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Abstract

Autoclave expansion behaviors of siliceous and dolomite-bearing aggregates in LiOH and KOH solutions were studied. The results show

that lithium hydroxide can suppress ASR expansion and induce ACR expansion. It is the duplex effect of lithium hydroxide that could be

used for exploring the mechanism responsible for the expansion of dolomite-bearing aggregates in alkali environments. It has been shown

that the expansion of argillaceous dolomite limestone with typical texture from Kingston, Ontario, Canada, can be attributed to ACR rather

than to ASR. However, some other argillaceous dolomite limestones exhibit both ACR and ASR. Meanwhile, XRD detected that solid

products of dedolomitization in LiOH solution were brucite, calcium carbonate and lithium carbonate with a consequent solid volume

increase. D 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Alkali–carbonate reaction (ACR) is an important type of

alkali aggregate reaction (AAR). Excess expansion and

cracking of concrete has occurred when some dolomite-

bearing aggregates with typical texture have been used as

coarse aggregates in concrete with high alkali cement. It is

generally agreed that the dedolomitization process, in which

dolomite in aggregates is reacted with strong alkali to

produce brucite, calcium carbonate and soluble alkali car-

bonate, is basic and necessary to ACR expansion, regardless

of the mechanism responsible for expansion [1–5]. How-

ever, the existence of ACR was still doubted by some

researchers [6–8] because there exists about 10% or more

insoluble residue in the argillaceous dolomitic limestones

with higher ACR expansibility [9,10]. Meanwhile, dolo-

mite-bearing aggregates containing microcrystalline or cryp-

tocrystalline quartz are relatively common [11–13].

Therefore, it is difficult to distinguish the contribution of

ACR from that of alkali–silica reaction (ASR). Katayama

[7] considered that ACR was always associated with ASR;

classic ACR that occurs in the argillaceous dolomitic

limestone from Kingston, Canada, should be reviewed in

terms of ASR of cryptocrystalline quartz hidden in the

argillaceous matrix of the aggregates. Thus, it is necessary

to develop a way to discriminate ACR from ASR when

ACR may coexist with ASR.

Various lithium compounds have been investigated over

many years for their effectiveness in mitigating alkali–silica

reactivity. Results by McCoy and Caldwell [14], Lawrence

and Vivian [15], Sakaguchi et al. [16], Stark [17] and

Diamond and Ong [18] verified that lithium compounds

were very effective in suppressing ASR. For this reason,

lithium hydroxide and other lithium salts have been used as

effective additives that reduce the expansion caused by

ASR. Compared to suppressing ASR, however, some lith-

ium compounds, such as LiCl, LiNO3 and LiOH, have been

shown to be less effective in suppressing ACR expansion

[19]. Wang and Gillott [20] detected existence of dedolomi-

tization reactions in lithium hydroxide environment. This

suggests that lithium hydroxide seems to have a duplex role

in suppressing ASR and inducing ACR. The object of this

paper is to present our results about how to verify ACR

existence when ACR possibly coexists with ASR by util-
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izing opposite controlling effects of lithium hydroxide on

ASR and ACR.

2. Experiments

2.1. Aggregates

Four kinds of aggregates were used. Table 1 describes the

mineral constitutes of these aggregates. Zeolitized pearlite

aggregate RF was taken from Shandong Province, China,

and was used as a reactive aggregate with higher ASR

expansion. It consists mainly of pearlite-like glass matrix

and some chalcedony. Argillaceous dolomitic limestone CK

from Kingston, Ontario, Canada, was selected as a reactive

aggregate with ACR expansion. The aggregate JH1 from

Tianjin, China, was an argillaceous dolomite, in which more

than 10% microcrystalline quartz was scattered in dolomite.

The dolomite aggregate TL2-3, collected from Sichuan

province, China, contains more than 95% dolomite crystal,

showing a mosaic texture. It contains only 0.46% acid-

insoluble residue.

2.2. Test methods for evaluating alkali reactivity

of aggregates

The mortar microbar test method NF P18-588-91 [21]

was applied to evaluate alkali–silica reactivity of aggre-

gates. Alkali–carbonate reactivity of aggregates was deter-

mined by concrete microbars or rock prisms [22,23]. The

criterion used for judging the alkali activity of aggregates is

0.1% of expansion when autoclaved for 6 h at 150 �C.

2.2.1. Concrete microbar test method [22]

After adjusting the cement alkali content to 1.5% Na2O

equivalent by adding KOH into the mixing water, concrete

microbars 20�20�60 mm in size were cast with 5–10-mm

aggregate at a cement/aggregate ratio of 1.0 and a W/C ratio

of 0.3. The bars were removed from the molds after 1-day

curing in moist chamber and their original lengths were

measured. The concrete microbars were then steamed at

100 �C for 4 h and autoclaved at 150 �C for different periods

of time in 10% KOH solutions. The length was measured

after the bars had cooled to room temperature. The linear

expansions of specimens were calculated. In the tests for

evaluating the role of LiOH in AAR, LiOH�H2O com-

pound was used to adjust the cement alkali content to 1.5%

Na2O equivalent and to make up 10% LiOH solutions for

autoclave test.

2.2.2. Mortar microbar test method

Mortar microbar test method was followed NF P18-588-

1991 [21], except that the ratio of cement to aggregate was

2:1. Ten-percent KOH solutions were used for autoclaving.

2.2.3. Rock prism method

Rock samples were cut into the shape of prism about

10�10�40 mm in size. Pins were cemented on both ends of

prisms using Portland cement pastes. After immersion in

water for several days to get a constant length, the prisms

were autoclaved at 150 �C in alkali solutions (LiOH or

KOH) or in water for different periods of time.

3. Results and discussion

To determine potential AAR expansion of various aggre-

gates, mortar microbar test for aggregates was usually the

first step. Concrete microbar test was followed and, if

necessary, rock prism test was carried out subsequently.

Meanwhile, based on many research results indicating that

lithium hydroxide and other lithium salts could effectively

inhibit ASR and expansion, LiOH solution was employed as

a reaction medium of the autoclave test to explore expansive

behavior of dolomite-bearing aggregates in LiOH solution.

3.1. Expansion of specimens with siliceous and

dolomite-bearing aggregates

3.1.1. Zeolitized pearlite RF

The autoclave expansion of mortar microbars caused by

zeolitized pearlite RF is 0.27% at 6 h, being much higher

than the criterion of 0.1%. Therefore, the zeolitized pearlite

was considered to be alkali–silica reactive. The alkali–

silica reactivity of aggregate RF also resulted in a high

expansion of concrete microbars in 10% KOH solution, as

shown in Fig. 1. The expansion of concrete microbars

containing this aggregate exceeded 0.60% at 6 h. This also

confirms that the aggregate RF has highly reactive silica

components. However, we noticed that if the concrete

Table 1

Lithology and the main minerals of aggregates

Sample Lithology Sources Minerals

RF Zeolitized pearlite Shandong, China > 70% glass matrix, 15% cryptocrystalline zeolite,

2–4% chalcedony and 10% quartz

CK Argillaceous dolomitic limestone Kingston, Canada 40–50% dolomite, 40–50% calcite and 11.3 % acid

insoluble residue made of illite, quartz and chlorite

JH1 Argillaceous silt Dolomite Tianjing, China 70–75% dolomite, <5% calcite and 22.3% acid insoluble

residue made of microcrystalline quartz and illite

TL2-3 Dolomite with medium crystal size Sichuan, China > 95% dolomite, <3% calcite and 0.46% acid insoluble residue
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microbars containing this aggregate were autoclaved in

10% LiOH solution, the expansion at 6 h dropped dramat-

ically and became negligible (Fig. 1). The expansion was

still less than 0.04% even if the autoclave time was

prolonged to 78 h.

3.1.2. Argillaceous dolomitic limestone CK

The expansion behaviors of the argillaceous dolomitic

limestone CK with typical texture from Kingston, Ontario,

Canada, have been investigated for several decades. A

number of results have proved this aggregate to be alkali–

carbonate reactive [1,2,4,10]. Autoclave expansion of mor-

tar microbars containing aggregate CK was only 0.01% at

6 h. This indicates that argillaceous dolomitic limestone CK

is not alkali–silica reactive.

It is generally considered that autoclave expansion of

concrete microbars and rock prisms in alkali solutions at

150 �C may be caused by the contributions of several

factors, such as expansion either from ACR or from ASR,

swelling of clays in the aggregates by absorbing water and

heat-induced expansion of aggregate at a high temperature.

To evaluate the swelling expansion of clays and the heat-

induced expansion of aggregates, concrete microbars or

rock prisms were also autoclaved in pure water at 150 �C.
From Fig. 2a, 0.09% of expansion was reached when the

concrete microbars were autoclaved in pure water for 136 h.

This notable expansion should be related to swelling due to

water absorption of clay and/or some irreversible heat-

induced expansion of aggregate. For this reason, a concept

of net AAR expansion was introduced to describe the

expansion only resulting from AAR. The net AAR expan-

sion was obtained by subtracting the expansion of speci-

mens autoclaved in pure water from the expansion of

specimens treated in alkali solutions.

Fig. 2a also demonstrates the net AAR expansion of

concrete microbars containing the aggregate CK. The net

AAR expansion of concrete microbar in KOH solutions at 6 h

was 0.1%, just getting to the criterion of 0.1%. It is reas-

onable to consider that this net AAR expansion of concrete

microbars containing aggregate CK was due to ACR because

the ASR expansion is negligible. When the specimens were

continuously autoclaved for up to 78 h in 10% KOH

solutions, a net AAR expansion of 0.27% was reached.

To verify whether the net AAR expansion of concrete

microbars containing the aggregate CK in KOH solutions is

from ACR, the specimens were also soaked in 10% LiOH

solutions. Although the net AAR expansion of concrete

microbars containing aggregate CK cured in 10% LiOH

solutions is only 0.02% at 6 h, being less than that in 10%

KOH solutions, it did increase with time. A higher net AAR

expansion of 0.14% was given when the specimens were

autoclaved for 136 h (Fig. 2a). Thereby, it may be reas-

Fig. 1. Autoclave expansion of concrete microbars containing zeolitized

pearlite cured at 150 �C.

Fig. 2. Autoclave expansion of argillaceous dolomitic limestone CK in

alkali solutions (150 �C).
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onably concluded that this net AAR expansion should be

only attributed to the lithium–dolomite reaction because

reactive silica, such as microcrystalline quartz and siliceous

glass, did not produce any significant ASR expansion in

LiOH solutions as shown in Fig. 1.

Rock prism tests of the aggregate CK were also carried

out. Fig. 2b gives the results. The net AAR expansions of

rock prisms CK in 10% KOH solutions were higher than in

10% LiOH solutions. Similarly, the net AAR expansion of

rock prisms CK soaked in LiOH solutions was as high as

0.11% when autoclaved for 136 h. This further confirms

that the argillaceous dolomitic limestone CK has caused

ACR expansion.

3.1.3. Dolomite TL2-3

There exists very little clay and silica in dolomite TL2-3.

The aim of selecting such a nearly pure dolomite for testing

is to avoid the potential interference from reactive silica,

clay and other substances with the ACR mechanism. Fig. 3a

illustrates the net AAR expansion of concrete microbars

containing this dolomite in different solutions. When auto-

claved in 10% KOH solutions for 6 h, the net AAR

expansion of specimens was only 0.03%, much less than

the criterion 0.1%. Thereby, this dolomite should be reck-

oned as not alkali–carbonate reactive. However, the net

AAR expansion was increased continuously with time,

being as high as 0.18% at 136 h.

When the concrete microbars with dolomite TL2-3 were

autoclaved in 10% LiOH solutions, they produced much

less expansion than in KOH solutions, as shown in Fig. 3a.

However, the net AAR expansion of specimens also

increased with time. The expansion of 0.08% could be

observed at 136 h.

The net AAR expansion of rock prisms TL2-3 cured in

LiOH solutions became more considerable, as demonstrated

in Fig. 3b. It approached 0.08% at 15 h and 0.17% at 136 h.

Additionally, rock TL2-3 caused a larger expansion in LiOH

solutions than in KOH solutions when autoclaved for the

same time. This behavior is quite different from that for the

argillaceous dolomitic limestone CK.

3.1.4. Argillaceous silt dolomite JH1

The autoclave expansion of mortar microbars containing

argillaceous silt dolomite JH1 at 6 h was 0.14%. This

indicates that the aggregate JH1 to be highly alkali–silica

reactive. The reactivity of this rock was brought about by

more than 10% microcrystalline quartz scattered in dolomite

crystals with a mosaic texture.

Fig. 4a illustrates the net AAR expansions of concrete

microbars autoclaved in 10% KOH solutions and in 10%

LiOH solutions. They developed slowly during the first 15 h

and then increased rapidly with autoclave time when cured

in 10% KOH solutions. The net AAR expansion of the

concrete microbars in 10% LiOH solutions developed stead-

ily during the whole period and reached 0.15% at 136 h.

This expansion in LiOH solutions should be attributed to

ACR. The expansion of concrete microbars in 10% KOH

solutions may be brought about by both ACR and ASR.

The net AAR expansions of rock prisms JH1 are shown in

Fig. 4b. Rock prisms JH1 soaked in 10% LiOH solutions also

expanded steadily. It showed a larger expansion in 10%KOH

solutions than in 10% LiOH solutions. This may be due to a

rapid ACR or to overlapping effect of ACR and ASR.

3.2. Solid products due to lithium hydroxide–dolomite

reaction

The powder of dolomite TL 2-3 autoclaved either in 10%

KOH or LiOH solutions for 6 h at 150 �C was examined by

X-ray diffractometer (XRD). The reaction products formed

in different alkali solutions are shown in Fig. 5. The solid

Fig. 3. Net AAR expansion of dolomite aggregate TL2-3 in alkali solutions

(150 �C).
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products of dolomite autoclaved in KOH solutions are

brucite and calcium carbonate. It was found that besides

these two products, lithium carbonate with new diffraction

peaks at 0.415, 0.281 and 0.262 nm also present when

dolomite powder was treated in LiOH solutions. Therefore,

it is suggested that the phases brucite, calcium carbonate and

lithium carbonate would be formed if dolomite reacted with

lithium hydroxide. This is somewhat different from the case

in KOH solutions.

3.3. Discussions

Because the value of net AAR expansion has deducted

both swelling of clays in aggregate and heat-induced expan-

sion of aggregate from the value of gross expansion, it could

well avoid the confusion of above factors in understanding

ACR mechanism. The aggregate TL2-3 is a nearly pure

dolomite. Evidently, its net AAR expansion is only attrib-

uted to ACR. Qian [24] also observed the cracks that

originated from the dedolomitization rim of dolomite TL2-

3 in concrete. Therefore, it is reasonable to conclude that a

dolomite aggregate with mosaic texture will bring about

expansion or even cracking only if reaction time is long

enough in KOH solutions.

Meanwhile, a conclusion can be drawn that lithium

hydroxide not only suppress the expansion of ASR but also

may induce the expansion of ACR. This duplex effect can

be used for exploring what mechanism should be respons-

ible for the expansion of aggregates in alkali solutions. The

concrete microbars containing the aggregate CK would not

expand in LiOH solutions if cryptocrystalline or microcrys-

talline quartz hidden in the argillaceous matrix of this

aggregate were the only reactive components and the only

reason for AAR expansion. However, concrete microbars

with this aggregate did expand in the LiOH solutions and

the net AAR expansions of the specimens increased with

autoclave time. Therefore, ACR mechanism rather than

ASR mechanism should be responsible for AAR expansion

of the aggregate CK.

Based on XRD analysis, dedolomitization reaction of

dolomite in LiOH solutions may be written as follows:

CaMgðCO3Þ2 þ 2LiOH ! MgðOHÞ2 þ CaCO3 þ Li2CO3

This process differs from that in KOH solutions in two

aspects. Firstly, Li2CO3 is deposited as a solid product

because Li2CO3 has little solubility of 7.2 g/l at 100 �C
compared to a solubility of 1560 g/l for K2CO3 [25].

Secondly, because of Li2CO3 disposition, the dedolomitiza-

tion process in LiOH solutions becomes a solid volume-

increasing reaction. The net volume of solid phases is

increased by 48.87%, while the dedomitization of dolomite

in KOH solutions was a solid volume reduction process.
Fig. 4. Net AAR expansion of argillaceous dolomite aggregate JH1 in alkali

solutions (150 �C).

Fig. 5. XRD patterns of dolomite powder autoclaved for 6 h at 150 �C in

different alkali solutions.
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Despite these two differences, the mechanism responsible

for ACR expansion should be the same. Tang et al. [5]

argued that the expansion due to ACR is caused by the

growth and rearrangement of dedolomitization products in a

confined space, and that the degree of expansion was pro-

portional to the amount of solid products formed [26]. The

larger the amount of solid products formed, the larger ACR

expansion. For this reason, an important key to control the

expansion behavior of ACR is the amount of solid products

formed in the dedolomitization process, which depends on

both the dedolomitization rate and the reaction course.

According to periodic table of element, the alkalescence of

LiOH is lower than that of KOH. As a result, reaction rate of

dedolomitization of dolomite in LiOH solutions would be

expected lower than that in KOH solutions. Meanwhile, more

solid products of dedolomitization should form in LiOH

solutions than that in KOH solutions if the degree of dedo-

lomitization is the same. It is the directional filling of

dedolomitization products from Lithium–dolomite reaction

in the confined space that leads to ACR expansion of

aggregate. However, the relations between the magnitude

of expansion and dedolomitization process in LiOH and

KOH should be explored in detail.

4. Conclusions

(1) Lithium hydroxide can effectively suppress ASR

expansion and induce ACR expansion. It is the duplex

effect of lithium hydroxide that could be used for exploring

the mechanism responsible for the expansion of dolomite-

bearing aggregates in alkali solutions.

(2) AAR expansion of argillaceous dolomite limestone

CK with a typical texture from Kingston, Ontario, Canada,

is caused by ACR rather than by ASR.

(3) Some argillaceous dolomite limestones exhibit both

ACR and ASR.

(4) When lithium hydroxide is reacted with dolomite,

the solid dedolomitization products are brucite, calcium

carbonate and lithium carbonate, with a consequent

volume increase.
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