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This paper summarizes findings from a research study conducted at the University of New Brunswick in
collaboration with the University of Texas at Austin, and CANMET-MTL, on the effect of LINO3 on ASR in new
concrete. The studies included expansion testing, silica dissolution measurements and microstructural
examinations of cement systems containing glass and two different reactive aggregates (NB and NS). Only a

I;eévgvl\zrds: small proportion of the data are presented here for the purpose of highlighting the principal findings of this
B EDX investigation.

Based on these findings, it is proposed that the inhibiting effect of LiNO3 against ASR in new concrete is
attributed to the formation of two reaction products in the presence of lithium, these being a crystalline
lithium silicate compound (Li,SiO3) crystal and a Li-bearing, low Ca silica gel. These two phases could serve
as a diffusion barrier and protective layer to prevent the reactive silica from further attack by alkalis.

It was found that the reason the two reactive aggregates selected responded differently to LINO3 was due to
the difference in their textural features. The NB aggregate contained reactive volcanic glass particles, the
surface of which was immediately and equally available to sodium, potassium and lithium, and thus a Li-Si
barrier was able to form quickly. The reactive phase in the NS aggregate was microcrystalline and strained
quartz, which was embedded in a dense matrix of a non-reactive predominantly alumino-silicate phase and

C Alkali-aggregate reaction
D Lithium compounds

was not easily accessible to lithium.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The concept of using lithium compounds to mitigate the effects of
ASR expansion was first reported by McCoy and Caldwell [1]. Since
then, numerous research studies have been conducted to determine
the effect and elucidate the mechanism of lithium compounds in
controlling ASR-induced expansion [2-7]. A variety of lithium
compounds including LiF, LiCl, LiBr, LiOH, LiOH-H,0, LiNOs, LiNO,,
Li,COs, Li»SOy4, Li,HPO,4, and Li,SiO3 have been used in these studies,
but the most promising for suppressing the ASR expansion is LiNO3 as
it does not increase the hydroxyl ion concentration of the pore
solution [8,9]. The benign effect of LiNOs on concrete properties, its
neutrality and high solubility, have also favored the use of this
material over other lithium compounds. Currently LiNO3 additives are
commercially available to control ASR, however, the inhibiting
mechanism is still far from clear [10]. This paper presents a brief
summary of some findings on the effect of LiNO3 on ASR in new
concrete from the ongoing research conducted at the University of
New Brunswick as part of collaborative study with the University of
Texas at Austin and CANMET-MTL in Ottawa.
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2. Experimental studies

The work carried out in this research program on the effect of
LiNOs on ASR in new concrete included the following studies:

Expansion testing of mortar bars was in accordance with ASTM C
1260, concrete prisms in accordance with ASTM C 1293, and
concrete microbars following the test method described by
Grattan-Bellew [11], with two representative reactive coarse
aggregates, were designated as NB and NS, respectively. NB is a
rhyolite with 85% devitrified glass; NS is a greywacke with 8%
microcrystalline quartz.

Silica dissolution tests on NB and NS aggregates ground to a size
between 150 pm and 300 pm. The aggregate powder was immersed
in different alkaline solutions, with or without LiNO; at 100%
standard Li dose (100% standard Li dose means a Li/Na molar ratio of
0.74), and in the presence or absence of Ca(OH), at 80 °C. The
amount of silica dissolved in the soaking solution and the changes in
Li and Na ion concentrations in the solution were analyzed peri-
odically by ICP-MS.

Vycor glass disks and polished aggregate disks immersed in different
alkaline solutions, with and without 0.74 M LiNOs;, and in the
presence and absence of CH, and subsequent examinations by XRD
and SEM. Data presented here are limited to specimens stored
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at 80 °C. Analysis of specimens stored at lower temperature
(23 °Cand 38 °C) are underway and will be reported is a subsequent
paper.

Vycor glass disk-cement paste specimen and polished aggregate
disk-cement paste sandwich specimens were produced by placing a
5-mm thick layer of cement paste with [Li]/[Na+K] over the
surface of a 5-mm thick sample of glass or polished aggregate.
Specimens were immersed in 1M NaOH-+0.74 M LiNOs; + CH
solution for 28 days at 80 °C, and analyzed by laser ablation
inductively-coupled mass spectroscopy (LA-ICP-MS).

A portland cement with high alkali content (0.91% Na,Oe) was
used throughout the study. A commercial LiNO3 solution (30% by
mass) was used in the expansion tests. LINO3 pellets (USP grade) were
used as the lithium source for other tests. NaOH pellets (USP grade)
were used as the source of Na* and OH ™ ions for all the tests. Calcium
hydroxide powder was used as the calcium source.

3. Results
3.1. Expansion tests

Fig. 1 shows the expansion testing results for the two aggregates NB
and NS. In the accelerated mortar bar tests, LINO3 was able to suppress
the expansion of mortar bars with both aggregates provided it was used
at a level of 100% of the standard dose (i.e. [Li]/[Na+ K] =0.74) both in
the bars and in the solutions. When the dose in the solution was
decreased to 50%, but was maintained at 100% in the bars, LiNO5 delayed
the expansion of mortars with both aggregates, but inevitably
deleterious expansion was observed. The delay in the onset of expansion
was significantly greater for the NB aggregate. In concrete microbar
tests, when lithium in the bars and in the solutions was both at 100%
dose, lithium worked well with NB, but not with NS. When the dose
was decreased to 50% in the solutions, but still 100% in the bars, lithium
could only mitigate the deleterious expansion for NB at early ages. In
the standard concrete prism tests, lithium could suppress the dele-

NB - Accel Mortar Bar Test (AMBT)

NB - Microbar Method [11]

terious expansion for NB at 100% Li dose but not at 75%. However, for the
NS aggregate, lithium could not effectively prohibit the expansion even
at double the standard dose (i.e. [Li]/[Na+K]=1.48), or when oven-
dried aggregate was pre-soaked with 30% LiNOs solution for 28 days
prior to producing the concrete.

3.2. Silica dissolution tests

Fig. 2 shows the silica dissolution test results. It can be seen that
the addition of Ca(OH), significantly reduces the amounts of silica
in solution, but this is probably a result of the precipitation of Ca-Si
phases rather than reduced silica dissolution. The presence of lithium
in solution reduced the amount of silica in solution and also the amount
of sodium consumed indicating that lithium suppresses reaction
between sodium and silica. What is surprising from this study is that
results could not discriminate between the two aggregates.

3.3. Microstructural examinations

Fig. 3 shows the SEM images of the Vycor glass disks after
immersion in different alkaline solutions for 28 days at 80 °C. Table 1
shows the EDS analysis for the glass disks immersed in different
alkaline solutions. When it was immersed in 1M NaOH solution
(Fig. 3a), the glass surface showed a worm-like structure with etching
sites, but no reaction product was found on the glass surface. EDS
analyses of the glass surface showed that the glass compositions
were very close to that of the starting material. With the addition of Ca
(OH), (Fig. 3b), the glass surface was etched and, again, no reaction
product was found on the glass surface. EDS analyses revealed that
the glass compositions were very close to that of the starting material
as well. But there were some solid precipitates in the container.
These precipitates were collected after taking the glass specimens
out, and were then analyzed by XRD. The XRD spectra are shown in
Fig. 4.

When immersed in 1 M NaOH + 0.74 M LiNOs, as shown in Fig. 3c,
the whole glass surface was completely covered by a very thick layer
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Fig. 1. Results from expansion tests (for AMBT and microbar test for 50 Li and 100 Li, the bars contained 100% of the standard lithium dose and the solution contained either 50% or

100% of the standard dose).
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Fig. 2. Silica dissolution test results (note different scales).
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Fig. 3. SEM images of Vycor glass disks immersed in alkaline solutions for 28days at 80 °C. (a) in 1N NaOH, showing the globular structure with no reaction product (scale
bar =100 pm) ; (b) in 1N NaOH + CH, showing the etching sites without reaction product (scale bar =20 pm); (c) in 1N NaOH + 0.74N LiNOs, showing clusters of Li,SiO3 crystals
(scale bar =60 pm); (d) in 1N NaOH + 0.74N LiNO; + CH, showing a matrix of ASR gel and Li,SiO5 crystals, or the ASR gel sitting on top of Li,SiO5 crystals (scale bar =60 pm).
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Table 1
EDS analysis (ZAF corrected) for Vycor glass disks immersed in alkaline solutions for
28days at 80 °C.

Solution # Na,0 ALO; Si0, KO CaO Total C/S*?
1 M NaOH 1 529 165 8853 0.71 0.02 9620 0.00
2 463 171 8246 085 0.09 89.74 0.00

3 329 123 9231 065 035 97.83 0.00

4 424 138 9056 054 021 9693 0.00

5 238 094 9342 034 011 97.19 0.00

6 195 0.77 8847 028 0.14 91.61 0.00

7 127 111 8975 0.51 027 9291 0.00

1 M NaOH + Ca(OH), 1 446 168 9278 0.7 01 99.72 0.00
2 489 1.62 9202 061 0.07 9921 0.00

3 428 049 8734 004 056 9271 0.01

4 392 129 9123 014 034 9692 0.00

5 46 143 8943 045 0.85 96.76 0.01

6 239 093 9045 023 077 94.77 0.01

7 388 1.07 8967 0.09 069 9540 0.01

1MNaOH+0.74MLINO; 1 085 0.63 6871 0.06 0.16 70.41 0.00
2 069 094 7197 005 0.09 73.74 0.00

3 047 07 67.47 0.03 0.16 68.83 0.00

4 023 039 6409 023 031 6525 0.01

5 018 045 6534 036 005 66.38 0.00

1M NaOH +0.74 M 1 139 248 7005 0.05 037 7434 0.01
LiNO; + Ca(OH), 2 058 071 68.86 0.04 0.28 7047 0.00

3 1.08 129 6389 091 044 67.61 0.01

4 054 204 6632 033 056 69.79 0.01

5 347 092 3831 026 653 4949 0.18

6 238 1.06 40.06 0.17 639 50.06 0.17

7 94 362 4283 0 523 61.08 0.13

8 919 1.13 3494 0.05 463 4994 0.14

9 473 075 4094 0.12 461 51.15 0.12

10 547 057 3835 0.13 192 4644 0.05

@ Ca/Si Molar ratio.

of crystalline material with 64-72% SiO, by mass from the EDS
analyses. Before carbon coating for SEM examinations, the same piece
disk was examined using XRD analysis and it was confirmed that this
crystalline deposit was Li,SiOs.

With the addition of CH (Fig. 3d), the glass surface was covered by
a matrix of white rosette crystalline ASR gel products and darker
crystalline phases with 64-70% SiO, which might be Li,SiO3 crystals.
The ASR gel had a CaO content of 2-7% by mass with a calcium-to-
silicon molar ratio of C/S=0.05-0.20. These gels may contain certain
amounts of lithium, but due to limitations of EDS, no information
about the lithium content could be obtained.

Fig. 4 shows the XRD results for the solid residues obtained from
glass immersion tests. When immersed in NaOH solution, the solution
was clear, and no solid residue was found, suggesting that silica
dissolves but no new solid phase forms (i.e. the silica remains in
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solution). The residues that were collected from the solution of NaOH
with CH, a crystalline phase was identified as Ca, 5SigO15(OH)3-2H50.
For the residue obtained from solution containing 1N NaOH and
0.74 M LiNOs, Li,SiO3 was found. With both LiNO3 and CH in solution,
interestingly, only CH was left in the solution, which means both the
Li,SiO3 and gel products seen on the glass surface by SEM (Fig. 3d)
were strongly bound at the glass surface rather than producing
residue in the containers.

Fig. 5 shows the elemental distributions from LA-ICP-MS across the
interface of a Vycor glass disk-cement paste specimen. It can be seen
that at the glass surface area, there is a layer which is very rich in Li
and Si, which may correspond to the Li,SiO3 crystalline phase ob-
served by SEM and XRD, or the presence of a thin layer of lithium-
bearing alkali-silica gel.

Fig. 6 shows the SEM images for polished NB disks immersed in
different alkaline solutions for 28 days at 80 °C. When immersed in
1 M NaOH (Fig. 6a), the disk surface was covered by a layer of reaction
products. It was hard to discern the morphology of these products.
EDS analyses revealed that their compositions were very variable but
generally were high in Ca. With the addition of CH (Fig. 6b), a gel
product covered the entire disk surface. This gel contained a very high
amount of Ca with a C/S of 0.51-0.87. In the presence of 0.74 M LiNO3
(Fig. 6¢), some areas were covered by large Li,SiO5 particles with a
palm-like morphology (top left of image), no significant gel product
was found. With the addition of CH (Fig. 6d), a matrix of large Li,SiO3
crystal particles and white gel covered the entire surface. The gel was
found to contain a much lower amount of Ca with a C/S of 0.01-0.19.

Fig. 7 shows the SEM images for polished NS disks immersed in
different alkaline solutions for 28 days at 80 °C. When immersed in
1 M NaOH (Fig. 7a), a gel reaction product was found with variable Ca
content that gave a C/S of 0.31-1.28. With the addition of CH (Fig. 7b),
more gel products were found to spread out over the entire disk
surface, these gels also contained very high amounts of Ca with a C/S
of 0.22-0.86. In the presence of 0.74 M LiNOs (Fig. 7¢), small Li,SiO3
crystals were found at the surface but were not enough to cover the
entire surface. With the addition of CH (Fig. 7d), the small hexagonal
Li;SiO3 crystal particles were accumulated at some locations and
formed a matrix with ASR gels. Unlike the Li,SiO5 crystals found in NB
immersion specimens, most crystals formed here were small in size
and the gels that formed here contained a wide range of Ca with a C/S
varying from O to 0.68.

Li, Ca, and Si distributions were also determined by LA-ICP-MS
for the cement-aggregate interface for the cement-aggregate speci-
mens with NB and NS. Unlike the glass immersion tests shown in
Fig. 5, no significant Li-rich layer was found at the interface between
the aggregate particle and cement paste, but there was a significant
amount of Li detected within the aggregate particles, especially for the
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Fig. 4. XRD spectra for the solid residues obtained from the glass immersion tests. 1) Starting glass powder; 2) in 1N NaOH + CH; 3) in 1N NaOH + 0.74N LiNOs; 4) in 1N NaOH +
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Fig. 5. Elemental distributions of the glass disk-cement paste specimens.

NB aggregate. These lithium ions may exist in the solution, as Li,SiO3
crystals and Li-bearing ASR gels, or may be a constituent of the
aggregate.

4. Discussions
Based on the above findings, a mechanism for the suppressive

effect of LiNO3 in controlling ASR expansion can be proposed: the
formation of LiSiOs crystals and Li-bearing, low Ca ASR gel was

—— 30um

responsible for the inhibiting behavior of LiNO; against ASR. These
two phases either form a matrix that could completely cover
the entire reactive silica particle surface, or the Li,SiO5 serves as a
base with the Li-bearing, low Ca gel sitting on top of the crystals. The
Li-bearing, low Ca gel was different from conventional ASR gel. It
was very stable, with little or no mobility, thus having a strong
binding with the reactive silica particle. If sufficient amounts of Li,SiO3
crystal and Li-bearing, low Ca gel form it is possible that the reac-
tive silica particle surface might be completely covered, providing a

—— | 00Um

Fig. 6. SEM images of NB polished disks immersed in alkaline solutions for 28 days at 80 °C (a) in 1N NaOH, showing a layer of reaction products (scale bar =100 pm); (b) in 1N
NaOH + CH, showing the gels with a C/S of 0.51-0.87 (scale bar =30 um); (c) in 1N NaOH + 0.74N LiNO3, showing large Li,SiO5 crystals with no significant ASR gel product (scale
bar=20 pm); and (d) in 1N NaOH + 0.74N LiNO; + CH, showing a matrix of Li,SiOs crystals and ASR gel with a C/S of 0.01-0.19 (scale bar =100 pm).
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Fig. 7. SEM images of NS polished disks immersed in alkaline solutions for 28 days at 80 °C. (a) in 1N NaOH, showing a gel products with a C/S of 0.31-1.38; (b) in 1N NaOH + CH,
showing the gels with a C/S of 0.22-0.86; (c) in 1N NaOH + 0.74N LiNOs3, showing small accumulated Li,SiO3 crystals with no significant ASR gel product; (d) in 1N NaOH + 0.74N

LiNOs + CH, showing a matrix of Li,SiO3 crystals and ASR gel with a C/S of 0-0.68.

diffusion barrier that prevents further penetration of hydroxyl ions
which stifles the continued dissolution of silica from the aggregate
surface.

As shown below, the types of ASR reaction products depend on the
CaO content and the Li content in mixture.

Li,SiO;—Li—(low Ca)—Na—Si gel—Li— (high Ca) —Na—Si gel—Ca—Na—Si gel

Ca0%: 0 > high

Li%: 100 » a

Li,SiO5 and Ca-Na-Si gel are the two end members of the reaction
products. Conventionally in the absence of Li, the ASR gel will absorb
more Ca with time, and gradually Ca may replace alkalis in the
reaction product, thereby regenerating alkalis for further reac-
tion [12,13]. It is possible that in the presence of lithium, the ASR
reaction products, such as Li,SiO3 and Li-(low Ca)-Na-Si gel, have a
denser and more stable structure. These rigid products have a
stronger bond with the reactive SiO, particles, and have lower
mobility to disperse within cement paste to absorb additional Ca.
Hence, the alkali recycling process in which Na and K are replaced by
Ca may not occur. These reaction products may also have lower
capacity to imbibe moisture from the surrounding environment to
cause cracking. Here a threshold C/S ratio for these non-expansive
gels may be proposed as 0.2, because gels with a C/S below 0.2 were
usually observed in immersion samples with 100% lithium dose and

within aggregate particles in concrete specimens. Gels with higher C/S
were mostly found in samples without lithium, samples with 50%
lithium addition, and in NS immersion and concrete specimens where
the expansion tests showed that NS did not respond well to LiNOs.
Indeed, the gels formed in the samples with 50% lithium might
contain very low or no lithium at all. Apparently no extra lithium was
available to participate in the gel formation because the C/S ratio of
these gels is within the same range as that of the control samples and
the Li;SiO3 was found without a good morphology, which means there
was insufficient lithium to keep up with the formation of this crystal.

Moreover, the current results did show that calcium does play a
very important role in the formation of ASR gel products. In the glass
immersion tests with NaOH and LiNOs solution, no gel was observed.
Without calcium ions, the residual solution is merely an alkali-silica
solution. Thus calcium ions initiate the condensation of silicate ions in
solution and link the silicate species in order to form a solid [14].
Therefore, the presence of calcium is essential for the formation of ASR
gel and thus the expansion due to ASR.

The different responses of NB and NS aggregates to LiOH can be
attributed to the difference in their textural structures. As shown in
Fig. 8, NB is coarse grained, and the surface of reactive silica particles
will be exposed immediately to the pore solution of concrete or
mortar and will thus have equal access to both sodium and lithium
alkalis. This permits the protective lithium-silica (Li-Si) barrier to
form at the surface and “protect” the underlying silica from attack by
sodium (or potassium) hydroxides. NS is fine grained with reactive
microcrystalline or strained quartz being embedded in a dense non-
reactive matrix. The reactive aggregate does not have immediate
access to lithium when the mortar or concrete is first mixed and there
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Fig. 8. Aggregate microstructure by SEM.

will be a competition between the Na (K), Li and OH ions to reach the
reactive silica. Given the large hydrated radius of the lithium ion, it is
probable that sodium (and potassium) hydroxides reach these sites
before lithium and deleterious alkali-silica reaction is not prevented.

In the mortar bar test and the silica dissolution test, the coarse
aggregate particles were crushed (below 5 mm or smaller), and this
likely increases the accessibility of the reactive silica and, thus, the
efficacy of the lithium in preventing damaging reaction. In the
concrete prism and microbar test, where larger aggregate sizes are
used, the lithium is found to be less effective with the NS aggregate
because its reactive silica has less access to the lithium.

5. Concluding remarks

Based on the data presented in this paper, the following hypo-
theses are put forward:

1. The suppressive effect of LINO3 against ASR may be attributed to the
formation of Li,SiOs crystal and Li-bearing, low Ca gel, which could
serve as the protection layer to prevent the reactive silica from
further attack by hydroxyl ions.

2. LiINO3 could completely inhibit the deleterious expansion in the
accelerated mortar bar tests for both NB and NS aggregates provided
that the Li doses were controlled at 100% of the standard dose both in
the bars and in the soaking solutions. But in the concrete prism tests
and concrete microbar tests which used larger reactive aggregate
particles, LiINOs could only mitigate the deleterious expansion for the
NB aggregate but not for the NS aggregate.

3. The different responses of LiNO; to NB and NS aggregates in
concrete expansion tests was ascribed to their different textural
features, the reactive silica in the NS aggregate being less accessible
than in the NB aggregate.

Further studies are underway to test these hypotheses.
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