into silica gel during carbonization reaction, which increases the ratio of more harmful 

pores (pore size>200nmm). 

(2) The critical pore size of the carbonized specimen increases largely, which demonstrates that the 

connectivity of the specimen, combined with the transmission coefficient of CO2 decreases after 

carbonization. 

(3) Based on the data of MIP test and BET test, the corresponding values of Fick diffusion, 

Transition diffusion and Knudsen diffusion, along with porosity α, β and φ are obtained. It can be 

found that the content of FA has little influence on the ratio of fraction porosity to total porosity (α/ε, 

β/ε and φ/ε). In the meantime, a quadratic function relationship between the diffusion coefficient of 

CO2 and the content of FA in the cement paste specimens is presented. 
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