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Various series of experiments were carried out on cements pastes, concretes made with a variety of reactive
aggregates, composite specimens made of cement paste and reactive aggregate particles, and a variety of
reactive natural aggregates and mineral phases immersed in various Li-bearing solutions. The main objective
was to determine which mechanisms(s) better explain(s) the effectiveness of LiNO3 against ASR and
variations in this effectiveness as well with the type of reactive aggregate to counteract. The principal
conclusions are the following: (1), the pH in the concrete pore solution does not significantly decrease in the
presence of LiNO3; (2), the concentration of silica in the pore solution is always low and not affected by the
presence of LiNO3, which does not support the mechanism relating to higher solubility of silica in the
presence of lithium; (3), the only reaction product observed in the LiNO3-bearing concretes looks like
classical ASR gel and its abundance is proportional to concrete expansion, thus is likely expansive while likely
containing lithium; this does not support the mechanisms relating to formation of a non or less expansive Si–
Li crystalline product or amorphous gel; (4), early-formed reaction products coating the reactive silica grains
or aggregate particles, which could act as a physical barrier against further chemical attack of silica, were not
observed in the LiNO3-bearing concretes, but only for a number of reactive materials after immersion in 1 N
LiOH at 350 °C in the autoclave (also at 80 °C for obsidian); (5), higher chemical stability of silica due to
another reason than pH reduction or early formation of a protective coating over the reactive phases, is the
mechanism among those considered in this study that better explains the effectiveness of LiNO3 against ASR.
ubé).
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1. Introduction

A few days after mixing, the micropores in hardened concrete are
filled with a highly basic (i.e., pH≥12.5) solution that consists mainly
of dissolved alkali hydroxides (K+, Na+, and OH− ions) with minor
amounts of other elements (e.g., Si, Ca+2, SO4

−2) [1–3]. Poorly
crystalline or metastable silica minerals (e.g. opal, tridymite, cristo-
balite), volcanic glass, micro- to cryptocrystalline quartz, and some
varieties of macrogranular quartz within the aggregate particles are
chemically unstable and react deleteriously in such high pH environ-
ment, sometimes inducing the premature distress of the affected
concrete elements. This phenomenon is known as “alkali-silica
reaction” (ASR).

The principal source of alkalies in conventional concrete is
portland cement. The higher the dosage and the alkali content of
the cement, the higher the total concrete alkali content, the higher
the pH (or the OH ion concentration) in the pore solution, and the
higher the risk of ASR in presence of potentially reactive aggregates.
The chemical attack of reactive silica by the highly basic pore fluid
results in the formation of an hygroscopic “alkali-silica gel” [3,4].
Portlandite releases OH− ions in the concrete pore solution in order
to satisfy equilibrium between the cations (mostly alkali ions) and
the anions (mostly OH− ions). Differences in free energy between
this gel and the pore fluid would then induce water and various
ionic species in the pore fluid to flow into this gel. The Ca+2 ions
also play a critical role in the process [1,3]. Tensile stresses build up
and microcracking occurs when the pressure generated at localized
sites exceeds the tensile strength of the aggregate particles and of
the cement paste. Concrete expansion develops with associated
microcracking in the reactive aggregate particles and the cement
paste.

Despite its name, the “alkali-silica gel” contains significant amounts
of calcium [5]. Immersion tests in alkaline solution performed over the
years in our laboratory on various calcium-free reactive silica materials
(e.g. synthetic silica gel, quartzitic sandstone with quartz overgrowth
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and soon) clearlydemonstrated that large amounts of silica can dissolve
and remain in solution until Ca(OH)2 is incorporated into the system,
which thus results in precipitation of a calcium-alkali-silica gel.
Diamond [1] also observed that opal just dissolved in pure NaOH
solution, then concluded that calcium (e.g. portlandite) is required for
the formation of an expansive silica gel. It is also generally considered
that other crystalline products of ASR are not deleteriously expansive
[1]. It thus appears that the expansive/deleterious character of
ASR products is largely influenced by their composition and degree of
crystallinity.

McCoy and Caldwell [6] first proposed that the alkali-silica
reactivity (ASR) could be controlled by using lithium admixtures.
Since then, many studies showed that various lithium salts can reduce
ASR expansion in concrete when used in sufficient amounts [7]. LiNO3

proved to be one of the most effective salts. However, its effectiveness
varies with the concrete alkali content and the type of reactive
aggregate to counteract, irrespective of its inherent degree of
expansivity (in control concretes) [8,9]. In fact, the mechanisms
involved are still not well understood.

Various mechanisms can be proposed to explain the beneficial
effect of LiNO3 against ASR, which can be grouped in two main
categories with respect to the two conditions required for deleterious
expansion to occur in the presence of reactive silica, i.e. chemical
attack of the silica by the highly basic concrete pore solution and
formation of an expansive calcium-alkali-silica gel:

(1) The chemical stability of reactive silica is increased in the
presence of LiNO3, due to: (a) pH decrease in the concrete pore
solution (mechanism A), (b) some other change(s) in the
chemistry of this solution (mechanism B), and/or (c) early
formation, at the surface of or somehow surrounding the
reactive silica grains or aggregate particles, of a Si–Li reaction
product, crystalline or amorphous, which acts as a physical
barrier against further reaction (mechanism C);

(2) The chemical stability of reactive silica remains almost
unchanged in the presence of LiNO3, but concrete expansion
is significantly reduced or suppressed, due to: (a) formation of
a crystalline and non expansive Si–Li reaction product
(mechanism D), (b) formation of a Si–Li amorphous gel
which is, however, non expansive or much less expansive
than the classical expansive ASR gel (mechanism E), or (c)
higher solubility of silica, which thus allowsmost of the reacted
silica to remain in solution without forming an expansive
reaction product (mechanism F).

The mechanisms A to F are discussed hereafter.

1.1. Mechanism A — increased chemical stability of reactive silica due to
pH decrease in the concrete pore solution

In the ASR, the aggressive ionic species against the reactive silica
are the hydroxyl ions. Asmentioned before, the portlandite (Ca(OH)2)
releases OH− ions in the concrete pore solution in order to satisfy
equilibrium between the cations (mostly alkali ions) and the anions
(mostly OH− ions), while the calcium ions play a critical role in the
formation of an expansive gel. It could be suggested that the pH of the
concrete pore solution is reduced in the presence of Li+ cations.
However, a number of studies already proved that the pH is not
significantly modified in the presence of LiNO3 [10–12]. For instance,
in the study by Bérubé et al. [12] on cement pastes, the pH decreased
by about 0.1 only in the presence of LiNO3 with respect to control
pastes. This was observed despite a higher overall [Na+K+Li]
concentration in the pore solution, which was related to the addition
of nitrate ions (not analyzed), which likely compete with the OH−

ions. The findings of Bérubé et al. [12] were similar to the results
reported by Diamond [11].
1.2. Mechanism B — increased chemical stability of reactive silica due to
some change (other than pH) in the chemistry of the concrete pore
solution

Lawrence and Vivian [13] found that the dissolution of silica is
influenced by the type of hydroxide involved, being lower in the
presence of LiOH than with NaOH, the highest rate being observed
with KOH. Wijnen et al. [14] also observed with the same trend that
the dissolution of amorphous silica gel was greatly affected by the
type of alkali hydroxide used and suggested that the dissolution rate
decreases as the hydrated ionic radius increases, e.g. from K+

(smallest hydrated ionic radius) to Na+ to Li+ (largest hydrated
ionic radius). For their part, Collins et al. [15] observed a reduction in
silica dissolution in the presence of LiNO3 and LiCl, but an increase in
the presence of LiOH (mixed with a solution of 0.7 M NaOH). It is
likely that this increase was due to pH increase due to the addition of
LiOH, as observed by Diamond [11]. In the study by Feng et al. [16], the
amounts of silica dissolved and sodium consumed decreased with
respect to the NaOH control solution when ground samples of various
reactive aggregates were immersed in a NaOH+LiNO3 solution.
However, the authors [16] were not able to correlate the effectiveness
of lithium, variable from one reactive aggregate to another, irrespec-
tive of their inherent degree of reactivity (i.e. expansion in control
concretes), with the reduction of dissolved silica. All of the above
results suggest that lithium can decrease the dissolution of silica, then
limiting the rate of formation of the expansive ASR gel.

1.3. Mechanism C — increased chemical stability of reactive silica due to
early formation, in contact with the reactive silica grains or aggregate
particles, of a Si–Li reaction product which acts as a physical barrier
against further reaction

This protective product could be either crystalline or amorphous
(i.e. a gel). In the study by Mitchell et al. [17], opal particles were
covered with a reaction product (possibly a Li-silicate) after
immersion in a 1 N LiOH solution oversaturated with respect to Ca
(OH)2 (solid lime in excess). These authors suggested that ASR is
inhibited and perhaps stopped in LiOH due to the formation of a
protective layer of a non expansive lithium-bearing silicate on the
surface of the reactive aggregate particles. Yin and Wen [18] also
observed a layer of a product different from the classical ASR gel on
the surface of opal particles immersed in LiOH, which could
hypothetically acts as a protective barrier. Lawrence and Vivian [13]
concluded that a lithium silicate likely forms in the presence of LiOH
and opal, and that this product is less soluble andmore stable than the
classical ASR gel (which theory partly relates to mechanism D below).
Due to its stability, these authors thus suggested that this productmay
form an insoluble coating that protects the reactive silica from further
attack by other alkali hydroxides.

1.4. Mechanisms D and E — chemical stability of reactive silica almost
unchanged or remaining significant but concrete expansion significantly
reduced or suppressed due to formation of a non or less expansive Si–Li
reaction product, crystalline (mechanismD) or amorphous (mechanism E)

This product could be either crystalline or amorphous (i.e. a non or
less expansive gel). The most common mechanism proposed to
explain the effectiveness of lithium against ASR is that the swelling
capacity of the ASR gel formed is modified in the presence of lithium
ions, which gel would be non or less expansive.

Sakaguchi et al. [19] measured the concentrations of alkalis (K, Na,
and Li) in the pore solution of mortar bars expressed under high
pressure. For mortar bars containing lithium, they observed that Li
ions were consumed in greater proportion than K and Na ions, and
that the [Li] decreased with time while the [K] and [Na] remained
constant. On the other hand, the [K] and [Na] decreased with time in
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control mortar bars without lithium. The authors [19] thus suggested
the formation of a non expansive lithium-bearing product in place of
a more expansive product containing greater amounts of Na and K. In
the study by Diamond and Ong [20], mortar bars incorporating LiOH
and reactive silica (Beltane opal and cristobalite) did not expand but
were showing gel when observed under ultraviolet light after being
treated with uranyl acetate. This reaction product was then
considered non expansive. This study [20] thus also suggests that
the effectiveness of lithium against ASR is related to the formation of a
non expansive (amorphous or crystalline) lithium silicate in place of
the classical expansive silico-calco-alkaline gel formed in the absence
of lithium. According to Mo et al. [21], because having a smaller
(unhydrated) ionic radius and a higher surface charge density, the Li+

ions are more readily incorporated in the ASR reaction product than
the Na+ and K+ ions, and the lithium-bearing ASR product formed
is crystalline and non expansive. Kurtis and Monteiro [22] proposed
that the beneficial effect of lithium against ASR expansion is attributed
to reduction in the surface charge density of the alkali-silicate gel
formed in the presence of lithium. In the presence of LiNO3, Collins et
al. [15] observed the formation of a silica-rich product which could be
non expansive. In a solution of 0.7 NNaOH containing LiOH at different
[Li]/[Na], Yin and Wen [18] also concluded that the dissolution of
silica from opal grains was reduced with respect to a lithium-free
solution and, based on SEM observation, that a compact protective
layermade of a lithium-silica gel was formed on the surface of the opal
grains.

The well-established electrical double-layer theory (EDL) controls
the adsorption of ions near/on the surface of any particle. The colloidal
particles of ASR gel are assumed to be negatively charged, therefore
tend to be surrounded by a positively charged electrical double layer,
the thickness of which depends on the surface charge, the ionic
composition of the solution and the cations adsorbed. Prezzi et al. [23]
used this theory to explain the expansion due to the ASR gel, then to
explain the effect of various chemical additives used to counteract ASR
[24]. According to these authors, two factors would play an important
role in the swelling of a gel: (1), the valence and (2), the hydrated
radius of the cations present in the double layer: the higher the
valence of a given cation, the lesser the gel swells, and the larger the
hydrated radius of this cation, the more the gel swells. Based on these
two parameters, the authors [24] considered that the expansion of the
gel should increase according to the following sequence of adsorbed
cations: Al3+<Ca2+<Mg2+<K+<Na+<Li+. Accordingly, Li ions
should then result in a gel more expansive than gels containing Na or
K, which clearly does not agree with the well-known beneficial effect
of lithium. The authors [24] thus suggested that the anomalous
position of Li+ in the above sequence, with respect to reality, could be
related to the fact that Li ions are primarily sequestered by the cement
hydrates, thus are not available for the ASR.

1.5. Mechanism F— chemical stability of reactive silica almost unchanged
or remaining significant but concrete expansion significantly reduced or
suppressed due to a higher solubility of silica, which thus mostly remains
in solution without forming an expansive gel

Another possible mechanism is that Li ions significantly increase
the solubility of the reactive silica in the concrete pore solution. Using
an X-ray microscope to observe the ASR occurring in solutions
containing lithium or not, Kurtis and Monteiro [22] observed that a
lesser amount of gel was formed in the presence of lithium. The
authors thus proposed that, when lithium is present in sufficient
quantity, the repulsion between the colloidal particles of silica
remains high, thus preventing their polymerization and the conse-
quent formation of an expansive silica gel.

This experimental study was undertaken with the main objective
of determining the most probable mechanism(s) explaining the
beneficial effect of LiNO3 in controlling expansion due to ASR. A better
understanding of the actual mechanisms involved would greatly help
in making decisions regarding the use of LiNO3 in concrete
incorporating aggregates susceptible to ASR, taking particularly into
account the nature of the reactive aggregate to counteract.

2. Materials and methods

Various series of experiments have been carried out in the
presence of LiNO3 or not (controls) (1) on concrete specimens
incorporating various aggregates of different compositions and
degrees of reactivity (pore solution chemistry and microanalysis),
(2) on pure cement pastes (pore solution chemistry), (3) on
composite specimens made of cement paste and a variety of reactive
aggregates (immersion tests in NaOH+LiNO3 solutions), and (4) on
particles of a variety of reactive aggregates, silica species, silicates, and
volcanic glass (immersion tests in various alkaline and Li-bearing
solutions). Lithium was used as: (1) a solution containing 30 wt.%
LiNO3 (Euclid Lifetime N), and (2) a solid pulverized product
containing at least 98wt.% of LiOH–H2O (Sigma-Aldrich).

2.1. Pore solution chemistry of cement paste and concrete specimens
(test series no. 1)

As described elsewhere, cement paste cylinders, 40 mm in
diameter by 65 mm in length [12] and concrete prisms, 75 by 75 by
300 mm in size [9], were made with or without LiNO3 (aqueous
solution added to the mixture water), using a constant water-to-
cement ratio of 0.42, different [Li]/[Na+K] molar ratios (0 for
controls, 0.56, 0.74, 1.11), different cements (0.51, 0.82, 1.25wt.%
Na2Oe), and different alkali contents with respect to the cement
(0.51wt.% Na2Oe using the low-alkali cement; 1.25wt.% Na2Oe using
the low-alkali or the medium-alkali cement with NaOH or KOH
addition, or the high-alkali cement). Twelve ASR-reactive natural
aggregates (4 gravels, two siliceous limestones, two greywackes, one
dolostone, one chloritic schist, one rhyolite, and one granitic rock) and
one non reactive limestone aggregate, 5 to 20 mm in size, were used
for making the concrete specimens according to CSA A23.2-14A [25]
(similar to ASTM C 1293 [26]). The cement paste and concrete
specimens were stored above water in sealed containers at various
temperatures (23, 38, and 60 °C for cement pastes; 38 and 60 °C for
concretes). At different times (3, 7, 28, and 91 days for cement pastes;
up to one year for concretes stored at 38 °C, and up to 91 days for
concretes tested at 60 °C), the pore solutionwas expressed under high
pressure from the specimens (1000 MPa for cement pastes; 1400 MPa
for concretes) using the procedure first described by Longuet et al. [2]
and commonly used since then. The equipment used for expression in
this study had a cylindrical chamber of 50 mm (1.97 in) in diameter
by 90 mm (3.54 in) in length and the pore solutions were expressed
from broken pieces of concrete or from entire paste cylinders. The
solutions were diluted by 100X (20X for the analysis of Si) and
chemically analyzed for Na, K, Li, and Si, by ICP-OES (model Perkin
Elmer). Taking into account the dilution factor, the minimum
detection limits are estimated to 0.4, 5, 10, and 0.5 ppm for Si, Na, K,
and Li, respectively. The OH− concentration was also determined by
direct titrationwith standardized HCl down to the phenolphtalein end
point, and the pH values were calculated accordingly.

2.2. Visual examination and microanalysis of concrete specimens (test
series no. 2)

2.2.1. Visual examination and SEM observations
At different times/expansions, the concrete specimens tested in

series no. 1 were visually examined under the stereomicroscope.
Representative fragments of several concretes incorporating various
reactive aggregates and containing LiNO3 or not, were then examined
inmore details under the scanning electronmicroscope (SEM) (model
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JEOL JSM 840) at a beam voltage of 15 kV and using an EDXA (energy
dispersive X-Ray analyzer) for chemical analysis.

2.2.2. Visual examination under ultraviolet light after uranyl acetate
treatment

After 2 years at 38 °Cor6 months at 60 °C, a largenumber (42) of the
above concrete prisms, made with 12 reactive and one non-reactive
aggregates, and incorporating LiNO3 at a [Li]/[Na+K] of 0.74 or 0
(control concretes) [9], were broken perpendicular to their length in
order to obtain a quite even broken surfacewhichwas thenwettedwith
a solution of uranyl acetate, allowed to stand for a few minutes, then
thoroughly washed with running water to remove the excess of
solution, and observed under ultraviolet light, following procedure
AASHTO T 299-93 [27]. In this test, alkalies present in amorphous gel
fromASR are removed and replaced by uranyl ions thus allowing the gel
to exhibit a green fluorescent color when exposed to ultraviolet light.

2.2.3. SIMS microanalysis
After 2 years at 38 °C, polished sections of two concretes were

analyzed using the Micro-SIMS apparatus (Secondary Ion Mass Spec-
trometer equippedwith amicrobeam) of CANMET (Ottawa, Canada), for
assessing the spatial distribution of lithium in concrete and particularly
the presence of Li-bearing reaction products of any type (i.e. crystalline or
amorphous) or composition (e.g. calcium content). These two concretes,
both containing LiNO3 at a [Li]/[Na+K] of 0.74 and not expanding after
2 years, were made with a non-reactive pure limestone and a highly-
reactive rhyolite, respectively. In this technique, the emission signals
correspond to ions that volatilized fromthe surfaceof the specimen tested
under the destructive action of the ionic source beam. A Ga beam was
used in this studyat a current of2or5 nA. The scanningmode (8 scansper
image) was used to obtain distribution maps for Li, Si and Ca over the
selected scanned area of the two polished concrete sections. Under
the conditions used, the lateral resolution is much lower than 1 μm and
the minimum limit of detection is significantly lower than 1ppm.

2.3. Composite specimens of aggregate particles and cement paste
immersed in NaOH+LiNO3 solutions (test series no. 3)

2.3.1. Polished aggregate particles embedded in a LiNO3-bearing cement
paste, with the composite specimens immersed for 28 days in a NaOH+
LiNO3 solution at 80 °C

Particles from one glassy and highly-reactive volcanic rock
(obsidian), one highly-reactive aggregate (rhyolite), and one moder-
Table 1
Mineral phases detected by XRD on the polished surface of various materials before and
autoclave).

Aggregates ([Li]/[Na+K]
effective ratioa)

Mineral phases observed on the polished surface (listed

Before autoclaving

Highly reactive aggregates or materials
Obsidian Amorphous glass (see Fig. 2)
Rhyolite (0.63) Quartz, Na-feldspar, biotite (traces) (see Fig. 3)
Spratt limestone (1.04) Calcite, quartz
Greywacke (>1.11) Quartz, Na-feldspar, calcite, chlorite, muscovite (traces)
Clayey limestone (>1.11) Calcite, quartz, Na-feldspar, chlorite (traces)

Moderately reactive aggregates
Dolostone (0.61) Dolomite, quartz, calcite
Chloritic schist (>0.93) Quartz, calcite, chlorite, Na-feldspar, muscovite (traces)
Granitic rock (0.56) Quartz, Na-feldspar, K-feldspar

Non reactive aggregates
Pure limestone Calcite

a Based on the results from concrete prism tests [9].
b The mineral phases in bold are those of greater importance in the present study.
ately-reactive aggregate (granitic rock), 10/14 mm in size, were
sawed and polished on one face (using a diamond paste of 15 μm at
the last polishing step), then embedded in cement paste containing
LiNO3 at a [Li]/[Na+K] of 0.74. The composite specimens were then
immersed at 80 °C in a 1 N NaOH+0.74 N LiNO3 solution ([Li]/[Na]=
0.74). After 28 days, the specimens were broken along the original
polished aggregate interface, which was treated with a 10wt.% HCl
solution to remove the residual cement paste adhering to the surface.
Both the polished aggregate surface and the cement paste surface in
immediate contact were analyzed by X-ray diffraction (XRD) (model
Philips PW1080) at a voltage of 40 kV, a current of 20 mA, using a Cu
source (1.54059A), a continuous scan of 1°(2θ)/mn from 10° to 60° or
80°, and the software Jade 2.0 for data processing. Afterwards, all
surfaces were examined under the SEM.

2.3.2. Polished sections taken from prisms made of aggregate particles
and cement paste and immersed for 28 days in NaOH and NaOH+LiNO3

solutions at 80 °C
Sections, 25 mm in thickness, were sawed perpendicularly to the

length of prisms, 75 by 75 by 300 mm in size, made of cement paste and
10/14 mm particles of three reactive aggregates (rhyolite, Spratt
limestone, and greywacke). These sections were polished on one
(sawed) face, immersed in 1 N NaOH (control) and 1 N NaOH+0.74 N
LiNO3 ([Li]/[Na]=0.74) solutions at 80 °C, periodically examined under
the stereomicroscope, and analyzed under the SEM after 28 days.

2.4. Aggregate particles immersed in Li-bearing solutions (test series nos.
4a to 4d)

2.4.1. Polished aggregate particles immersed in a 1 N LiOH solution for
1h at 350 °C (in autoclave at 300 psi or 2070 kPa) or for 6 months at
80 °C (only obsidian, unpolished) (test series no. 4a)

To better visualize and to accelerate at the same time the chemical
interactions taking place between reactive aggregates and lithium-
basedadmixtures, particles of ahighly-reactive volcanic glass (obsidian)
and of 8 natural aggregates (see Table 1), were sawed, polished on one
(sawed) face, and immersed for 1h in a 1 N LiOH solution in the
autoclave at 350 ºC (300 psi or 2070 kPa). In addition, one obsidian
particle, unpolished but with a quite even surface, was immersed for
6 months in a 1 N LiOH solution at 80 °C. The polished surfaces were
analyzed byXRDbefore and after immersion,while theobsidianparticle
immersed for 6 months in a 1 N LiOH at 80 °C was also observed under
the SEM.
after immersion for 1 h in a 1 N LiOH solution at 350 °C (300 psi or 2070 kPa in the

from the most to the least abundant)

After autoclavingb

Li-silicate (see Fig. 2)
Quartz, Li-silicate, Na-feldspar, biotite (traces) (see Fig. 3)
Portlandite, calcite, quartz
Quartz, Na-feldspar
Portlandite, calcite, quartz, chlorite, Na-feldspar (traces), Li-silicate (traces)

Dolomite, Li-silicate, calcite, quartz (traces)
Quartz, portlandite, chlorite, muscovite (traces), calcite (traces)
Quartz, Li-silicate, Na-feldspar, K-feldspar

Calcite, portlandite, Li-carbonate



Table 3
Mass variation (in wt.%) of various aggregates and mineral phases (varieties of silica,
volcanic glass, and feldspars) after 28 days in various Li solutions.

Materials ([Li]/[Na+K]
effective ratioa)

1 N NaOH
(no Li)

1 N NaOH+
0.25 N LiNO3

1 N NaOH+
0.5 N LiNO3

1 N LiOH

Natural aggregates (all reactive except two)
Pure limestone
(non reactive)

−0.1 Not tested Not tested 0.0

Spratt limestone (1.04) −4.4 −0.9 −0.6 −0.1
Rhyolite (0.63) −7.8 −1.3 −0.9 −2.3
Clayey limestone
(>1.11)

−2.2 −0.9 −0.4 −0.1

Greywacke (>1.11) −8.5 −0.9 −0.4 −1.0
Granitic rock (0.56) −7.8 −1.3 −0.8 −1.8
Chloritic schist (>0.93) −4.7 −0.1 +0.8 −0.1
Dolostone (0.61) −1.1 −0.8 −0.4 −0.8
Quartz sandstone −4.8 −0.7 +0.3 −1.2
Quartzite (non reactive) −0.4 Not tested Not tested −0.4

Varieties of silica
Quartz (non reactive)b −0.1 Not tested −0.1 0.0
Opal (amorphous silica) −100.0 −100.0 −71.5 +9.4d

Chalcedonyc –100.0 –6.3 −0.1e 0.0e

Red chertc −100.0 Not tested +1.9 Not tested
Green chertc −100.0 Not tested −1.9 Not tested
Fused silica (synthetic) −13.7 Not tested +4.4d −3.6

Volcanic glass and varieties of feldspars
Obsidian (volcanic glass) −7.8 Not tested −7.0d −10.2
Anorthite (non reactive)b −0.7 Not tested Not tested −1.2
Microcline (non reactive)b −0.4 Not tested Not tested −1.3
Orthoclase (non reactive)b −1.8 Not tested Not tested −1.4

a Based on concrete prism tests [9].
b Fragment from a coarse crystal.
c Cryptocrystalline quartz.
d Li-silicate not observed on the particle tested.
e Li-silicate observed on the particle tested.
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2.4.2. Polished aggregate particles immersed for 28 days in a 1 N NaOH+
0.74 N LiNO3 solution at 80 °C (test series no. 4b)

Polished particles of the same 8 natural aggregates (see Table 1)
were also tested for 28 days in a 1 N NaOH+0.74 N LiNO3 solution
([Li]/[Na]=0.74) at 80 °C. The polished surfaces were analyzed by
XRD before and after immersion.

2.4.3. Aggregate powders (150–300 μm) immersed for 28 days in
various Li-bearing solutions at 60 °C (test series no. 4c)

The obsidian and 3 reactive aggregates (see Table 2) were finely
ground. 20-g samples of 150–300 μm particles were immersed
for 28 days in 40 ml of the following solutions at 60 °C: (1), 0.38 N
NaOH+0.30 N KOH (control); (2), 1 N LiOH; (3), 0.8 N (Na,K)OH+
0.28 N LiNO3 ([Li]/[Na]=0.35), and (4), 0.8 N (Na,K)OH+0.59 N
LiNO3 ([Li]/[Na]=0.74). The test containers were shakenmanually for
1min every day for the first 5 days, then every 3 days until 28 days.
After 1, 3, 7, and 28 days, the solutions were sampled (1mL) and
chemically analysed for Na, K, and Li, by ICP-OES.

2.4.4. Dissolution of particles of volcanic glass (obsidian), silica varieties,
silicate minerals, and natural aggregates immersed for 28 days in
various Li-bearing solutions at 80 °C (test series no. 4d)

Particles of various reactive and non-reactivematerials (see Table 3)
were immersed for 28 days in the following solutions at 80 °C: (1)
1 N NaOH (control); (2), 1 N LiOH; (3), 1 N NaOH+0.25 N LiNO3 ([Li]/
[Na]=0.25), and (4), 1 N NaOH+0.50 N LiNO3 ([Li]/[Na]=0.50). Opal
and chalcedony particles were also immersed in 1 N NaOH with other
LiNO3 concentrations (i.e. 0.1, 0.2, and 0.3 N for chalcedony; 0.75 N and
1.0 N for opal), with a few particles also transferred in the 1 N NaOH
control solution after 28 days in a 1 N NaOH+0.5 N (chalcedony) or
1.0 N (opal) LiNO3. Only one particle, weighing 1.0 g±0.1, was tested
per container with 200 ml of test solution, supported on a plastic grid.
After cleaning its surface with distilled water and drying for 3h at 80 °C
(which was always sufficient to reach mass equilibrium), its mass was
periodically measured up to a maximum of 28 days, depending on the
test solution used and the kinetics of dissolution, with a precision of
0.0001 g. XRD was also performed after the tests on reacted particles of
opal and chalcedony.

3. Results and discussion

This study involved a large number of very different tests series,
each of them involving very different materials (e.g. concrete, cement
paste, pure aggregates), experimental conditions, and analytical
techniques. In order to prevent any confusion, the results obtained
for each series are presented and immediately discussed one series by
one with respect to the various mechanisms proposed above to
explain the effectiveness of LiNO3 against ASR. Accordingly, for each
test series (no. 1 to 4d), each mechanism (no. A to F) will be
considered “likely”, “possible”, “non-conclusive”, “unlikely”, or “im-
possible”, based on the results obtained. The conclusions drawn in this
respect are summarized in Table 4, along with the rationale behind.
Table 2
Li consumption (in wt.%) after 28 days in the test solution when aggregate powders
(150–300 μm) were immersed in various Li solutions at 60 °C.

Aggregates Li consumed (wt.%)

1 N NaOH+0.35 N LiNO3 1 N NaOH+0.74 N LiNO3 1 N LiOH

Spratt limestone 36.4 74.9 56.3
Rhyolite 26.3 48.9 53.8
Chloritic schist 31.7 47.7 54.3
Obsidian 30.5 29.2 82.5
3.1. Pore solution chemistry of cement paste and concrete specimens
(test series no. 1)

The main conclusions drawn from the chemical analyses of the
pore solution of the cement paste and concrete specimens (details
given in Bérubé et al. [12] and Tremblay et al. [9], respectively) are the
following:

• The amount of Si in solution was always low with no significant
differences between control and Li-bearing specimens. For instance,
for the 8 sets of control concretes and concretes containing LiNO3 at
a [Li]/[Na+K] of 0.74, incorporating 4 different reactive aggregates
(two siliceous limestones, one polygenic gravel, and one chloritic
schist), stored at 38 °C, and tested at different expansion levels
(from 28 up to 365 days of storage at 38 °C), the Si concentration
averaged 0.0153 and 0.0135 mol/L for the control and Li-bearing
concretes, respectively. On average, the [Si] is only slightly lower in
the presence of LiNO3.

• In the presence of LiNO3 and after cement hydration has largely
completed, i.e. after 91 days and even earlier, the [Li]/[Na+K] in the
pore solution of all specimens investigated ranged between 0.30 and
0.45, which is about half of the original mixture ratio of 0.74. In fact,
Li ions are incorporated in greater proportion than Na and K ions
into the cement hydrates [12]. Consequently, the [Na+K] in the
pore solution was significantly higher in the presence of LiNO3 with
respect to the control mixtures, while the pHwas just slightly lower,
by about 0.1. Nevertheless, the expansion due to ASR was largely
reduced in the concretes incorporating reactive aggregates [9].

• In the presence of LiNO3 at a [Li]/[Na+K] of 0.74, for all concretes tested
and incorporating a variety of aggregates (non-reactive pure limestone,
moderately-reactive Sudbury gravel forwhich LiNO3was very effective,
moderately-reactive chloritic schist for which LiNO3 was poorly
effective (i.e. at the standard dosage of 0.74 and even more), and



Table 4
Summary of the degree of agreement between the results of test series nos. 1 to 4d and the mechanisms A to F proposed to explain the effectiveness of lithium against ASR.

a Mechanism: likely, posible, not conclusive, unlikely, or impossible, based on the test results.
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highly-reactive Spratt limestone for which LiNO3 was also poorly-
effective), the [Li] in thepore solutiondecreasedcontinuouslywith time,
muchmore rapidly in thepresenceof reactiveaggregates,andevenafter
91 days, i.e. after cement hydration has largely completed [9].

3.1.1. Discussion
The results of test series no. 1 clearly indicate that, since the pH in

the pore solution is not significantly reduced in the presence of LiNO3

and that the Si concentration in the pore solution is not modified in
the presence of LiNO3, mechanisms A and F are not possible.
Considering that, all other test series did not involve any measure-
ment of pH and Si concentrations in solution, these two mechanisms
will not be considered in the following until the general discussion of
Section 3.8. For its part, the significantly lower [Li] observed in the
presence of reactive aggregates suggests the formation of some Si–Li
reaction products, which could be crystalline or amorphous, expansive
or not, and/or protective against ASR. Consequently, themechanisms C
(protective product), D (non expansive crystalline product) and E
(non to less expansive gel) remain possible based on this set of data.

3.2. Visual examination and microanalysis of concrete specimens (test
series no. 2)

3.2.1. Visual examination and SEM observations
Significant amounts of characteristic reaction products from ASR

(siliceous gel and microcrystalline products) were observed visually
and under the SEM in the control concretes showing high expansion,
i.e. in the absence of LiNO3. On the other hand, an amorphous gel
containing Si, Ca, Na, and K, and possibly also Li (lithium cannot be
detected in SEM as its characteristic X-ray wavelength is out of most
EDS and WDS detectors' range), was the only reaction product
observed in the LiNO3-bearing concretes, but always in much lower
amounts than in corresponding control concretes, without any
noticeable difference in morphology and (detectable) chemical
composition with respect to the classical ASR gel (observed in the
control concretes). Moreover, no other type of reaction product was
observed at the surface of the reactive aggregate particles (as a
potentially protective coating) or elsewhere in the cement paste.
These observations apply, whatever the reactive aggregate used and
the effectiveness of LiNO3 in its respect.

3.2.2. Visual examination under ultraviolet light after uranyl acetate
treatment

The amounts of alkali-silica-gel observed under ultraviolet light on
the broken sections of control and Li-bearing concretes after the
application of uranyl acetate always seemed to be proportional to
concrete expansion (due to ASR), whatever the reactive aggregate in
concrete. This suggests that this gel is similarly expansive in both
control and Li-bearing concretes, but present in much lower amounts
in the latter. For instance, for all concretes made with LiNO3 and
showing no or limited expansion, no or only traces of reaction gel
were observed under the ultraviolet illumination after uranyl acetate
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treatment. These results disagree with Diamond and Ong [20] who
observed, after uranyl acetate treatment, that significant amounts of
reaction gel were present in non-expanding mortar bars containing
lithium, however in the form of LiOH.

3.2.3. SIMS microanalysis
The micro-SIMS analyses showed that the atomic element Li was

regularly distributed everywhere within the cement paste of the two
concretes examined, containing reactive and non-reactive aggregates,
respectively, without any particular/noticeable local concentrations in
the cement paste, in the aggregates or along the aggregate/cement
paste interfaces (Fig. 1).

3.2.4. Discussion
It is likely that most of the lithium detected with the micro-SIMS

has precipitated from the pore solutionwhen the test specimens were
dried for analysis. In other words, it was not possible to detect the
presence of Li-bearing reaction products in the concretes tested,
(which would correspond to areas with a higher brightness on the Li
Fig. 1.Micro-SIMS elemental scans on a polished section of a concrete made with a highly rea
expansion).
images of Fig. 1, if present), even in the concrete made with the
highly-reactive rhyolite and for which LiNO3 was very effective in
controlling expansion due to ASR [9].

The results of test series no. 2 from all visual and microscopic
examinations on concrete specimens are in total agreement with each
other. They do not support mechanisms D and E (which would call, in
the presence of lithium admixtures, for the formation of significant
amounts of non to less expansive crystalline or amorphous Li-bearing
reaction products), and mechanism C as well (since the presence of a
protective reaction product was not observed/detected at the surface
of the reactive silica grains or aggregate particles, evenwhen using the
micro-SIMS technique). They rather support mechanism B, i.e. silica
dissolution significantly reduced/suppressed but not due to mecha-
nism A (since the pH is not affected by LiNO3) or C (since a protective
product was not observed). Indeed, in the presence of lithium and
reactive aggregates, the lower the concrete expansion due to ASR, the
lower the amount of (likely expansive) reaction gel observed in
concrete, which suggests in turn that the reactive silica is more stable
in the presence of lithium.
ctive rhyolite and a [Li]/[Na+K] of 0.74, after 2 years at 38 °C and >95% R.H. (0.01vol.%



Fig. 2. XRD analysis of a polished section of obsidian before (A) and after (B) 1 h of
autoclaving in a 1 N LiOH solution at 300 psi or 2070 kPa (350 °C). (A) The obsidian is
mostly composed of amorphous glass. (B) The obsidian surface is covered by a layer of
crystalline lithium silicate Li2SiO3 (ICDD card file 29-0829).
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3.3. Composite specimens of aggregate particles and cement paste
immersed in NaOH+LiNO3 solutions (test series no. 3)

3.3.1. Polished aggregate particles embedded in a LiNO3-bearing cement
paste, with the composite specimens immersed for 28 days in a NaOH+
LiNO3 solution at 80 °C

Reaction products (crystalline and amorphous) were not detected
by XRD neither observed under the SEM on the polished surface of
the reactive aggregate particles tested nor on the surface of the
cement paste in contact with the polished aggregate surfaces during
immersion.

3.3.2. Polished sections taken from prisms made of aggregate particles
and cement paste and immersed for 28 days in NaOH and NaOH+LiNO3

solutions at 80 °C
Typical ASR gel was observed on the exposed polished surfaces of

all reactive aggregate particles after immersion in the NaOH control
solution. However, reaction products (crystalline or amorphous) were
not observed after immersion in the LiNO3-bearing solution.

3.3.3. Discussion
The results of test series no. 3 do not support mechanisms C, D, and

E, since reaction products were not observed along the aggregate/
cement paste interfaces (first sub-series of tests) neither on the
polished sections of aggregate particles and cement paste in direct
contact with the Li-bearing solution (second sub-series of tests).
However, in this particular test series, the absence of any Li–Si reaction
product (which does not support mechanisms C, D and E), rather
supports mechanism B, i.e. increased stability of silica, particularly
when considering that the specimens from the first sub-series were
real hydraulicmixtures (i.e. incorporating cement and portlandite) for
which it has been already proved that the pH is not significantly
reduced (mechanism A impossible) and the solubility of silica is not
affected by the presence of LiNO3 (mechanism F impossible).

3.4. Aggregate particles immersed in a 1 N LiOH solution (test series no. 4a)

3.4.1. Polished aggregate particles immersed for 1 h in a 1 N LiOH solution
at 350 °C (in the autoclave)

Table 1 gives the mineral phases detected by XRD, before and after
autoclaving, on the polished surface of the 8 natural aggregates tested.
After autoclaving, a crystalline Li-silicate, Li2SiO3, was detected by XRD
on the polished surfaces of obsidian (Fig. 2) and the 3 reactive
aggregates tested for which LiNO3 proved to be effective in concrete,
i.e. rhyolite (see Fig. 3), dolostone, and granitic rock, using a [Li]/[Na+
K]<0.74 [9] (Table 1). Li2SiO3 was also detected, however just in
traces, on the surface of one (i.e. clayey limestone) of the 4 other
reactive aggregates tested, for which a greater LiNO3 content was
needed in concrete to control ASR expansion, i.e. a [Li]/[Na+K]>0.93
ormore [9] (Table 1); it was not detected, however, for the three other
aggregates (Spratt limestone, greywacke, chloritic schist) (Table 1).
Secondary portlandite was also detected after autoclaving on the
surface of all aggregates containing calcite in large amounts (i.e. Spratt
limestone, clayey limestone, chloritic schist, and the non-reactive pure
limestone), a Li-carbonate being even found on the pure limestone
(Table 1). One could argue that a relatively thick layer of portlandite
could explain that Li-silicate was not detected by XRD or just detected
in traces in the case of 4 of the 7 reactive aggregates tested; however,
one of these aggregates (greywacke) does not contain significant
amounts of calcite while not showing portlandite after autoclaving.

3.4.2. Obsidian particle immersed for 6 months in a 1 N LiOH solution at
80 °C

After immersion, the obsidian surface was covered with a layer of
crystalline Li2SiO3 (Fig. 4), identified by XRD. The presence of a
continuous gap between the Li2SiO3 layer and the obsidian surface,
which appears very smooth and microtexturally-unchanged with
respect to the original material (Fig. 4), suggests that this “coating”
product precipitated from the soak solution after some silica was
dissolved rather to be a residual product left aside after the soak
solution reacted with the obsidian. On the other hand, the absence of
any significant sign of corrosion on the obsidian surface suggests that
the dissolution of this material proceeded very regularly and at a very-
fine scale all over the surface exposed to the soak solution. A finely-
dispersed white product (not analyzed) was also observed at the
bottom of the test containers, which may be crystalline or amorphous
in nature, and expansive or not.

3.4.3. Discussion
The results from test series no. 4a suggest that a crystalline Li-silicate

(Li2SiO3) can form in the presence of reactive aggregates for which
LiNO3 is effective in controlling concrete prism expansion using a [Li]/
[Na+K] of 0.74 or less, however not in the presence of reactive
aggregates for which LiNO3 is needed in greater proportions for
expansion control. They thus support, to some extent, mechanisms C
and D (crystalline Si–Li reaction product observed on obsidian and 4 of
the 7 reactive aggregates tested, which could be also protective).
However, with respect to LiNO3, these mechanisms are considered



Fig. 3. XRD analysis of a polished section of a highly reactive rhyolite before (A) and
after (B) 1 h of autoclaving in a 1 N LiOH solution at 300 psi or 2070 kPa (350 °C). After
autoclaving (B), a crystalline lithium silicate Li2SiO3 (ICDD card file 29-0828) is
detected on the rhyolite surface.
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possible but uncertain considering that all tests involved special testing
conditions (i.e. performed in a 1 N LiOH solution and at 350 °C for most
of them).

3.5. Polished aggregate particles immersed for 28 days in a 1 N NaOH+
0.74 N LiNO3 solution at 80 °C (test series no. 4b)

Polished particles of the 8 natural aggregates tested in the autoclave
were also immersed for 28 days in a NaOH+0.74 N LiNO3 solution at
80 °C. For each aggregate, the XRD results were exactly the same before
and after immersion, no crystalline Li-bearing product being detected
on the polished surfaces.

3.5.1. Discussion
These results from test series no. 4b do not support at least

mechanism D (since the presence of a crystalline product was not
detected by XRD). Moreover, no other types of reaction product were
observed in the test solutions, neither at the bottom of the test
containers. At this stage of the study, it is thus possible that the
crystalline Li-silicate observed in test series no. 4a just forms in LiOH
(e.g. for obsidian in the long term at 80 °C) and under special
conditions for some reactive aggregate particles (i.e. very high
temperature and pressure in the autoclave). In the present experi-
ment, there is a possibility that an amorphous Li-bearing gel,
undetectable by XRD, formed at the surface of the polished particles
rather than a crystalline product. Since the particles tested were not
examined after the tests (e.g. using the SEM), one cannot thus
conclude about mechanism B (amorphous gel could be absent),
mechanism C (amorphous gel could be present which may act as a
protective coating), and mechanism E (amorphous gel could be
present, which could be non to less expansive).

3.6. Aggregate powders (150–300 μm) immersed for 28 days in various
Li-bearing solutions at 60 °C (test series no. 4c)

When aggregate powders (150–300 µm) were immersed for
28 days in (Na,K)OH control solutions at 60 °C, the K and Na
concentrations in the (Na,K)OH control solution were quite constant
in the presence of all 4 materials tested, even the most reactive
obsidian (Fig. 5A). For the materials immersed in the LiOH solution,
the [Li] in solution decreased for each material, however more rapidly
for obsidian (Fig. 5B). As illustrated in Fig. 5C and D for rhyolite, but
also for each of thematerials tested, the [Na] and [K] in the two (Na,K)
OH+LiNO3 solutions were quite stable over time, while the [Li]
significantly decreased, more rapidly in the solution with higher
concentration of LiNO3 (Fig. 5C vs. D). The consumption of Li after
28 days is given in Table 2. In the presence of lithium, a finely-
dispersed whitish product was always observed in the test containers.

3.6.1. Discussion
These results are in good agreement with those from pore solution

chemistry of concretes (Section3.1)where Li ionswere consumedmore
rapidly than Na and K ions; the only difference is that in the concretes
tested, Na and K ions were also progressively consumed with time (i.e.
disappeared from the pore solution), due to alkali-leaching and to
formation ofmore Li-Na–K-bearing cement hydrates, and expansive gel
due to ASR as well. In the present case, cement was not present in the
system and Li was still progressively consumed with time.

The results concerning the Li consumption (Table 2) clearly
suggest that a secondary Li-bearing reaction product is formed. As
mentioned above, a finely-dispersed whitish product was effectively
always observed in the presence of lithium. The largest quantity was
obtained for the obsidian immersed in the LiOH solution and also
corresponds to the largest Li decrease in solution (~83wt.% after
28 days; Table 2). Unfortunately, this product was not chemically
analyzed neither analyzed with the SEM or by XRD; it could thus be
crystalline or amorphous but it likely contains, in addition to Li, some
Si, Na, and K. The important difference observed between series 4b
(where no reaction product were detected) and series 4c (where a
reaction product was always present in the presence of lithium
solution) is likely attributed to extreme differences in specific area
(i.e. single polished aggregate particles vs. aggregate powders).

It is not possible to conclude about a possible influence of the
reactive aggregate tested; for instance, the amounts of lithium con-
sumed after 28 days are quite similar for the highly reactive rhyolite
and the moderately reactive chloritic schist (reactivity level based on
expansion in control concretes), despite the fact that LiNO3 was very
effective in controlling concrete expansionwith the rhyolite (effective
[Li]/[Na+K]=0.63) and less effective with the schist (effective [Li]/
[Na+K]>0.93; Table 1).

The results from test series no. 4c suggest the formation of a Si–Li
reaction product in the form of a finely-dispersed whitish reaction
product. In the absence of any XRD analysis and SEM examination, this
product could be crystalline or amorphous, expansive or not, and
could act as a protective coating. Mechanism C (protective reaction
product), mechanism D (crystalline and non expansive reaction
product), and mechanism E (non to less expansive amorphous gel),
thus remain possible. For its part, mechanism B appears doubtful
(unlikely) based on the results obtained in this test series considering
that a reaction product is always formed, which most likely contains
silicium, in addition to Li.



Fig. 4. SEM micrographs at different scales of the Li-silicate layer (Li2SiO3) observed on the surface of an obsidian particle immersed for 6 months in a 1 N LiOH solution at 80 °C.

Fig. 5. Alkali concentrations in the soak solution over timewhen aggregate powders (150–300 μm)were immersed in various Li solutions at 60 °C. (A) All aggregates in 0.68 N (Na,K)OH
control solution. (B) All aggregates in 1 N LiOH. (C) Rhyolite in 0.8 N (Na,K)OH+0.28 N LiNO3 ([Li]/[Na+K]=0.35). (D) Rhyolite in 0.8 N (Na,K)OH+0.59 N LiNO3 ([Li]/[Na+K]=0.74).
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3.7. Dissolution of particles of volcanic glass (obsidian), silica varieties,
silicate minerals, and natural aggregates immersed for 28 days in
various Li-bearing solutions at 80 °C (test series no. 4d)

3.7.1. Immersion in 1 N NaOH control solution
All reactive materials immersed for 28 days in the control solution

at 80 °C presented significant mass losses (Table 3). The extremely
reactive opal (amorphous silica) and the three highly reactive
cryptocrystalline varieties of quartz (chalcedony, red chert, green
chert) were completely dissolved after 2, 14, 15, and 15 days,
respectively. For all materials tested, dissolution occurred without
the formation of any reaction product, thus suggesting that the
dissolved silica remained in solution, likely because of the high
quantity of solution involved (not saturated with respect to silica)
and/or the absence of calcium in the system. Nevertheless, when the
percentage of dissolution was important (in the absence of lithium), a
translucent colloidal material, likely a silica gel, was generally ob-
served in the test solution.

3.7.2. Immersion in Li-bearing solutions
On the other hand, the presence of lithium in the soak solution

reduced the dissolution of all reactive materials tested (except
obsidian), often dramatically, in fact for most reactive aggregates
tested and the three varieties of cryptocrystalline quartz, i.e.
chalcedony, red chert, and green chert (Table 3). In the presence of
lithium and reactive material, a finely-dispersed whitish product,
Fig. 6. Mass variation of chalcedony and opal particles immersed at 80 °C in solutions of 1
(A) Chalcedony. (B) Opal. (C) Chalcedony and opal particles immersed for 28 days in a soluti
1 N NaOH control solution.
amorphous according to XRD and likely containing Li and Si, was
always observed at the bottom of the test containers, unless no
dissolution (i.e. mass loss) was observed; the higher the dissolution,
the more abundant this product.

For chalcedony, a [Li]/[Na] of 0.2 in the soak solution (i.e. 1 NNaOH+
0.2 N LiNO3) decreased the dissolution from 100wt.% (complete
dissolution in the NaOH control solution) to 11wt.% after 28 days,
while a ratio of 0.3 was almost sufficient to largely prevent the disso-
lutionof theparticle (Fig. 6A). This valueof 0.3 is close to the [Li]/[Na+K]
found at equilibrium in the pore solution of a concrete made with a [Li]/
[Na+K] mixture ratio of 0.74 [9]. Crystalline Li2SiO3 was detected by
XRD on the chalcedony surface even when large amounts of lithium
were present in the system (Fig. 7). However, it was not possible to
observe this Li-silicate when using a 10× magnification lens, likely
because the coating was very thin. This assumption is supported by the
fact that the underlying chalcedony (cryptocrystalline quartz) is also
well-detected by XRD (Fig. 7). Based on these results, i.e. no significant
dissolution in the presence of sufficient quantity of LiNO3, and reaction
products just in tiny amounts and likely too thin to act as an effective/
physical barrier, it is very likely that the presence of lithium in sufficient
amounts was very effective in largely suppressing the dissolution of this
highly reactive phase. After 28 days in the 1 N NaOH+0.5 N LiNO3

solution, a particle of chalcedony, mostly unreacted (no significant
dissolution in this solution) and just covered with a very thin layer of
Li2SiO3, was immersed in the 1 N NaOH control solution; the particle
then started to dissolve at a rate (~12wt.% per day, with complete
N NaOH (control) and 1 N NaOH+LiNO3 in various amounts ([Li]/[Na] from 0 to 1.0).
on of 1 N NaOH+0.5 N LiNO3 (chalcedony) or 1.0 N LiNO3 (opal), then immersed in the



Fig. 7. XRDanalysis of the crystalline lithium silicate Li2SiO3 (ICDD cardfile 29-0828) detected on the surface of a chalcedony particle after immersion for 28 days in a 1 NNaOH+0.5 N
LiNO3 solution at 80 °C.
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dissolution occuring after 8 days; Fig. 6C) very similar to the dissolution
rate of the chalcedony particle initially immersed in the NaOH control
solution (~10wt.% per day for the first 8 days; Fig. 6A). This confirms,
once again, that chalcedony does not significantly react or dissolvewhen
the Li concentration is sufficiently high in solution.

It was more difficult to prevent dissolution in the case of opal, by
far the most reactive material tested. In the 1 N NaOH+0.25 N LiNO3

solution ([Li]/[Na+K]=0.25), the opal particle completely dissolved
after 2 days (Fig. 6B) and the finely-dispersed whitish product
mentioned above was observed in significant amounts at the bottom
of the test containers. In the 1 N NaOH+0.5 N LiNO3 solution ([Li]/
[Na+K]=0.5), the mass of the particle tested decreased by about
70wt.% after 3 days, then remained constant afterwards; a finely-
dispersed whitish reaction product was also observed, however in
relatively smaller amounts. Interestingly, a naked-eye visible compact
layer of secondary reaction product, also observed by Yin and Wen
[18], formed around the reacting particle. This product was found to
be amorphous based on XRD. In actual fact, the opal grain completely
dissolved after about 3 days, then leaving a particle essentially made
of an empty shell of amorphous reaction product weighing about 30%
of the original mass (overall mass loss of 70wt.%; Fig. 6B). The same
observations were made for the particle immersed in the 1 N NaOH+
0.75 N LiNO3 solution ([Li]/[Na+K]=0.75) except that: (1), the opal
completely dissolved after about 7 days, (2), leaving a residual empty
shell of reaction product corresponding to about 55wt.% of the initial
mass (overall mass loss of 45wt.%; Fig. 6B), and (3), the amount
of finely-dispersed whitish product was again smaller. In the 1 N
NaOH+1 N LiNO3 solution ([Li]/[Na+K]=1.0), a mass gain of over
60wt.% was rather observed. In this particular case, the finely-
dispersed whitish product was absent; the opal again dissolved
completely but the totality of the dissolved silica precipitated as the
reaction shell. The 60wt.% increase in mass is explained by the fact
that this shell is composed of a hydrous and hydrated amorphous
material which, in addition to the totality of the silica from the reacted
opal, incorporated other substances from the solution (e.g. lithium,
OH radicals, water molecules, and possibly also some NO3). The two
amorphous products formed (residual shell and finely-dispersed
whitish product) have not been chemically analysed, but they could
correspond to the same reaction product. It is thus obvious that the
layer of reaction product around the original opal particle did not
protect the underlying opal against dissolution; nevertheless, Fig. 6B
suggests that the more important the thickness of this layer (which
progressively increases from 0.5 to 1.0 N LiNO3), the slower the rate of
dissolution. After 28 days in the 1 N NaOH+1.0 N LiNO3 solution
([Li]/[Na+K]=1.0), the residual opal particle, in fact totally com-
posed of an amorphous reaction product, was immersed in the 1 N
NaOH control solution (Fig. 6C). The particle progressively dissolved,
however at a much lower rate (<10wt.% per day) than the opal
particle initially immersed in the control solution (100wt.% dissolu-
tion after two days). This demonstrates that the reaction product also
remains highly susceptible to dissolve in the 1 N NaOH solution (in
the absence of lithium), however less than the original opal. The opal
thus behaved differently in many respects from chalcedony and most
other reactive materials tested (except obsidian). The presence of
lithium did reduce its dissolution, but the silica dissolved was largely
and more or less rapidly incorporated into amorphous Si–Li reaction
products (surrounding shell and whitish product finely-dispersed in
the soak solution), depending upon the lithium concentration. The
higher this concentration, the lower the mobility of the silica
dissolved, the higher the amount of reaction product formed close
to the reaction site (e.g. in the shell), and the lower the amount of
finely-dispersed whitish product in the test solution.

Obsidian, a totally amorphous volcanic glass, also performed
differently from most other reactive materials tested. As for opal,
lithium does not seem to reduce dissolution (Table 3), which, however,
never exceeded 10wt.% (mass loss), and no crystalline product was
detected on its surface by XRD; the finely-dispersed whitish product
mentioned above and observed at the bottomof the test containers was
found to be the only product formed in the presence of lithium.

The same whitish secondary product was also observed with the
three feldspars tested (microcline, orthoclase, and anorthite) after
immersion in the LiOH solution without, however, any significant
dissolution reduction with respect to the control solution (Table 3).
Evenmore, obsidian, anorthite, and microcline suffered more disso-
lution in the 1 N LiOH solution than in the 1 N NaOH control solution
(Table 3), which cannot be explained for the time being.
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3.7.3. Discussion
Globally, the results from the test series no. 4d support mechanism

B relating to reduction/suppression of silica dissolution due to another
mechanism than pH reduction (i.e. mechanism A) or, to some extent,
the early formation of a protective reaction product on the reactive
silica grains or aggregate particles (i.e. mechanism C). Indeed, most
reactive materials presented dramatic dissolution reductions in the
presence of Li, except the extremely reactive opal (lower reductions)
and the highly reactive volcanic glass (obsidian), for which the
dissolution was almost unchanged in the NaOH+LiNO3 solution
(−7.0wt.% vs. −7.8wt.% in the control solution; Table 3) and even
increased in the LiOH solution (−10.2wt.%; Table 3). For its part,
mechanism E remains possible: when silica dissolution was not
completely stopped in the presence of lithium, amorphous Si–Li
reaction products in the form of a finely-dispersed whitish product
was observed, in amounts proportional to dissolution (except for opal
where two amorphous products were found i.e. the finely-dispersed
material and the surrounding shell); however, the non to less
expansive character of this amorphous reaction product is unknown.
On the other hand, mechanisms C and D are unlikely. In the first case,
when a significant coating of reaction product was observed on the
reactive particles, in fact just for opal, this coating was not protecting
the underlying reactive phase from further dissolution. In the second
case, a well-crystallized Li silicate was only observed at the surface of
chalcedony, with no significant dissolution, but this deposit was very
thin.

It is not easy to draw conclusive statements about the effect of the
lithium on the different types of reactive aggregate/material tested. For
instance: (1), two of the highest dissolution (mass loss) values after
28 days in the control solution correspond to aggregateswith one of the
highest (rhyolite: 7.8wt.%; Table 3) and the lowest (granitic rock:
7.8wt.%; Table 3) expansions in (control) concrete [9]; (2), concrete
expansion due to ASR in the presence of the above two aggregates is
easily controlled with LiNO3 (effective [Li]/[Na+K]<0.74; [9]);
nevertheless, these two aggregates also present the two highest
dissolution values after 28 days in the1 NNaOH+0.25 NLiNO3 solution
(1.3wt.% for both; Table 3); (3), the lowest dissolution value (0.1wt.%)
in the same solution corresponds to an aggregate (chloritic schist) for
which LiNO3 is not highly effective in concrete (effective [Li]/[Na+K]
>0.93; [9]) and soon.However, itmay be of interest for further research
to note that: (1), all 5 reactive silicate aggregates tested (rhyolite,
greywacke, granitic rock, chloritic schist, and quartzitic sandstone)
dissolved less or notmore in the 1 NNaOH+0.25 N LiNO3 solution than
in the 1 N LiOH solution, despite a lower Li content, and (2), at the
opposite, the two calcite-rich reactive limestones testeddissolved less in
the 1 N LiOH solution than in the two NaOH+LiNO3 solutions tested.

According to Feng et al. [28], the differences in the LiNO3

effectiveness observed for concretes incorporating the rhyolite
(effective [Li]/[Na+K]=0.63 according to Tremblay et al. [9], and
0.74 according to Feng et al. [28]) and the greywacke (effective [Li]/
[Na+K]>1.11 according to Tremblay et al. [9], and 1.48 according to
Feng et al. [28]), could be attributed to textural differences between
the two types of aggregates; this would cause the reactive silica to be
more rapidly accessible from the rhyolite (which contains 85vol.%
devitrified glass) than from the greywacke (which contains about
8 vol.% microcrystalline quartz). However, in the present study, the
two aggregates showed very similar dissolution values in all test
solutions, including the NaOH control solution (see Table 3 for 28-day
results).

3.8. General discussion

The most realistic and conclusive experiments carried out in this
study and summarized in Table 4 are those performed on concrete
specimens stored in air at high humidity and relatively low
temperatures (38 °C and 60 °C), and incorporating natural reactive
aggregates (i.e. test series nos. 1 and 2), followed by the experiments
on composite specimens made of reactive aggregate particles and
cement paste immersed in a NaOH+LiNO3 solution at 80 °C (test
series no. 3). Conclusions based on these tests, which strongly support
or disprove one or more of the mechanisms proposed, call for greater
consideration. For their part, the immersion test series nos. 4a to 4d
were all performed in the absence of cement and at relatively high
temperatures (60, 80, or 350 °C). The corresponding results must thus
be used with circumspection, particularly those obtained at 350 °C
(autoclave), in LiOH solution, and/or for extremely to highly reactive
materials such as opal, fused silica, chalcedony, chert, and obsidian.
Such materials are uncommon in real concretes, at least in significant
amounts, while they often performed very differently in some test
series with respect to the natural reactive aggregates tested in
parallel.

Up to now, for each test series taken individually, each mechanism
proposed has been considered “likely”, “possible”, “non-conclusive”,
“unlikely”, or “impossible”, based on the results obtained and the
rationale summarized in Table 4. It remains to draw the global
conclusion described hereafter regarding each of the mechanisms
considered.

Mechanism B, i.e. chemical stability of reactive silica increased for
another reason than pH reduction (i.e. mechanism A) or early
formation of a protective coating on the reactive silica grains or
aggregate particles (i.e. mechanism C), is the mechanism among all
those considered in this study that better explains the effectiveness of
LiNO3 against ASR. This mechanism is supported (i.e. considered
“likely”) by test series nos. 2, 3, and 4d, however disproved (i.e.
considered “unlikely”) by the test series no. 4c (Table 4). This
mechanism is strongly supported by the fact that all reactivematerials
tested in test series 4d (including 7 reactive aggregates) dissolved
much less in LiOH and NaOH+LiNO3 solutions than in a NaOH control
solution, with only one exception (obsidian). Mechanism A, i.e.
chemical stability of reactive silica increased due to pH reduction, and
mechanism F, i.e. expansion reduced/suppressed due to higher
solubility of silica but that remains in solution, are considered
impossible, based on pore solution chemistry (test series no. 1).
Mechanism C, i.e. chemical stability of reactive silica increased due to
the early formation of a protective coating over the reactive silica
grains or aggregate particles, disproved by 3 test series while not
supported by any other, is unlikely. Mechanism D, i.e. expansion
reduced/suppressed due to formation of a non expansive Si–Li
crystalline reaction product, disproved by 4 test series while not
supported by any other, is also unlikely. Mechanism E, i.e. expansion
reduced/suppressed due to the formation of a non or less expansive
Si–Li amorphous gel, disproved by two test series while not supported
by any other, remains possible, at the most. The three mechanisms C,
D, and E, are particularly disproved following the examination of the
concrete specimens (test series no. 2), which rather suggests that the
only reaction product formed, and this onlywhen lithium is not highly
effective, contains lithium, looks like classical ASR gel, and is
expansive as well.

It was already well established that the effectiveness of LiNO3

against ASR varies from one reactive aggregate to another, irrespec-
tive of their inherent degree of reactivity (i.e. expansivity in concrete
prism tests) [9]. An important subject of concern in this study is how
the nature of the particular reactive aggregate to counteract can affect
the effectiveness of LiNO3 in increasing the chemical stability of
reactive silica. Unfortunately, none of the experiments performed in
this study led to conclusive results in this respect. At the very least, the
dissolution tests (series 4d) proved that the capacity of lithium in
reducing the rate of silica dissolution greatly varies with the type of
reactive silica involved.

In numerous studies relating to ASR, extremely to highly reactive
natural or synthetic materials, which are rarely used as concrete
aggregates, are often tested, such as opal, chalcedony, chert, volcanic
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glass (e.g. obsidian), fused silica, pyrex, and so on. As clearly
demonstrated in the present study, such rather unusual materials may
behave very differently from natural reactive aggregates (e.g. opal and
obsidian in this study), particularly when they are tested as very fine
particles. This thus recalls the importance of testing real reactive
aggregates under usual particle size distributions, to be more realistic.

4. Conclusions

Numerous sets of experiments were carried out with the objective
of determining which mechanisms(s) better explain the effectiveness
of LiNO3 against ASR, and variations in this effectiveness as well with
the type of reactive aggregate to counteract. These experiments
included: (1), pore solution chemistry of cement pastes and concretes
incorporating LiNO3 and various reactive and non reactive aggregates;
(2), visual examination and microanalysis of the above concretes;
(3), immersion of composite specimens made of reactive aggregates
and cement paste in a NaOH+LiNO3 solution, and (4), immersion of
particles of various reactive aggregates, silica phases, silicates, and
volcanic glass, in various Li-bearing solutions (LiOH, NaOH+LiNO3) at
various temperatures (60 °C, 80 °C, and 350 °C in the autoclave).

Six different mechanisms proposed to explain the beneficial effect
of LiNO3 against ASR were considered and critically examined against
the results of the above experiments, which can be grouped in two
main categories:

(1) chemical stability of reactive silica increased (i.e. compared to
solution without lithium) due to: pH decrease in the concrete
pore solution (mechanism A), other change(s) in the chemistry
of the pore solution (mechanism B), or early formation, over the
reactive silica grains or aggregate particles, of a Si–Li reaction
product which acts as a physical barrier against further reaction
(mechanism C);

(2) chemical stability of silica almost unchanged or remaining
significant, but concrete expansion significantly reduced or
suppressed due to: formation of a crystalline and non expansive
Si–Li reaction product (mechanism D), formation of an amor-
phous Si–Li reaction product (i.e. a gel) that is non expansive or
less expansive than the classical ASR gel (mechanism E), or
increased solubility of silica, which thus mostly remains in
solution without forming an expansive gel (mechanism F).

The following conclusions can be drawn from the results obtained
in our studies:

• Mechanisms A (pH reduction) and F (increased solubility of silica)
are not supported based on the pore solution chemistry results
which showed that the pH was not significantly reduced in the
concrete pore solution in the presence of LiNO3 and that the silica
concentration in solution was always low and not affected by the
presence of LiNO3.

• Mechanism C (protective coating) is considered unlikely. In the
presence of LiNO3, reaction products were not observed at the
surface of or somehow surrounding the reactive phases in all
investigated concretes and composite specimens made of cement
paste and reactive particles. A layer of well-crystallized Li2SiO3 has
been observed on the surface of obsidian and a number of reactive
aggregate particles but following immersion in a LiOH solution at
350 °C in the autoclave (also at 80 °C for obsidian). However, in the
presence of LiNO3, a (very thin) layer of such a lithium-bearing
silicate has been only observed at the surface of chalcedony particles
immersed in NaOH+LiNO3 solutions at 80 °C, the protective
character of this layer being doubtful, while a clearly non-protective
layer of an amorphous reaction product has been only observed at
the surface of opal particles immersed in the same solutions.

• MechanismD (non expansive crystalline product) is also considered
unlikely. In the presence of LiNO3, crystalline reaction productswere
not observed in any of the investigated concretes and composite
specimens made of cement paste and reactive particles. In fact, in
the presence of LiNO3, as just mentioned, a likely non expansive
crystalline reaction product (i.e. Li2SiO3) was only detected in tiny
amounts at the surface of unreacted chalcedony particles immersed
in NaOH+LiNO3 solutions at 80 °C.

• Mechanism E (non to less expansive amorphous gel) is also unlikely.
This mechanism is strongly disproved by the direct examination of
concrete specimens which rather suggest that the only reaction
product formed, when LiNO3 is present in insufficient amounts/
dosage, contains lithium, looks like classical ASR gel, and is expansive
aswell. In fact, an amorphous reaction product in the form of a finely-
dispersedwhitish product was observed in some immersion tests but
its non to less expansive character is unknown.

• Mechanism B (increased chemical stability of reactive silica due to
another reason than pH reduction or early formation of a protective
coating) is the mechanism among all those investigated in this study
that seems to better explain the effectiveness of LiNO3 against ASR,
and the variations in this effectiveness (i.e. extent of expansion
reduction) from one reactive aggregate to another. This mechanism is
strongly supported by the facts that: (1), an amorphous gel containing
Na, K, and Si, and likely also Li (undetectable under the SEM), was the
only type of reaction product observed in concrete specimens
incorporating LiNO3 and a variety of natural reactive aggregates; (2),
this gelwas lookingexactly like the classical ASR gel and its abundance
was somewhat proportional to the concrete expansion attained; for
instance, for all concretesmadewith LiNO3 and showing no or limited
expansion, no or only traces of reaction gel were observed; and (3),
most reactive materials tested, including all the 8 natural reactive
aggregates tested, dissolved much less in NaOH+LiNO3 (and LiOH)
solutions than in a NaOH control solution.

• Some of themost reactivematerials tested in this study, (e.g. opal and
obsidian), which are quite unusual in concrete aggregates, may
behave very differently from natural reactive aggregates, particularly
when they are tested as very fine particles. This arises the importance
of testing natural reactive aggregates under realistic particle size
distributions.

• It is still unknown how the presence of LiNO3 in the concrete pore
solution can increase the stability of reactive silica and how this
phenomenon can be affected by the particular reactive aggregate to
counteract, irrespective of its petrographic nature and inherent
reactivity (based on expansivity in control concretes).
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