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In order to reveal the degradation process and deterioration mechanism of cement-based materials, this paper analyzes the 
effects of carbonic acid leaching on the mechanical strength of mortars, as well as relative mass loss, microstructure, and 
composition of various cement pastes. The results indicate that cement pastes containing less than 20 % fly ash have higher 
carbonic acid leaching resistance than cement pastes without fly ash. However, after carbonic acid leaching, the compressive 
strength of the samples with fly ash is lower than that of the cement pastes without fly ash. The leaching resistance is good 
for samples cured at an early age before leaching. Carbonic acid leaching proceeds from the paste surface to the interior. 
The incorporation of an appropriate amount of slag powder helps to increase the density of the paste. Due to the pozzolanic 
activity of fly ash at late-stage leaching, a mixture of fly ash (≤ 20 %) and slag powder (≤ 20 %) effectively improves carbonic 
acid leaching resistance. The products of early-stage leaching were mainly CaCO3 and small amounts of SiO2 and Fe2O3. The 
C–S–H phase at the paste surface suffered serious damage after long periods of leaching, and the main products of leaching 
were SiO2 and Fe2O3.

INTRODUCTION

	 Water with high contents of carbonic acid is com-
monly found on the sites of hydroelectric projects [1]. 
Most of these projects are situated in wet, hot and rainy 
environments [2]. There is usually luxuriant vegetation 
along the riverbank, with large amounts of humus 
accumulated both along the bank and at the bottom of 
the river [3]. When the permeability of the soil layer 
is bad anaerobic bacteria are present, and organic fer-
tilizers in the soil will be resolved and produce abundant 
amounts of CO2 under the actions of these bacteria. 
According to the equilibrium concentrations of calcium 
hydroxide (the limit concentration of lime), hydration 
products will gradually dissolve or decompose when the 
concrete cement is in long-term contact with “soft” water 
(i.e. water containing less or no soluble calcium and 
magnesium compounds) [4-7]. This is the dissolution 
part of leaching. Portland cement hydration products 
are alkaline substances, which are soluble in water to 
some extent. They do not dissolve in water and are stable 
only if the lime content in the liquid phase is above the 
respective limit concentration of the hydration products. 
On the contrary, when the lime content in the liquid phase 
is below the limit concentration of hydration products, 
the hydration products will decompose and release lime, 

resulting in a change of high-calcium hydration pro-
ducts into low-calcium hydration products [8]. Calcium 
hydroxide, which has the largest limit concentration of 
lime in hydration products, will be the first to dissolve out 
when the cement comes into contact with “soft” water. 
The water around the cement is easily saturated by the 
calcium hydroxide, which in the case of non-pressurized 
static water will discontinue dissolution. In this case, the 
dissolution is limited to the surface layer, which has little 
effect on the concrete [9-10]. From the aforesaid it is 
clear that the degree of dissolution leaching is related to 
the “hardness” of the water, the density of the concrete, 
and the environmental conditions.
	 Researchers have attached great importance to the 
study of concrete durability in recent years, and a large 
number of systematic tests have been conducted in the 
study of single-factor damage on concrete. Environmental 
factors, climatic conditions, and loads can affect the 
performance of engineering concrete, whereas the inter-
actions of these may further influence the durability 
of the concrete. When the content of carbon dioxide 
(CO2) is too high in the water, the concrete will begin 
to corrode. It has been established in “The geographic 
survey code of hydroelectric project”(GB 50287-2006) 
[11] that water with free CO2concentrations higher than 
15 mg∙l-1 is carbonic acid leaching type water. The free 
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CO2 does not act as a corrosion agent, when it is just 
dissolved in the water as a gas molecule, but in the ionic 
state (CO3

2–) in water it becomes carbonic acid, which 
is a corrosion agent [12]. The CO2 balanced in water by 
calcium cations forming calcium bicarbonate (so-called 
“balance CO2”) has no corrodibility, whereas the remai-
ning CO2 is corrosive [13]. The carbonic acid (i.e. the 
corrosive carbon dioxide) will participate in chemical 
reactions with the alkaline cement pastes in the concrete 
and produce carbonates, which can be easily dissolved in 
water, damaging the cement-based materials [14]. 
	 Currently, there are but a few studies on the carbonic 
acid corrosion of concrete used for dam construction [15]. 
This work simulates carbonic acid type water and, for the 
first time, studies the effects of carbonic acid leaching 
on the mechanical strength of mortars, as well as the 
relative mass loss, microstructure, and composition of 
various cement pastes.

EXPERIMENTAL

Materials

	 For the experiments in this work P·MH 42.5 Port-
land cement, Grade I fly ash and slag powder were used. 
For the mortar test the standard sand required by “The 
standard sand applied for the cement strength test” (GB 
178-1997) [16] and highly pure (HP) canned carbon 
dioxide gas for industrial production were used.

Preparation and test method

	 The water-cement ratio (W/C)used for preparing the 
cement paste and mortar is 0.5, the ratio of cement and 
sand for preparing the mortar is 1:3.The dimensions of 

the paste test specimens are 2 cm × 2 cm × 2 cm, which is 
adapted to the water consumption of the cement standard. 
The amount of replacement in the paste and mortar used 
in the test is 0 %, 20 % and 40 % of fly ash or slag powder, 
respectively. The paste specimen is weighed, and the 
compressive strength of the mortar piece is tested (using 
a WYA-2000 Electro hydraulic pressure testing machine) 
at the observation age and compared with the specimen 
kept under standard curing conditions. After stopping the 
hydration of the paste specimen with anhydrous ethanol 
the samples are characterized via X-ray diffraction 
(XRD, Bruker Advance D8, scan interval 5-60° 2θ) and 
Fourier transform infrared spectroscopy (FTIR, Thermo 
Nicolet Nexus 470).
	 The highly pure carbon dioxide is dissolved in 
water in order to prepare the water with corrosive carbon 
dioxide for the tests. The paste and mortar specimens, 
which have different mix proportions, are immersed 
into the test piece drum, 2l of pure water are added, the 
drum is covered and carbon dioxide is introduced. The 
carbon dioxide flow is regulated to make the flow of the 
carbon dioxide similar in all cases. Carbon dioxide is 
introduced for one hour each time in intervals of 6 hours, 
the concentration of the carbon dioxide in water is kept 
at an average of 80 mg∙l-1 and the water temperature is 
kept at approximately 20°C. The water is changed every 
day for a period of 7 days. After that period, the water is 
changed each week until the end of the test.

RESULTS AND DISCUSSION

Cement paste mass loss and calcium leaching

	 Figure 1 shows that the relative mass loss of cement 
pastes, whether pure or mixed with fly ash and/or slag, 

Table 1.  Physical and mechanical properties of the cement used.

	 Specific	 Density		  Standard 	               Setting			  Compressive		  Flexural
	surface area	 (g∙cm-3)	 Stability	 consistency	             time (min)			  strength (MPa)		 strength (MPa)
	 (m2∙kg-1)			   (%)	 Initial	 Final	 3d	 7d	 28d	 3d	 7d	 28d

	 301	 3.15	 qualified	 24.6	 187	 283	 22.3	 29.0	 43.0	 6.16	 7.21	 9.55

Table 2.  Chemical composition of the cement (%).

	CaO	 SiO2	 Al2O3	 Fe2O3	 MgO	 SO3	 K2O	 Na2O	 Loss of ignition

	61.21	 21.36	 3.57	 4.67	 5.25	 2.15	 0.31	 0.09	 1.26

Table 3.  Main technological parameters of fly ash and slag powder.

	 Density	 Fineness	 Water demand ratio	 Loss of ignition	 Water content	 SO3	 28d activity index
	 (g∙cm-3)	 (%)	 (%)	 (%)	 (%)	 (%)	 (%)

Fly ash 	 2.32	 7.7	 94.0	 1.74	 0.13	 1.41	 86
Slag powder	 3.0	 –	 –	 1.28	 0.23	 0.83	 101
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increases with leaching time in an approximately linear 
fashion. Already after a few days of leaching, the relative 
mass loss of the pure cement paste is higher than that of 
cement pastes with fly ash and/or slag powder. 
	 When mixed with 20 % of fly ash, the relative mass 
loss is lower than that of pure cement paste (for each 
period of leaching). The latter can be associated with 
the high content of Ca(OH)2 (denoted shortly CH in the 
sequel) in the cement paste. It is also evident that the 
relative mass loss of the cement paste with 20  % fly 
ash tends to be slightly lower than that of a paste with 
20  % slag powder. In particular, composite cement 
pastes doped with both fly ash and slag powder exhibit 
the minimum mass loss. This demonstrates that cement-
based materials with a small and highly specific amount 
of fly ash and slag powder can be relatively resistant 
against carbonic acid leaching. The hydration product 
structure on the cement surface is destroyed and calcium 
is leached out during carbonic acid leaching. Figure 2 
presents the relationship between leaching time and Ca2+ 
content in the leaching solution, where the quality of the 
specimens deteriorated and the porosity increased due to 
leaching. In addition, carbonic acid further reacted with 
the inner layer of hydration products, thus accelerating 
the leaching.

Compressive strength tests

Leaching of uncured samples
	 Figure 3 shows the compressive strength of the 
uncured mortar in dependence of the leaching time. After 
leaching for more than 28 d the compressive strength of 
cement mortar mixed with 20 % fly ash or slag powder 
or both is higher than that of the pure cement mortar. 
When the content of fly ash or slag powder is below 
20 %, the compressive strength is relatively close to that 
of cement paste without replacements. The compressive 
strength of mortar mixed with 40 % fly ash or slag 
powder is significantly lower than that of the cement 
mortar without replacements (for arbitrary leaching 
times).

Samples cured in water for 7 days 
at 20°C before leaching

	 As can be seen in Figure 4, within 28 days the mor-
tar compressive strength gradually increased despite 
the leaching, and began to decrease only after leaching 
for more than 28 days and only in the case of cement 
mortar without fly ash. When mixed with slag powder, 
the mortar compressive strength increased slightly after 
leaching for more than 90 days. It has to be noted that 
even after leaching for only seven days, the compressive 
strength of post-leaching specimens was higher than the 
strength of specimens cured under standard conditions. 
This may be linked to the effects of the calcium car-
bonate generated by carbonate ions and calcium hydro-
xide, which may have blocked the surface pores, making 
the samples denser. With a slag powder content of 
20 %, the compressive strength of mortar specimens 
mixed with slag powder was significantly lower than that 
of those without slag powder. This trend was especially 
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Figure 1.  Relationship between the leaching time and relative 
mass loss of the cement paste.

Figure 3.  Relationship of leaching time and the compressive 
strength of cement mortar.

Figure 2.  Relationship between the leaching time and Ca2+ 
content of the leaching solution.
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pronounced in the early stages of leaching. The leaching 
resistance of the mortar specimens was poor when the 
slag powder content reached 40 %. 

Samples cured in water for 28 days 
at 20°C before leaching

	 Similarly to the specimens cured in water for seven 
days at 20°C prior to leaching, the test results (Figure 5) 
showed that mortar compressive strength gradually 
increased as the leaching age increased within 90 days. 
	 With 20 % slag powder content, the mortar speci-
mens mixed with slag powder exhibited leaching re-
sistance superior to the specimens without slag powder. 
However, resistance was poor for specimens with 40 % 
slag powder content and the mortar strength of some of the 
specimens with 20 % slag powder significantly decreased 
for a leaching time of 180 days. The performance was 
relatively good for the specimens mixed with both slag 
powder (20 %) and fly ash (20 %), and comparable to 
that of the specimens cured in water for seven days at 
20°C.

Phase analysis

X-ray diffraction
1)	 Uncured samples
	 Figure 6 shows the XRD patterns of samples taken 
from the surface and the interior of cement paste bodies 
after carbonic acid leaching at varying ages(out-sur-
face; in-interior). At a hydration time of seven days, the 
cement paste’s CH content was significantly reduced 
after leaching. The diffraction peaks of CaCO3 in the 
pure cement paste (without fly ash or slag powder) hyd-
rated for 90 days disappeared.
	 At the sample surface the peaks corresponding to 
calcium carbonate increased significantly at a hydration 
time of seven days, but disappeared after 90 days. In 
addition, we found that the surface samples also showed 
peaks ascribed to SiO2, while the samples from the inte-
rior did not. This indicates that the SiO2 phase was a pro-
duct of carbonic acid leaching. At a hydration time of 
90 days, the SiO2 diffraction peaks were enhanced and 
we also found diffraction peaks of ferrite phases.
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Figure 4.  Relationship of the leaching time and the compressive 
strength of specimens (cured in water for 7days).

Figure 5.  Relationship of the leaching time and the compressive 
strength of specimens (cured in water for 28days).
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	 Figure 7 shows the XRD patterns of the samples 
from the interior and surface of samples of cement pas-
tes mixed with 30 % fly ash after leaching. The fly-ash-
containing cement pastes and the pure cement pastes 
show similar variations during the leaching process. 
However, there were a few differences between the two 
pastes. For example, the CH content of samples from the 
interior was obviously lower when fly ash was used, and 
the SiO2 content of the surface samples was higher than 
in the pure cement pastes. 

2)	 Samples cured in water for 28 days
	 at 20°C before leaching
	 As shown in Figures 8 and 9, there was a gradual 
decrease in the intensity of the CH diffraction peaks in 
both the interior and the surface of cement paste bodies. 
The CH content was lower on the surface than in the 
interior when the leaching time was the same. CaCO3 

diffraction peaks were evident in the XRD patterns of 
three distinct leaching times; they were formed by the 
reaction of CH with carbonic acid in hardened paste. 
Moreover, the CaCO3 diffraction peaks of the sample 
surface clearly increased as leaching time increased, 
indicating that the corrosion product CaCO3 exhibited 
significant adhesion on the surface of the cement paste. 
Similar to pure cement paste, the intensity of CH dif-
fraction peaks decreased significantly. Additionally, 
due to the effects of long-term leaching, the CH content 
on the surface decreased significantly for samples with 
30 % slag powder. The CH diffraction intensity was 
almost negligible after leaching for 180 days. Each 
sample exhibited a certain level of CaCO3 diffraction 
that obviously correlated with leaching time. Moreover, 
CaCO3 showed a tendency to react with aluminate 
hydrates, forming hydrated tricalcium aluminate carbo-
nate C3A·3CaCO3·nH2O (0.941, 0.251, 0.380 nm).
	 Figure 10 shows that the diffraction peaks of mul-
lite and low-quartz were evident as a result of adding fly 
ash. Similar to pure cement paste, the intensity of CH 
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Figure 7.  XRD patterns of cement pastes mixed with 30% fly 
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Figure 8.  XRD patterns of cement pastes hydrated at different 
age after carbonic acid leaching (curing 28 days).
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diffraction peaks decreased significantly as the leaching 
time increased. Table 4 summarizes and compares the 
XRD results by listing the phases present or absent in the 
interior and at the surface of the specimens, respectively.

Fourier-transform infrared spectroscopy
	 Figure 11 presents the FTIR spectra for the interior 
and surface samples of the cement pastes, hydrated for 
7 and 90 days, respectively. Due to the high CH content in 
cement paste, Figure 11a clearly shows that the OH band 
of CH at 3640 cm-1 became stronger during hydration. 
The band at 973 cm-1 was associated with the presence of 
Si–O stretching vibrations ν3 of C3S2H4 (C–S–H phase). 
The strong band centered at 1485 cm-1 can be ascribed 
to C–O stretching vibrations in carbonates. Finally, the 
broad band from 1096 to 1152 cm-1 occurred due to S–O 
stretching vibrations in sulfates [6-7]. 
	 Comparing the FTIR spectra of pastes before and 
after carbonic acid leaching, one may conclude that the 

CH content of the cement paste greatly decreased du- 
ring the carbonic acid leaching process, which agrees 
with the XRD results. Moreover, the C–O stretching 
vibrations band became stronger, indicating the for-
mation of calcium carbonate at the pastes’ surface. 
Moreover, again consistent with the XRD results, the 
OH band of CH and the C–O band of carbonate became 
much weaker after 90 days of leaching, showing that 
there was almost no calcium carbonate after a long 
leaching period. Furthermore, the Si–O bond at 973 cm-1 
was observed shifting towards higher values during the 
leaching period. For instance, it shifted to the sites of 
1014 and 1045 cm-1, corresponding to the vibrations of 
crystalline quartz, after 7 and 90 days. All of the above 
indicates that the amount of Si–O bonds increased during 
leaching. 
	 Figure 12 shows the FTIR spectra of the surfaces 
and interiors of the samples of cement pastes mixed with 
30 % fly ash and leached for 7 and 90 days, respectively. 
When 30 % fly ash was used, the O–H band of CH 
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decreased in terms of intensity. In addition, similarly to 
the phase change of C-S-H in cement paste, the leaching 
process also influenced the structure of C-S-H in fly 
ash-cement paste. Consistent with the XRD results, this 
was evidenced by the Si-O bond shifting towards higher 
values, indicating the formation of SiO2 phase in the fly 
ash-cement pastes.

Discussion of the leaching mechanism

	 We can conclude from the phase analysis above that 
carbonic acid leaching occurred gradually, starting at the 
surface and moving into the interior of the pastes. The 
CH content in the pastes decreased, the C–S–H phase 
suffered slight damage during the early-stage leaching. 

Table 4.  Summary and comparison of the XRD results (phases present or absent in the interior and at the surface of the specimens, 
respectively); surface = out, interior = in. A = Alite, B = Belite, C = CaCO3, E = Aft (ettringite), F = Ferrite, P = Ca(OH)2, q = 
Quartz, Al = C3A∙3CaCO3∙nH2O, Q = cristobalite.

Figure		 A	 B	 C	 E	 F	 P	 q	 Al	 M	 Q

6a
	 03-7d-out	 ○	 ○	 ○	 ×	 ○	 ×	 ○	 ×	 ×	 ×

	 03-7d in	 ○	 ○	 ×	 ○	 ×	 ○	 ×	 ×	 ×	 ×

6b
	 S0 out	 ×	 ×	 ×	 ×	 ○	 ×	 ○	 ×	 ×	 ×

	 S0 in	 ○	 ×	 ×	 ○	 ×	 ○	 ×	 ×	 ×	 ×

7a
	 33-7d out	 ○	 ×	 ○	 ×	 ○	 ×	 ○	 ×	 ×	 ×

	 33-7d in	 ○	 ×	 ○	 ○	 ×	 ○	 ○	 ×	 ×	 ×

7b
	 S2 out	 ○	 ×	 ×	 ×	 ○	 ×	 ○	 ×	 ×	 ×

	 S2 in	 ○	 ○	 ×	 ○	 ×	 ○	 ○	 ×	 ×	 ×

8a
	 7d out	 ○	 ○	 ○	 ○	 ×	 ○	 ×	 ×	 ×	 ×

	 7d in	 ×	 ×	 ×	 ×	 ×	 ×	 ×	 ×	 ×	 ×

8b
	 90d out	 ○	 ○	 ○	 ○	 ×	 ○	 ×	 ×	 ×	 ×

	 90d in	 ×	 ×	 ×	 ×	 ×	 ×	 ×	 ×	 ×	 ×

9a
	 7d out	 ○	 ○	 ○	 ×	 ×	 ○	 ×	 ×	 ×	 ×

	 7d in	 ×	 ×	 ×	 ○	 ×	 ×	 ×	 ○	 ×	 ×

9b
	 90d out	 ○	 ○	 ○	 ×	 ×	 ○	 ×	 ×	 ×	 ×

	 90d in	 ×	 ×	 ×	 ○	 ×	 ×	 ×	 ○	 ×	 ×

10a
	 7d out	 ○	 ×	 ○	 ×	 ×	 ○	 ×	 ×	 ○	 ○

	 7d in	 ×	 ×	 ×	 ×	 ×	 ×	 ×	 ×	 ×	 ×

10b
	 90d out	 ○	 ×	 ○	 ×	 ×	 ○	 ×	 ×	 ○	 ○

	 90d in	 ×	 ×	 ×	 ×	 ×	 ×	 ×	 ×	 ×	 ×
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Figure 11.  FTIR spectra of the internal samples and surface (cement).
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The leaching products were calcium carbonate, with a 
small quantity of SiO2 and ferrite phases. After leaching 
for 90 days, there was no calcium carbonate or CH on 
the cement surface. The main products of leaching were 
SiO2 and ferrite phases, and the C–S–H phase suffered 
serious damage. 
	 The deterioration of cement pastes via carbonic acid 
leaching can be divided into two steps: (1) the carbonate 
reaction between the cement hydration product CH and 
carbonic acid will continue until all CH is consumed, 
resulting in the formation of water-soluble calcium salts, 
and (2) the carbonic acid continues reacting with the 
C–S–H phase, obviously leading to calcium loss from 
the C-S-H phase. The structure of the C–S–H phase is 
damaged, resulting in the formation of leaching products 
such as crystalline SiO2, aluminate and ferrite phases. 
When carbonic acid leaching occurs, the structure of 
hydration products is damaged, calcium is leached out of 
the pastes, the porosity increases, and the carbonic acid 
leaching finally reaches the interior parts of the pastes. 
This results in a gradual decrease in the compressive 
strength of the pastes. 
	 Incorporating less than 20 % of fly ash replacement 
in Portland cement is an effective way to improve the 
carbonic acid leaching resistance. At various stages 
of carbonic acid leaching, mass loss of fly ash-cement 
pastes and compressive strength were lower than those 
of the cement pastes. Due to the pozzolanic reaction 
between fly ash and CH, this may be associated with the 
decrease in alkalinity that reduced the rate of carbonate 
reaction and produced hydration products with a low 
calcium-to-silicon ratio. However, the cement pastes 
were more vulnerable to carbonic acid leaching when the 
fly ash content and slag powder exceeded 20 %. In the 
light of these findings, the optimal amount of fly ash or 
slag powder replacement in cement is 20 %. 

CONCLUSION

	 The results of this paper lead to the following 
conclusions:
●	 When 20 % fly ash or slag powder was added, the 

carbonic acid leaching resistance of cement pastes 
improved, i.e. the relative mass loss of cement pastes 
containing 20 % of fly ash, 20 % of slag powder, or 
20 % of both, was lower than that of pure cement 
pastes. However, the cement paste became more vul-
nerable to carbonic acid leaching damage when too 
much, e.g. 40 %, of fly ash or slag powder was added. 
The 90-day compressive strength of cement paste with 
20 % of fly ash, 20 % of slag powder, or 20 % of both, 
was greater than that of the pure cement paste.

●	 The carbonic acid leaching resistance of the specimens 
improved when cured before leaching. The degree of 
carbonic acid leaching resistance was higher as the 
curing time was longer. Both X-ray diffraction and 
Fourier-transform infrared spectroscopy confirm that 
carbonic acid leaching occurred gradually from the 
surface to the interior of the pastes.

●	 Incorporating a specific amount of slag powder 
helps to densify the paste. Mixing paste with fly ash 
and slag powder, both in amounts not exceeding 
20 %, affects the early age hydration activity and also 
improves the carbonic acid leaching resistance due to 
the pozzolanic activity of late-age fly ash. Carbonic 
acid reacts with CH at the surface of the paste and the 
C–S–H phase suffers slight damage during the early 
leaching stages. The leaching products at this stage are 
calcium carbonate as well as small quantities of SiO2 
and ferrite phases. After long periods of leaching the 
C–S–H phase at the surface of the paste suffers serious 
damage, and SiO2 and ferrite phases are the primary 
products of leaching.
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Figure 12.  FTIR spectra of the interior and the surface of samples (cement pastes mixed with 30 % fly ash).
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