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Abstract

Carbonated autoclaved aerated concretes (AACs) show no shrinkage at a degree of carbonation approximately less than 20%. The 29Si

MAS NMR spectrum showed that at a degree of carbonation less than 25%, the typical double-chain silicate anion structure of tobermorite-

11Åwas well maintained and interlayer Ca ions were exchanged with protons. This corresponded to the absence of carbonation shrinkage at a

degree of carbonation less than 20%. When the degree of carbonation increased from 25% to 50% up to 60%, the double-chain silicate anion

structure of tobermorite-11Åwas decomposed and Ca ions in the Ca–O layers were dissolved, showing a possible mechanism of carbonation

shrinkage.
D 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

One of the most harmful factors affecting the durability

of autoclaved aerated concrete (AAC) is carbonation, in

which tobermorite-11Å (5CaO�6SiO2�5H2O), the principal

binding mineral of AAC, reacts with atmospheric carbon

dioxide gas in the presence of moisture, and decomposes to

silica gel and calcium carbonate as shown in Eq. (1).

5CaO � 6SiO2 � 5H2Oþ 5CO2

! 5CaCO3 þ 6SiO2 þ 5H2O ð1Þ
Carbonation leads to degradation such as the decrease of

strength, the increase of deflection and the growth of

latticelike cracking [1,2], which are mainly caused by the

carbonation shrinkage.

In the microstructure change of AAC during carbonation

[3], the planer particle shapes of tobermorite-11Å and the

associated interparticle pores were not changed significant-

ly, although the double-chain silicate anion structure of

tobermorite-11Å was decomposed to silica-gel-like struc-

ture, and drying shrinkage increased with carbonation.
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Numerical values of carbonation shrinkage of AAC were

reported from 0.1% to 1.0% for laboratory carbonation,

although it varied according to the raw materials, carbon

dioxide concentration and relative humidity (RH) [4–8].

However, the relationship between carbonation shrinkage

and change of tobermorite-11Å crystal structure has not

been reported. We studied the mechanism of carbonation

shrinkage of AAC, carbonated under an accelerated condi-

tion, with 29Si MAS NMR spectroscopy. We also studied

the carbonation shrinkage of AAC carbonated under field

conditions, which is extremely difficult to measure.
2. Experimental

2.1. Specimens

AAC blocks made by Sumitomo Metal Mining Siporex

were used for laboratory carbonation. The 40� 40� 160-

mm blocks were dried at 105 jC for 2 h. After that, a pair of

20-mm brass pins was fixed on both ends by an adhesive for

the length change measurement. A surface part from 0 to 10

mm was used for determining the degree of carbonation.

Field AAC wall panels under working conditions for 9,

26 and 33 years were used as field-carbonated samples.



Fig. 1. Degree of carbonation as a function of treated days.

Fig. 2. Length change during laboratory carbonation as a function of treated

days.
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Degree of carbonation of the specimens was approximately

25%, 50% and 60%, respectively.

2.2. Carbonation

Laboratory carbonation samples were pretreated at a

temperature of 20 jC and 90% RH for 1 week. Subsequent-

ly, they were carbonated under conditions of CO2 concen-

tration of 3 and 0.3 vol.%, temperature of 20 jC and an

ambient RH of 90%.

2.3. Degree of carbonation [9]

The amount of combined carbon dioxide and calcium

oxide was measured to determine the degree of carbonation.

TG-DTAwas used for determining the amount of combined

carbon dioxide except for the amount of adsorbed carbon

dioxide gas and carbonated salt other than calcium carbon-

ate. The amount of combined carbon dioxide was measured

as the weight loss during heating from 600 to 800 jC,
corresponding to the decomposition of calcium carbonate.

The amount of calcium oxide was determined by ICP. The

degree of carbonation (Dc) can be given by

Dc ð%Þ ¼ ½ðC 	 C0Þ=ðCmax 	 C0Þ
 � 100; ð2Þ

where C, C0 and Cmax are the amount of combined carbon

dioxide in a sample, that of an untreated AAC and that when

all calcium oxide transformed to calcium carbonate, respec-

tively. Degree of carbonation for field-carbonated specimens

was calculated, with C0 = 1.0% as a generally acceptable

value.

2.4. Carbonation shrinkage

Shrinkage strain d due to carbonation can be given by

d ¼ ½ðI 	 I0Þ=I0
 � 100; ð3Þ

where I and I0 are current length and initial length, respec-

tively, after pretreatment under conditions of 20 jC and 90%

RH for 1 week. Measurement was always done in the
carbonation chamber under conditions of 20 jC and 90%

RH.

2.5. 29Si MAS NMR spectra

29Si MAS NMR spectra were recorded by a Jeol JNM-�-
400WB with an observation frequency of 79.42 MHz, a

repeating time of 7.0 s, a contact time of 6.4 As and a

cumulative number of 3000 to 12,000 scans. The specimens

measured were untreated AAC and laboratory- and field-

carbonated AAC with degrees of carbonation of 25%, 50%

and 60%, respectively.
3. Results and discussion

3.1. Degree of carbonation

Degree of carbonation as a function of treated days is

shown in Fig. 1. The higher the carbon dioxide concentra-

tion, the faster the increase in degree of carbonation. Degree

of carbonation reached saturation approximately at 60%

after 35 days under a CO2 concentration of 3 vol.% and

120 days under a CO2 concentration of 0.3 vol.%.

3.2. Carbonation shrinkage

Carbonation shrinkage reached approximately 0.25%

after 40 days at a CO2 concentration of 3 vol.% and after

160 days at 0.3 vol.% CO2, showing that higher CO2

concentration led to a quicker shrinkage (Fig. 2). The

maximum value of carbonation shrinkage was approximate-

ly 0.27% at 3 vol.% CO2 concentration and approximately

0.25% at 0.3 vol.% CO2.

Besides the decomposition of tobermorite-11Å, calcium

carbonate was deposited during carbonation. The absence of

swelling during carbonation was attributed to the deposition

of calcium carbonate into the interparticle pores [3].

Length change during carbonation as a function of the

degree of carbonation is shown in Fig. 3. Regardless of



Fig. 3. Length change during laboratory carbonation as a function of degree

of carbonation.

Fig. 4. 29Si MAS NMR spectrum. (a) Untreated AAC; (b) laboratory-carbonated

carbonated AAC, Dc = 60%; (e) field-carbonated AAC, Dc = 25%; (f) field-carbon
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carbonation conditions the relationship between degree of

carbonation and carbonation shrinkage showed nearly the

same tendency. Carbonation shrinkage did not occur when

the degree of carbonation was less than 20%. When the

degree of carbonation ranged from 20% to 50%, carbon-

ation shrinkage occurred gradually and reached approxi-

mately 0.1%. When the degree of carbonation ranged from

50% to 60%, significant carbonation shrinkage occurred and

reached approximately 0.25%.

3.3. 29Si MAS NMR spectrum

29Si MAS NMR spectra of untreated AAC and labora-

tory- and field-carbonated AAC with degrees of carbonation
AAC, Dc = 25%; (c) laboratory-carbonated AAC, Dc = 50%; (d) laboratory-

ated AAC, Dc = 50%; (g) field-carbonated AAC, Dc = 60%.
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of 25%, 50% and 60%, respectively, are shown in Fig. 4(a)

to (g). The 29Si MAS NMR chemical shifts by peak

separation are shown in Table 1.

On the whole, changes of silicate anion structures of

laboratory- and field-carbonated specimens were the same.

When the degree of carbonation was less than 25%, 29Si

MAS NMR spectra were almost unchanged, which implied

the double-chain silicate anion structure of tobermorite-11Å

was well maintained; however, at peaks around 	 100 ppm

a little change was observed in laboratory-carbonated speci-

mens (Fig. 4(a), (b) and (e)). On the other hand, at the same

progress of degree of carbonation of 25%, 29Si MAS NMR

spectra of specimens with a degree of carbonation ranging

from 25% to 50% changed considerably (Fig. 4 (c) and (f)).

Furthermore, when the degree of carbonation ranged from

50% to 60%, 29Si MAS NMR spectra changed remarkably

in spite of only 10% increase in the degree of carbonation

(Fig. 4 (d) and (g)). During this process, the double-chain

silicate anion structure of tobermorite-11Å (Q2 and Q3) was

supposed to be rearranged to a 3-D silica-gel-like structure

(Q4).

3.3.1. Untreated specimens

For untreated AAC, signals at 	 80.6, 	 85.3, 	 92.0,

	 96.0 and 	 107.4 ppm were observed, which corre-

sponded to Q1, Q2, Q3(1Al) Q3(0Al) and Q4, respectively

[10,11]. Q4 signal at 	 107.3 ppm corresponded to a-

quartz, one of the raw materials of AAC. The value of

Q3/Q2 of the untreated specimen was approximately 1/3,

although the theoretical value is 1/2. Therefore, the bridging

tetrahedra were supposed to comprise f 25% of Q2 and

f 75% of Q3. We call the Q2 at the bridging tetrahedra Q2b

in this paper.

3.3.2. Carbonation degree of 25%

When the degree of carbonation reached 25%, signals at

	 83.4, 	 102.7 and 	 111.3 ppm appeared in the labo-

ratory-carbonated specimen, and a signal at 	 82.6 ppm
Table 1
29Si MAS NMR chemical shifts of sample

ppm from TMS Q1 Q2 Q

(relative intensity)
Q2p Q2i Q2Ca Q

Untreated 	 80.6 (28) 	 85.3 (100)

Laboratory-carbonated,

Dc = 25%

	 80.4 (15) 	 83.4 (51) 	 86.1 (100)

Laboratory-carbonated,

Dc = 50%

	 82.8 (5) 	 86.1 (21)

Laboratory-carbonated,

Dc = 60%

Field-carbonated,

Dc = 25%

	 79.8 (12) 	 82.6 (30) 	 85.9 (100)

Field-carbonated,

Dc = 50%

	 82.9 (13) 	 86.0 (48)

Field-carbonated,

Dc = 60%

	 87.2 (29)

TMS= tetramethylsilane.
appeared in the field-carbonated specimen. The signal at

	 111.3 ppm corresponds to Q4 of silica gel [12], which

differs from Q4 of a-quartz (	 107 ppm). Sato and

Grutzeck [13] and Sasaki et al. [14] concluded from the
29Si MAS/CPMAS NMR spectrum that the signal around

	 82 ppm corresponded to the protonated silicate ions in

the silicate chain. Klur et al. [15] proposed to attribute the

signal around 	 82.1 ppm to bridging tetrahedra bonded to

two protons (Q2p), 	 83.9 ppm to bridging tetrahedra

bonded to one proton and one calcium ion (Q2i), and

	 85.3 ppm to silicate tetrahedra coordinated to the calci-

um ions (Q2Ca). In short, Q2Ca designated by Klur et al.

means the ordinary Q2. Therefore, the signal at 	 83.4

ppm for laboratory-carbonated specimen and at 	 82.6

ppm for field-carbonated specimen corresponded to Q2i

and Q2p, respectively. A signal at 	 102.7 ppm corre-

sponds to the bridging tetrahedra bonded to one proton and

one silicate ion, Q3(1OH). [16] The tobermorite-structure

model including Q3(1OH), Q2b, Q2p, Q2i and Q2Ca

bonds is shown in Fig. 5. The appearance of Q2p, Q2i

and Q3(1OH) including the protonated silicate ions during

the early carbonation periods signified the exchange of

calcium ions by protons in the interlayer space of

tobermorite-11Å.

3.3.3. Carbonation degree more than 50%

When the degree of carbonation reached 50%, Q1 dis-

appeared, Q2 peaks around 	 82 to 	 86 ppm became

relatively lower and Q3 and Q4 appeared or increased in

both carbonated specimens. For laboratory-carbonated speci-

mens, Q2i (	 83.4 ppm) disappeared, a slight signal of Q2p

(	 82.8 ppm) appeared and the highest signal changed from

Q2 to Q4. For field-carbonated specimens, Q3(1Al) (	 92.2

ppm) disappeared, Q3(1OH) (	 103.9 ppm) appeared and

the highest signal changed from Q2 to Q3.

When the degree of carbonation reached 60%, Q3(1OH)

and Q4 were detected for laboratory-carbonated specimens.

On the other hand, the wide signal centered between Q3 and
3 Q4

3(1A1) Q3 Q3(1OH) Q4 Q4(quartz)

	 92.0 (16) 	 96.0 (17) 	 107.4 (4)

	 92.4 (23) 	 96.5 (42) 	 102.7 (54) 	 111.3 (48) 	 107.7 (14)

	 98.0 (60) 	 102.3 (90) 	 111.1 (100) 	 107.7 (15)

	 102.8 (100) 	 110.3 (68) 	 107.5 (5)

	 92.2 (3) 	 96.2 (28)

	 96.9 (100) 	 103.9 (60)

	 98.9 (100) 	 98.9 (100) 	 98.9 (100) 	 98.9 (100)



Fig. 5. The tobermorite structure model including Q3(1OH), Q2b, Q2p, Q2i and Q2Ca bonds.
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Q4 was mainly detected for field-carbonated specimen.

Therefore, the double-chain silicate anion structure of

tobermorite-11Å was finally decomposed, shrunk and poly-

merized to a silica-gel-like structure in the final stage of

carbonation.

3.4. Changes of silicate anion structures and carbonation

shrinkage

During the early carbonation periods at a degree of

carbonation less than 25%, the double-chain silicate anion

structure of tobermorite-11Å was well maintained and

protonated silicate ions in the silica chain appeared for both

types of specimen. Komarneni and Tsuji [17] studied the ion

exchange properties of Ca ions in the interlayer space of

tobermorite-11Å. The Ca ions in the interlayer and the Ca–

O layer composed 20% and 80% of Ca atoms in tobermor-

ite-11Å, respectively [18]. In the case of laboratory-carbon-

ated specimens, carbonation shrinkage did not occur when

the degree of carbonation was less than 20%. Therefore, the

absence of carbonation shrinkage until the degree of car-

bonation of 20% may be attributed to the retaining of the

main structures of tobermorite-11Å, the double-chain sili-

cate anion structure and the Ca–O layer.

During the carbonation periods, at degree of carbonation

from 25% to 60%, Ca ions dissolved from the Ca–O layer

and the double-chain silicate anion structure decomposed,

shrunk and polymerized to a silica gel structure. This is the

most likely mechanism of carbonation shrinkage of AAC, a

tobermorite-based material. It can also support the relation

that both the progress of carbonation shrinkage and the

change of silicate anion structure when the degree of

carbonation ranged from 50% to 60% were more remark-

able than that when the degree of carbonation ranged from

20% or 25% to 50%.

For field-carbonated specimens, measurement of carbon-

ation shrinkage for several decades was extremely difficult.

In this study, changes of silicate anion structures for field

and laboratory carbonation turned out to be very similar.

Therefore, carbonation shrinkage of field-carbonated speci-

mens, as a function of degree of carbonation, was supposed

to be the same as that of laboratory-carbonated specimens.
4. Conclusion

1. For laboratory-carbonated specimens under CO2 con-

centrations of 3 and 0.3 vol.%, the relationship between

the degree of carbonation and carbonation shrinkage was

nearly the same. Carbonation shrinkage was not observed

when the degree of carbonation was less than 20%.

Carbonation shrinkage reached approximately 0.1% and

0.25% at a degree of carbonation of 50% and 60%,

respectively.

2. When the degree of carbonation was less than 25%, 29Si

MAS NMR spectrum suggested that the double-chain
silicate anion structure of tobermorite-11Å was well

maintained and calcium ions were exchanged by protons.

It was suggested the absence of carbonation shrinkage

until the degree of carbonation of 20% was reached could

be due to the retaining of the double-chain silicate anion

structure and the Ca–O layer, the main structures of

tobermorite-11Å.

3. When the degree of carbonation ranged from 25% to

60%, Ca ions dissolved from the Ca–O layer and the

double-chain silicate anion structures were decomposed,

shrunk and were polymerized to silica-gel-like structure.

This is the most likely mechanism of carbonation

shrinkage of AAC, a tobermorite-based material.

4. Carbonation shrinkage of field-carbonated specimens as

a function of degree of carbonation was supposed to be

the same as that of laboratory-carbonated specimens,

because changes of silicate anion structures of field and

laboratory-carbonated specimens were very similar.
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