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Abstract

The effect of the type of alkalis on the expansion behavior of concrete microbars containing typical aggregate with alkali–silica reactivity and
alkali–carbonate reactivity was studied. The results verified that: (1) at the same molar concentration, sodium has the strongest contribution to
expansion due to both ASR and ACR, followed by potassium and lithium; (2) sufficient LiOH can completely suppress expansion due to ASR
whereas it can induce expansion due to ACR. It is possible to use the duplex effect of LiOH on ASR and ACR to clarify the ACR contribution
when ASR and ACR may coexist. It has been shown that a small amount of dolomite in the fine-grained siliceous Spratt limestone, which has
always been used as a reference aggregate for high alkali–silica reactivity, might dedolomitize in alkaline environment and contribute to the
expansion. That is to say, Spratt limestone may exhibit both alkali–silica and alkali–carbonate reactivity, although alkali–silica reactivity is
predominant. Microstructural study suggested that the mechanism in which lithium controls ASR expansion is mainly due to the favorable
formation of lithium-containing less-expansive product around aggregate particles and the protection of the reactive aggregate from further attack
by alkalis by the lithium-containing product layer.
© 2006 Elsevier Ltd. All rights reserved.
Keywords: Alkali-aggregate reaction (C); Alkali–silica reaction; Alkali–carbonate reaction; Lithium compounds (D); Microstructure (B)
Table 1
Chemical composition of limestone
1. Introduction

Spratt siliceous limestone (SL) produced in Spratt quarry near
Ottawa, Canada and Pittsburg argillaceous dolomitic limestone
(PL) produced in Pittsburg quarry, Kingston, Canada are
representative examples of aggregate with high alkali–silica
reactivity and alkali–carbonate reactivity. Part I of the paper [1]
investigated the alteration of the two typical aggregates
autoclaved in different alkaline solutions with same molar
concentration. NaOH showed the strongest attack on both SL and
PL, whereas the weakest attack was with LiOH. For PL,
dedolomitization of dolomite obviously occurred in three
different alkaline solutions. At the same time, the small amount
of quartz in PLwas also involved in reactionwith alkali solutions.
⁎ Corresponding author.
E-mail address: duyoulu@njut.edu.cn (D. Lu).
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On the other hand, in addition to massive products from alkali–
silica reaction, small amount of dolomite that existed in SL
seemed also to be dedolomitized under long time autoclaving.
For developing accelerating testingmethod for alkali reactivity of
aggregates and testing method to classify ASR and ACR for
dolomite-bearing aggregate, the effect of NaOH, KOH and LiOH
all at the same molar concentration on the expansion of concrete
microbars with SL and PL was studied. This part reports the
expansion behaviors of concrete microbars containing SL and PL
cured in different alkali solutions. Expansion behaviors of
concrete microbar containing zeolitized perlite autoclaved in
Sample CaO MgO Acid insoluble residue

PL 40.25 6.63 10.90
SL 45.12 2.79 10.07

http://dx.doi.org/doi:10.1016/j.cemconres.2006.01.008
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Fig. 1. Autoclave expansion of concrete microbars with zeolitized perlite at 150°C.
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different alkali solutions were also studied for comparison.
Microstructure of concrete microbar containing zeolitized perlite
was studied to explore the preventive mechanism of lithium
against expansion due to ASR.

2. Materials and experimental

2.1. Cement

A low alkali Portland cement that has been used as reference
cement in testing alkali reactivity of aggregate in China was
used. The chemical composition of the cement is as follows:
CaO 64.6%, SiO2 22.1%, Al2O3 4.76%, Fe2O3 3.28%, MgO
0.82%, Na2O 0.07%, K2O 0.59%, and LOI 0.91%. Specific
surface area of the cement is 360m2/kg.
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Fig. 2. Autoclave expansion of concrete micr
2.2. Reactive aggregates

Three well-known alkali reactive aggregates were used in this
study. In addition to SL and PL, zeolitized perlite from Shan-
dong, China, which is a high alkali–silica reactive aggregate and
is often used as a reference aggregate in China was also used. It
consists mainly pearl-like glass matrix and some chalcedony.
The chemical composition of SL and PL is listed in Table 1.

2.3. Expansion test

The concrete microbar test method [2] after a small
modification was used to evaluate the expansion of aggregates.
The aggregates used were crushed to 5–10mm. Six concrete
microbars of 20×20×60mm in size were cast with cement
80 100 120 140 160
e / h
0

obars with Pittsburg limestone at 150°C.
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Fig. 3. Expansion of concrete microbars with Pittsburg limestone at 80°C.
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aggregate ratio of 1.0 and W/C ratio of 0.32. For comparison,
KOH, NaOH and LiOH were used, respectively, to adjust the
cement alkali content to 1.5% Na2Oe by the addition of them
into the mixing water. The bars were removed from the molds
after 1-day curing in moist chamber and then steamed at 100°C
for 4h, then the initial length of bars was measured at room
temperature. The bars were then autoclaved at 150°C or cured at
80°C for different periods of time in different alkali media. The
type of alkali used in curing solution corresponds to that used in
concrete bars. In order to compare with previous results, concen-
tration of soaked solution for autoclave is 1.8mol·L− 1

(corresponding to 10% KOH in mass), 1.0mol·L−1 alkali solu-
tion was used for 80°C curing. The specimens were extracted
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Fig. 4. Autoclave expansion of concrete mic
from the curing solution after different periods of time. The
length change was measured after the bars had cooled down to
room temperature and the linear expansions of specimens were
calculated. The expansion of one specimen is the average of six
bars. For reference, concrete microbars with SL and PL were
also made with low alkali cement (0.46% Na2Oe) without
addition of alkali and cured in water at 150 or 80°C.

2.4. Microstructure of concrete microbar containing
zeolitized perlite

Microstructure of concrete microbar containing zeolitized
perlite was studied in order to explore the mechanism with
80 100 120 140 160

e / h

robars with Spratt limestone at 150°C.
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Fig. 5. Expansion of concrete microbars with Spratt limestone at 80°C.

Fig. 6. Petrographic micrograph of ZP–K–1.8 KOH autoclaved for 150h,
polarized light.

1194 D. Lu et al. / Cement and Concrete Research 36 (2006) 1191–1200
which LiOH controls expansion due to ASR. Petrographic
microscope was used to examine the thin sections of concrete
bar containing zeolitized perlite. SEM/EDS were used to
examine the morphology and elemental composition of
products formed in different specimen. Concrete microbars
containing zeolitized perlite examined by SEM/EDS were oven
dried at 80°C for 24h after autoclaved at 150°C for 150h.
Fractured surface of concrete microbars was prepared and gold-
coated. The microstructure of the specimens was examined by
JEOL-5900 SEM combined with Thermal Noran DSI Energy
Dispersive Spectrometer (EDS). Secondary electron detector
was used to acquire SEM images. Elemental compositions of
products with different morphologies were calculated by using
semi-quantitative program (standardless method). The para-
meters of the SEM and EDS were set up as following: an
accelerating voltage of 20KV, an acquisition time of 100s, the
dead time of the EDS detector was below 15%.

2.5. Symbols for specimens

K–1.8 KOH means using KOH to adjust cement alkali
content to 1.5% Na2Oe and storaging in 1.8 M KOH solution;
the same rule was with Na–1.0 NaOH and Li–1.8 LiOH.

For zeolitized perlite, K/Li–1.8LiOH means using KOH to
adjust cement alkali content to 1.5% Na2Oe, but putting LiOH
with Li /Na molar ratio of 1.0 in the cement and storaging the
specimen in 1.8 M LiOH solution.

3. Result and discussion

3.1. Expansion of zeolitized perlite

Fig. 1 shows the expansion of concrete microbar with
zeolitized perlite autoclaved in different media. Guangren [3]
confirmed concrete microbar with zeolitized perlite developed
negligible autoclave expansion (0.04% at 78h) in 10% LiOH
solution (4.17mol·L−1) even with cement alkali content being
adjusted to 1.5% Na2Oe with KOH. Fig. 1 indicates that
zeolitized perlite concrete microbars developed smaller expan-
sion or even shrinkage when they were autoclaved in
1.8mol·L−1 LiOH solution, with cement alkali content being
enhanced to 1.5% Na2Oe by addition of LiOH (ZP–LL) or
increasing cement alkali content with KOH but putting LiOH
with 1.0 Li /Na molar ratio (ZP–KL). It further verified the
previous result that sufficient LiOH can successfully suppress
expansion due to pure ASR [3,4].

3.2. Expansion of PL

Pittsburg argillaceous dolomitic limestone is a typical
aggregate with alkali–carbonate reactivity. The alkali–carbon-
ate reactivity has been proven by a number of results [5,6].

Figs. 2 and 3 are expansion curves of concrete microbars
made with Pittsburg limestone in different media and at 150
and 80°C, respectively. When autoclaved in NaOH or KOH



Fig. 7. Petrographic micrograph of ZP–Li–1.8 LiOH autoclaved for 150h,
polarized light.
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solution at 150°C (Fig. 2), the aggregate showed much higher
expansion in NaOH and KOH than in LiOH environments.
Different from that of Spratt limestone, it also showed a relative
high expansion when autoclaved in LiOH and water
environment.

For microbar made with Pittsburg limestone cured in dif-
ferent media at 80°C, as shown in Fig. 3, in addition to stronger
activation of NaOH than KOH on ACR expansion, the dif-
ference in this activation varies greatly with prolong curing
time, especially in later period. A little higher expansion for
specimen stored in water was also found.

The relatively high expansion in water of concrete microbar
made with PL and low alkali cement may due to several factors,
such as swelling of clay minerals in the aggregate by absorbing
water, the irreversible heat-induced expansion of aggregate. The
ACR may also play an important role because ACR can take
place at a relative lower pH [7], with the prolonging of auto-
clave time, certain extent of dedolomitization might possibly
have occurred in PL even with low alkali cement autoclaved
in pure water. The net expansion by subtracting expansion of
specimen autoclaved in pure water can reasonably be used as an
indictor of expansion due to pure AAR.
Fig. 8. Petrographic micrograph of ZP–K/Li–1.8 LiOH autoclaved for 150h,
polarized light.

Fig. 9. SEM images ZP–KK autoclaved for 150h (a); (b) product formed beside
aggregate; (c) product formed inside aggregate.
The net expansion in LiOH reached 0.189% at 150h, it is
reasonable to attribute the expansion to ACR since the
expansion due to ASR in PL, if there has, can be completely
suppressed by sufficient LiOH both in specimen and solution.



Table 2
Chemical composition of product formed in ZP–KK

P1 P2 P3 P4 P5

Na2O 1.31 0.13 2.04 2.14 0.06
Al2O3 7.53 16.94 6.33 8.13 11.35
SiO2 58.03 66.15 58.78 58.27 61.63
K2O 20.18 16.43 19.24 20.62 21.18
CaO 12.95 0.35 13.61 10.87 5.78

Fig. 10. SEM images of ZP–LL autoclaved for 150h. (a) Crystals formed inside
aggregate; (b) gel formed around aggregate; (c) gel formed inside aggregate.
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3.3. Expansion of SL

Autoclave expansion of concrete microbars made with SL at
150°C in 1.8mol·L− 1 NaOH, KOH, LiOH solutions and water
is shown in Fig. 4. Expansion develops rapidly both in NaOH
and KOH solution under autoclave conditions. The 6h
expansions in NaOH and KOH were 0.140% and 0.122%,
respectively, and they reached 0.315% and 0.264% after 12h. It
indicates that at the same OH− level, NaOH can induce larger
ASR expansion than KOH. The results also suggest that Spratt
limestone is high reactive aggregate in alkali solution and
autoclave concrete bar result correlate well with Accelerated
Mortar Bar Test (AMBT, ASTM C1260), the 14d and 28d
mortar bar expansion are 0.391% and 0.617%, respectively. The
reference bar made with low alkali cement and autoclaved in
water developed negligible expansion during the whole
autoclave period, it suggests there was no remarkable heat-
induced expansion in Spratt limestone due to the very fine
calcite and no obvious ASR expansion with low alkali cement.
It is worthy to notice that microbar with added LiOH and soaked
in LiOH solution also expanded when prolong autoclave time,
and it reached 0.123% at 150h. The net expansion by deducing
the expansion in water is over 0.1% at 150h.

As shown in Fig. 5, almost a linear increase in expansion with
prolong time and a stronger activation of sodium than that of
potassium was also observed when the concrete microbars were
cured at 80°C in NaOH and KOH solution with 1mol·L−1. The
difference in the activation on expansion between sodium and
potassium increases with time at early period, it then almost
keeps stable in later period. Similar to that autoclaved at 150°C,
there was no obvious expansion either in specimen soaked in
water.

It was confirmed both in laboratory and field that LiOH can
successfully control ASR expansion when sufficient lithium
existed [3,4,8–13], the above result with zeolitized perlite also
verified that for aggregate with pure alkali–silica reactivity,
such as zeolitized perlite, it did not expand in LiOH envi-
ronment, even with KOH added in the matrix. It suggested that
other mechanism than ASR might be responsible for the
expansion of SL in LiOH. The SL used contains 2.79% MgO,
that is approximately 13% of dolomite in the rock (assuming all
MgO was from dolomite) and the dedolomitization of dolomite
in SL was detected by XRD and SEM/EDS after being auto-
claved in LiOH solution [1]. Since the expansion due to swell-
ing of clays and irreversible thermal shock can be reasonably
subtracted by deducting expansion of bars autoclaved in pure
water, it is reasonable to attribute the expansion of SL in LiOH
to ACR. The above results indicated that Spratt limestone,
which is often recognized as typical aggregate with alkali–silica
reactivity, also expanded in the environment with sufficient
LiOH. It suggested that in addition to alkali–silica reactivity,
which is the main contribution to its expansion, there might be
also some extent of alkali–carbonate reactivity in this
aggregate, i.e. it can exhibit both ASR and ACR reactivity.

http://dx.doi.org/doi:10.1016/j.cemconres.2006.01.008


Table 3
Chemical composition of denoted points in ZP–LL

P1 P2 P3 P4 P5

Na2O 0.62 0.39 2.44 1.66 –
Al2O3 2.5 5.31 11.25 12.20 8.67
SiO2 96.17 85.92 81.96 80.91 89.03
K2O 0.32 0.21 2.28 3.22 0.19
CaO 0.40 8.17 2.06 2.02 2.11

Table 4
Chemical composition of product in ZP–KL

P1 P2 P3

Na2O 0.44 – 0.57
Al2O3 5.80 0.9 6.45
SiO2 80.81 19.68 83.20
K2O 0.09 – 0.03
CaO 12.86 79.42 9.75
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From part 1 of the paper [1] and above results, it indicated
that at the same OH− concentration, sodium has greater acti-
vation on AAR and its expansion than potassium. While lithium
has duplex effect on ASR and ACR, that is it can induce ACR
and inhibit ASR. NaOH and KOH are commonly used in testing
alkali reactivity of aggregate. Limiting the total alkali content in
concrete has been a common measure to avoid the AAR. Total
alkali in fly ash has also been considered as one of the most
important parameters that affect the effectiveness of fly ash in
controlling ASR expansion. The result from this paper suggests
that, in addition to the total alkali content in concrete, attention
should also be paid to the type of alkalis in the system due to
their different effect on AAR.
Fig. 11. SEM images of ZP–KL autoclaved for 150h.
3.4. Microstructural study of concrete microbar with
zeolitized perlite

3.4.1. Thin section examination
For ZP–K–1.8 KOH, cement alkali was adjusted by addition

of KOH and autoclaved in KOH solution. The aggregate par-
ticles were severely attacked by alkalis after autoclaving for
150h. Microcracks developed extensively both in aggregate
particles and in the surrounding paste. Due to the high reactive
glass and pearl-like cracking in the glass matrix of the ag-
gregate, it developed a relative wide reaction rim inside the
aggregate particle, as shown in Fig. 6, which had a dark brown
tone compared with the bright color of the inner side of the
particle. For specimen autoclaved in LiOH solution, no matter
whether KOH was added to the cement or not, the reaction rim
also developed around the aggregate, but it was not inside but
outside the aggregate particles. Furthermore, the edge of the
aggregate (interface between aggregate and reaction rim) was
clear, suggesting the surface of aggregate was not significantly
affected. The photos of ZP–Li–1.8 LiOH and ZP–K/Li–1.8
LiOH are shown in Figs. 7 and 8. Under crossed polarized light,
the product rim around aggregate was transparent suggesting
the rim was consisted of crystalline materials.

3.4.2. SEM/EDS examination

3.4.2.1. ZP–K–1.8 KOH. Fig. 9 shows the SEM images of
concrete bar with zeolitized perlite autoclaved in 1.8M KOH
solution. ASR product with typical morphologies reported in
literatures can be easily observed beside aggregate particles.
Blade, rosette, and prismatic crystals and radiating gel were
shown in Fig. 9a and b. Since the aggregate contains a lot of
pearl-like cracks in the glass matrix, which can act as fast access
path to alkalis in pore solution, ASR product can also easily
form inside aggregate [14], crystal agglomerates can be
observed in cracks inside the aggregate (Fig. 9c). EDS results
shown in Table 2 indicated all products formed beside (P1–P4)
and inside aggregate (P5) have a very high alkali content. Blade,
rosette crystals (P1, P4) and radiating gel (P3) have similar
elemental composition, suggesting these crystals were trans-
formed from the ASR gel at later period. Prismatic crystal (P2)
and agglomerate formed inside aggregate (P5) have a relative
high aluminum and silica content with a lower calcium content,
which may suggest that, before crystallization, they are less
expansive than typical ASR gel.

It was generally considered that crystalline ASR product was
transformed at later period and has little contribution to further
expansion, since it was often found in the void adjacent to

http://dx.doi.org/doi:10.1016/j.cemconres.2006.01.008
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Fig. 12. Variation of Li and K ions concentration in the mixture of LiOH and KOH with silica glass at 80°C.
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reactive aggregate, where there was enough space for the growth
of crystals. It was not clear whether the orientated growth of
massive crystals inside aggregate have contributed to the
expansion of aggregate at later period.

3.4.2.2. ZP–Li–1.8 LiOH. Fig. 10 shows some typical images
of ZP–Li–1.8 LiOH autoclaved for 150h. It was clearly de-
monstrated that the aggregate was involved in the reaction with
LiOH both inside and around the aggregate. Fig. 10a and c
shows the crystal agglomerate and amorphous gel formed inside
the aggregate. The edge of aggregate was corroded although it
showed a clear interface in thin section under optical micro-
scope and a layer of gel formed as shown in Fig. 10b. EDS
results, as shown in Table 3, indicated products formed inside
(P1, P5) and around aggregate (P2) had very high SiO2 content
(higher than that in aggregate P3, P4), with very low sodium
and potassium content. As expected, gel formed around ag-
gregate had a high CaO content relative to product formed
inside aggregate. Lithium cannot be detected by EDS due to the
low energy of the X-ray photon of lithium, however, these
products probably contained a fair amount of lithium according
to the results reported in Part 1 that a fair amount of lithium
silicate formed on aggregate surface when the aggregate was
autoclaved in LiOH solution.

3.4.2.3. ZP–K/Li–1.8 LiOH. Similar results to ZP–Li–1.8
LiOH were obtained in ZP–K/Li–1.8 LiOH, in which cement
alkali content was enhanced to 1.5% Na2Oe by addition of
KOH, whereas LiOH was used in cement by Li /Na molar ratio
of 1.0. Gel product, which is rich in silica and possibly lithium
and poor in sodium and potassium, was also formed around
aggregate as shown in Fig. 11 and Table 4. The very low
potassium and sodium content in gel around aggregate suggest
that lithium may be more favorable than potassium and sodium
in reaction with silica.
3.5. Mechanism of ASR suppression by LiOH

Several hypotheses have been proposed to interpret the effect
of lithium compounds on controlling ASR [15], including: (1)
formation of stable and less-expansive lithium rich product
[4,5,16], and the formation of lithium–silica reaction is more
favorable than sodium or potassium–silica reaction [17]; (2)
suppression of the rate of silica dissolution [16,18,19], which
suggests lithium can limit the expansion by limiting the rate of
product formation; (3) decreased repolymerization of dissolved
silica [20], which suggests that in addition to decreasing the
rate of silica dissolution, lithium may limit repolymerization
of dissolved silica species into a gel, effectively reducing the
potential for expansion; (4) reduction of the double-layer re-
pulsive forces between colloidal particles within product [21].
The last two hypotheses were proposed based on the principles
of colloidal chemistry.

In essence, the mechanisms of controlling ASR expansion in
the presence of lithium were focusing on two aspects regardless
of the process: modification of the expansive character of ASR
product and/or decrease in the rate of silica dissolution resulting
a reduced degree of alkali–silica reaction.

The above microstructural results and the findings in Part 1
of this paper indicated that lithium was involved in reaction with
silica to form lithium silicate crystal or lithium-containing gel
and the reaction degree of aggregate with alkali–silica reactivity
in LiOH solution was significantly lower than that in KOH and
NaOH solutions with the same molar concentration. It was
commonly believed that ASR gel containing certain amount of
lithium was essentially non-expansive no matter whatever the
mechanisms involved. By measuring the lithium and alkali
concentrations in expressed pore solution from mortar bars,
Sakaguchi et al. [17] found the concentration of lithium de-
creased with time, while alkali concentrations remained nearly
constant. In the absence of lithium, the alkali concentrations
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of the expressed pore fluid decreased over time, suggesting that
lithium–silica reaction is more favorable than the sodium or
potassium–silica reaction in mortar bars [15]. By measuring the
lithium and potassium concentrations in model mixed solution
of LiOH and KOH with silica glass, Mo [22] also found that
both lithium and potassium decreased with time, but lithium
was favorable over potassium in reaction with silica, especially
at the first two weeks (Fig. 12). Therefore, favorable formation
of less-expansive product may be one of the most important
reasons that lithium can control ASR. However, the reduced
reaction degree of silica or ASR aggregates in LiOH solution
may not only due to the decreased rate of silica dissolution in
LiOH because, over time, the concentration of dissolved silica
for each alkali–hydroxide concentration can approach the same
value, independent of alkali type [16], which means that lithium
may reduce the rate of dissolution, not the solubility of silica
[15]. The findings in Part 1 of this paper and the above SEM/
EDS results suggested that the existence of lithium-containing
product layer around the particles with alkali–silica reactivity
seems very important in protecting the particle from further
attack by alkalis, thus resulting a reduced reaction degree of the
aggregate.

From above results, the favorable formation of lithium-
containing less-expansive product around aggregate and the
protection of the reactive aggregate by the lithium-containing
product layer from further attack by alkalis are the most im-
portant reasons that lithium can control expansion due to ASR.

3.6. Interpretations to existed experimental findings

Based on this hypothesis, several experimental phenomena
related lithium protection against ASR, such as threshold
lithium dosage, pessimum effect of LiOH and the disconnection
between aggregate reactivity and required lithium dosage to
control expansion, can be satisfactorily interpreted.

Since both C–S–H and dissolved silica have greater
affinity for lithium over sodium and potassium [5,17,22], to
form a lithium-containing product layer around aggregate
particle, there exists an accordance between the concentra-
tions of lithium ions and dissolved silica as well as alkali ions
(sodium and potassium) around particle, especially at early
time. Both C–S–H and dissolved silica from aggregate will
compete for lithium. It needs a threshold lithium content (or
Li /Na molar ratio) to form non-expansive ASR gel. If the
lithium concentration is lower than the threshold, it is
insufficient to be incorporated in ASR product to change
the expansive character.

High alkalinity in paste can reduce the affinity of C–S–H
for lithium, while increasing the concentration of dissolved
silica around the aggregate, is favorable for the formation of
lithium-containing ASR product if sufficient lithium is
available. Low alkalinity in paste, however, will form C–S–
H with low alkalinity resulting to an increase in the affinity for
lithium. On the other hand, low alkalinity in paste is un-
favorable for the dissolution of reactive silica, thus reducing
the formation of lithium-containing product layer around the
aggregate. Therefore, at same Li /Na molar ratio, a better
suppressing effect was with high alkali cement than low alkali
cement.

The different responses to lithium of aggregates with
different alkali–silica reactivity may also be attributed to the
competition for lithium between C–S–H and dissolved silica.
The reactive constituents in high reactive aggregate, such as
chert and zeolitized perlite, are amorphous or very poor
crystalline silica and homogenously distributed in the particle,
which are easily soluble even with low alkali cement, and thus
is favorable for competence reaction with lithium to form non-
expansive product around aggregate and resulting a good
response to lithium. The reactive constituent in aggregates with
low alkali–silica reactivity, however, is mainly microcrystalline
quartz, which has a better crystallinity relative to amorphous
silica, and is often distributed inhomogenously in aggregate
particle, thus it is not favorable to produce sufficient dissolved
silica to compete for lithium with C–S–H, especially at early
period and when the alkali content in the system is low. At a
determined lithium content, it will be insufficient to form
lithium-containing non-expansive ASR product at later period
due to the uptake of lithium by C–S–H. The inhomogenous
distribution of the reactive constituents is not favorable to form
a protecting product layer either. At determined Li /Na molar
ratio above or equal to the threshold value, the appropriate high
alkali content in the system would lead to a better suppressing
effect on expansion of aggregate with low alkali–silica
reactivity.

4. Conclusions

The effect of the type of alkalis on expansion behavior of
concrete microbars containing typical aggregate with alkali–
silica reactivity and alkali–carbonate reactivity was studied.
The results verify that: (1) at the same molar concentration,
sodium has the strongest contribution to expansion due to both
ASR and ACR, followed by potassium and lithium; (2)
sufficient LiOH can completely suppress expansion due to
ASR whereas induce expansion due to ACR. It is possible to
use the duplex effect of LiOH on ASR and ACR to clarify the
ACR contribution when ASR and ACR may coexist. (3) It has
been shown that small amount of dolomite in the fine-grained
siliceous Spratt limestone, which has always been used as a
reference aggregate with high alkali–silica reactivity, might
dedolomitize in alkaline environment and contribute to
expansion.

Microstructural study on the concrete microbar containing
zeolitized perlite autoclaved in different alkali solutions
suggested that the mechanism in which lithium controls ASR
expansion is mainly due to the favorable formation of lithium-
containing less-expansive product around aggregate and the
protection of the reactive aggregate by the lithium-containing
product layer from further attack by alkalis.
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