Dual effectivenessof lithium salt in controlling loth
delayed ettringite formation and ASR in concretes

S.0. Ekolu®, M.D.A. Thomas’, R.D. Hoaton

Department of Civil Engineering, University of Toronto, 35 &. George Sred, Toronto, ON, M5S 1A4

¥ Now at the Department of Civil Engineeing, University of New Brunswick, P.O. Box 4400, Fredericton, N.B., E3B 5A3
*Corresponding author, now at Schoal of Civil and Environmental Engineering, University of the Witwatersrand,
Private Bag 3, WITS 2050, Johannesburg, South Africa Tel.: +27 11 717-71047121; Fax: +27 113391762

Abstract

The influence of lithium nitrate on expansions due to delayed ettringite formation (DEF) and
alkali-silicareadion (ASR) has been investigated. Effects of the lithium salt were examined in
hea-cured mortars and concretes containing one or both damage mechanisms. The mortars and

concretes made using readive and/or nonreactive aggregates were subjeded to heat treament

consisting of a hydration delay period d 4 hous at 23°C foll owed by steam-curing at 95°C and
then stored in limewater. Results diowed that the lithium salt admixture was able to reduce the
occurrence of deleterious expansion die to delayed ettringite formation in addition to controlli ng
alkali-silicareadion in cementitious systems containing one or bath medhanisms. In concretes
made using non-readive limestone aggregates, incorporation d lithium nitrate in a propartion o
0.74molar ratio of Li to (Na+K) was foundto control delayed ettringite formation duing the

one-year period of this gudy.

By analyzing the leaching properties of lithium and aher akalis from mortars during storage, it
was found that a substantial amourt of lithium was retained in the cementitious s/stem in a

dightly soluble form, andis expeded to be resporsible for reducing DEF.
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1.0 Introduction

1.1 Coexistenceof Alkali-SilicaReadionand Delayed Ettringite Formation

The oexistence of ASR and DEF mechanisms has been controversial both in pradice and
research espedally in the earlier days when the DEF phenomenonwas not well understood. To
date the two coexisting damage mecdhanisms remain much of a problem due to extreme difficulty
inisolating and defining the roles played by each of the medhanisms in concrete deterioration. A
casein pant isthe failure of 56 ou of 59 prestressed concrete box beans belonging to the Texas
Department of Transportation (TXDOT) where hed treament was not used bu the beams were
subjed to extremely warm, ambient temperatures. TXDOT blamed DEF for the damage while
the cement suppier diagnosed ASR as the main source of damage with ettringite playing only a

semndary role[1].

Hed-cured concrete railway ties have been reportedly vulnerable to damage invalving the
presence of bath ASR and DEF. Conflicting conclusions were readied in an investigation d
damaged concrete rallway dlegoers in Finland when Tepporen and Erickson [2] reportedly
foundthat DEF was resporsible for the deterioration. Abou 10 years later, Shayan and Quick [3]
examined the same damaged prestressed precast railway seepers and arrived at the mnclusion
that alkali-aggregate reaction could have been the primary cause of damage and that DEF could
have occurred at the last stages of deterioration crystallizing in pre-existing cracks rather than
being the cause of craking. A similar situation accurred with concrete railway slegoers in
Australia & abou the same time [4]. Cases of deterioration involving concrete railway ties have
been reported in severa courtries including, Germany [5, 6, South Africa[7] and United States

of America[8] among others.
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As demonstrated by cases mentioned above, determining the roles played by ASR and DEF in
concrete deterioration hes been ore of the most controversia aspeds of ASR and DEF
coexistence in concrete. Pettifer and Nixon [9] suggested that the occurrence of sulfate dtadk
promotes ASR by increasing alkalinity of the pore solution. This of course aumes that DEF
occurs at least earlier than o simultaneously with ASR. However, later studies appear to suggest
that ASR may occur first partly enhanced by heat treament followed by crystalli zation o
ettringite in cracks aready formed [10]. It has also been shown that ettringite formation is
hindered by high alkalinity, implying that the cnsumption o pore solution akalis during ASR
will have a ¢emicd effead of inducing ettringite aystallization therefore promoting DEF
formation [11]. Shayan and lvanusec [12] concluded that where ASR and DEF coexist, ASR

plays the main role of inducing crads.

1.2Use of Lithium Saltsto Control Alkali-SilicaReadion

Lithium salts are now well recognized as effedive chemicd compounds for controlling ASR in
concretes. Their use for this purpose was first reported by McCoy and Cadwell [14]. Sincethen,
lithium use has been widely investigated for research and pradicd field applications. Presently

in North America, lithium in forms of lithium nitrate (LiNO3) and lithium hydroxide (LiOH), is

commercialy manufadured for use in repair of ASR damaged concretes and infrastructure
systems. It has been used in field repair applicaions including dams, bridges, buldings,
pavements and related structures [13]. McCoy and Caldwell [14] aso foundthat a 0.74 molar
ratio of Li: (Nat+K) was necessary for suppresson d ASR. This has dood the test of time and

still remains the accetable dosage in pradice when using LiNO3.
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Investigations in the literature on the mechanism of ASR suppresson by lithium salts is worth a
closer look as it could adso give dues of their effect on ddayed ettringite formation.
Unfortunately, the interadion d lithium with cther ions in cementitious systems has not been
fully understood and remains a subjed of investigation. It has been suggested [15, 16, 13 that in
the presence of lithium salts, a less ®luble lithium silicae complex product is formed and that
lithium ions partialy replace Nat and Kt in ASR gel. This is suppated by the findings of
Sakaguchi et al. [17] who in their study showed that there was a favourable reection between
slica and lithium hydroxide over silica ad the hydroxides of sodium or potassum. By

monitoring the cncentration d akalis in pae solution, Sakaguchi et al. [17] foundthat in the
absence of lithium addivites, Na* and K* decreased duing ASR readion but uponincorporation

of lithium additives, the mncentration d Na' and K+ remained almost constant while Li*

concentration steadily deaeased with time.

1.3Adsorption d Lithium and aher lons on Sili cates

It is now generally accepted that the adsorption o sulphates on C-S-H in cementitious systems
hea treaed at temperatures over 700C is resporsible for the formation d DEF at later ages
under moist condtions that inevitably promote the desorption d the sulphates into pae solution.
During the process desorbed sulphates encounter monosulphate and react with it to form
ettringite. This formation d ettringite in already hardened concrete later in its life is disruptive

and hes been referred to as delayed ettringite formation.

In cementitious systems containing Li*, Nat, K+ and SO42- the ions in solution have to

compete for adsorption onthe C-S-H surface during hydration with o withou hed treament.
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Although some authors have agued atherwise [18], it has been advanced that adsorption o

lithium ionisfavoured over the alsorption d sodium or potassum ions[17].

1.4 Control of Delayed Ettringite Formation
DEF isafairly recent deterioration medchanism and alot abou this medianism is gill unknown.

However, some control measures have been promoted for prevention d DEF [19]:

e Limiting the maximum curing temperature to < 700C
» Seledive use of cement types and their content in concrete. Type 30 cements and the

use of high cement contents lead to high DEF susceptible mncretes[20, 21, 1
* A hdlistic gpproach to DEF control by focusing on ony threefadors. the late SO42'

release from cements, microcrading, and avail abili ty of moisture [22]
e Use of suppgementary cementing materials (slag, fly ash, slica fume, natura

pozzolans) has been reported to mitigate DEF [23, 24

This paper reports new findings to the effect that lithium nitrate popuarly known for controlli ng
ASR were foundto be dfedive in reducing DEF as well. Hea cured mortars and concretes
containing reactive and nonreactive aggregates were used in this investigation. The camentitious
systems used were designed to develop the presence of one or both mechanisms. Studies
included expansion monitoring, formation d lithium complex products, and leading of water-

soluble dkalisfrom the pore solution.



2.0 Experimental
High early strength Portland cement CSA Type 30 was used in this investigation to generate

DEF when subjeded to heat treament. Table 1 shows the dhemicd anaysis of a sample of
cement used. Mortar bars, 25x 25 x 285 mm were prepared and moist cured at 23°C or steam-

cured at 959C. Mortar mixtures consisting of 1:2.250.47 cement to sand to water were made
using nonreactive 20-30 standard sand as described in ASTM C-778 a crushed Placitas
aggregate. The Pladtas (from New Mexico, USA) aggregate was of sand and gravel rock type

known to contain reactive volcanic glasscomporent [25].

Concrete mixtures were made & 0.45 water-cement ratio and wsed to cast 75 x 75 x 285 mm
prisms. Glaga sand and 10mm crushed dolomitic stone were used for non-reactive aggregates
while the highly readive Placitas coarse aggregate [25] was used in concrete mixtures to
generate ASR. The dfeds of lithium were studied using lithium nitrate commercially avail able
in North America A dosage of 0.74molar ratio of Li to (Na+K) was added. No air entrainment

or other admixtures were used in the mortar or concrete mixtures.

Concrete prisms and mortars were cast in sted moulds and hea-cured at 95°C. Steam curing of
concretes was made acording to a conventional 18-hou curing cycle using a programmable
environmental chamber. The cycle agplied consisted of 4 haurs delay (preset) period,

temperature rising at 200C/hour, then the maximum temperature of 950C was maintained for 9

hours followed by codling back to 23PC as shown in Figure 1. The arring cycle used for mortars

was the same & that described for concretes except that a longer period d 12 haurs was



maintained at 95°C during steam curing of mortar bars. Spedmens were demoulded after heat

treament and stored in limewater.

3.0 Results

3.1 Expansion Measurements

The length change of mortar bars and concrete prisms was monitored for different storage
condtions. All measurements were taken at room temperature and wsed to cdculate expansion.
Figure 2 gives the dfed of using lithium nitrate on hed-cured mortars made using nonreadive
20-30 standard sand (Ottawa sand) and hghly reactive aqushed Pladtas aggregate. Mortar

spedmens were stored in limewater to maximize delayed ettringite formation. Cement alkalis

(Nat, K1), being highly water soluble were substantially leached ou in the early ages of storage
(as a1 in Figure 6) and this would dminish expansion die to ASR. The observed expansion is
likely to have been primarily due to delayed ettringite formation. The two aggregate types had
different effeds on DEF expansion with the quartz (standard sand) aggregates showing a higher
expansion than Pladtas. Different aggregate types are known to give varied effeds on DEF [26,
27]. This is attributed to the varied wegnesses of aggregate/paste bond and pessble cdemicd

reagion between cement paste and some types of aggregates. Interestingly, the use of LiINO3

showed a significant impad of mitigating DEF expansion in bah aggregate types for a period o

monitoring of up to amost two years.

Similar observations were obtained in concretes made using limestone aggregate & down in
Figure 3. Hea-cured concrete specimens free of lithium salt exhibited high expansions due to

DEF but the mrrespondng concretes containing LiNO3 had na shown expansion by the time of

compili ng this report. Additional experiments were conducted using hea-cured concretes made
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with Pladtas as coarse aggregate in order to produce ASR. Storage & 389C over water as
recoommended in ASTM C-1293 was used to ensure akalis remain in the wncretes and
participate in ongoing reactions. Results in Figure 4 show that expansion in moist cured
concretes free of lithium was around 0.0%. For correspondng heat-cured concretes free of
lithium however, there was a steady increase in expansion throughou the period d monitoring
reading 1.49% in ore year. It is likely that some or most ASR arealy took dace during heat
treadment under restraint provided by sted moulds leaving littl e or no alkalis avail able during
storage for akali-silicareadion. It follows that most of the expansion olserved later was due to
DEF. Indeed, Diamond and Ong [10] reiterated that in a cementitious system where both
mechanisms exist, ASR occurs ealier and most expansion olserved in the longterm is due to

DEF.

The ASR-DEF concrete system containing lithium salt addition again showed mitigation o
expansion at ealy ages but some expansion accurred later. This observed late expansion seemed
to have the same dharader as that of the @rrespondng lithium-free oncretes. This implies that
there was insufficient dosage to control bath medhanisms. Since ASR occurs earlier than DEF,
most of the lithium present in the system was consumed duing ASR and the amourt of lithium
left afterwards, if any, was insufficient to control DEF. This appearsto be areasonable argument
given that the dosage of 0.74 molar ratio of Li: (Na+K) used for the lithium salt is considered

sufficient for (only) ASR control. It follows that a higher dosage of LiNO3 would be required to

ameliorate expansionin a system containing both ASR and DEF.



3.2X-Ray Diffradion

It can be observed from Figure 5 that upon teat treament of mortars at 95°C, ettringite was
destroyed or did na form as no ettringite peaks were observed in the one day spedmens. Some
monasulphate gopeared to exist in the system as expeded. At the later age of 672 days, there
were strong ettringite pegks in lithium-free mortars that accourted for the high expansion d
1.6% given in Figure 2. For mortars containing lithium salt admixture, ettringite peeks were still

formed bu had arather reduced intensity (seeFigure 5).

3.3Retained Lithium

For mortar spedmens gored in limewater, the highly water soluble sodium and pdassum ions
were leached ou of pore solution in the first few weeks, much faster than the leaching of free
lithium ions as given in Figure 6. The ad¢d-soluble (total) lithium and water-soluble lithium ions
present in mortars were monitored for a period d 1.7 years. Figure 7 shows that a substantial
amourt of lithium ions were retained in the mortars. This retained lithium is suspeded to be
resporsible for the mitigation d DEF expansion. However, the retained lithium given in Figure 7
appeas to be dightly soluble. Fortunately, most field applications invave massve @ncretes

where leaching out of alkalis may naot be of significance

It is posgble that lithium may be retained in the cementitious system by mechanism(s) such as
chemicd sorption, physicd adsorption a chemica binding in some form of lithium silicae

complex compoundas suggested in the literature [28, 15, 16. Lithium metasili cae (LipSIO3)
and orthosilicate (LigSiOy4) are the only known lithium silicae wmpounds [29]. Lithium

aluminasili cae (LiAISIOy) is the other pasgble lithium complex compoundthat may be formed.
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They are somehow soluble in cold water and that confirms the leaching studies condicted. But a
gred dea remains unknown such as the eff ective dosages for control of DEF depending on the
type of lithium salt, aggregate type, the dhemicd interadions and mechanism itself that ensures

the dfedivenessof lithium salt.

4.0 Conclusions

In the wake of coexistence of ASR and DEF in deteriorated field concretes and the asciated
diagnostic problems, limited investigation d the potential of utilizing lithium salt to mitigate
both damage medanisms was conducted. This was considered important for the fact that use of

lithium salt in such cases would be of doulde benefit.

1. Inded, the incorporation d alithium salt in hea-cured mortars and concretes is effedive in
reducing expansion die to delayed ettringite formation as it does to alkali-silica reaction

although the mechanisms and required dcsages in each case may differ.

2. The ettringite pe&s formed in heat-cured mortars and concretes containing lithium salt
additions appea to be lessthan the peaks formed in lithium-free cementitious g/stems and

this corresponds well with the observed expansions.

3. The dfediveness of lithium salt in reducing delayed ettringite formation is related to its
retention in some form within the cementitious system thereby ensuring its existence in the

system. The retained lithium was foundto be slightly soluble.
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TABLE 1 Chemica analysis of CSA Type 30 Portland cement

SiOp Aly0O3 FepO3 CaO SO3 K90 NapO NapOe LOI Blaine (cm?/g)
CSA Type30 | 20.38 515 206 6341 482 1.21 0.10 0.9 0.91 5490

A
Peak

Temperature B1® hous

(959C) 200C/h 200C/h
4 hours 1lhou
23

Time (hours)

FIGURE 1 Conventional 18-hou heat curing cycle gplied to mortars and concretes
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FIGURE 2 Mitigation of expansion by admixed LiNOg3 in mortars made using reactive

Placitas and non-readive quartz aggregates. The mortars were stored in li mewater at
room temperature
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FIGURE 3 Lithium ameli orates DEF expansion in heat-cured concretes made using
nonreadive limestone aygregates and stored in limewater at room temperature
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FIGURE 4 Mitigation of expansion by LiNOg in concretes containing both DEF and ASR. The
concretes were made using Placitas coarse aggregates and stored over water at 38°C (ASTM C-1293
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FIGURE 5 XRD patterns of heat-cured mortars, OS-quartz (Ottawa sand),

Li-lithium, MS-monasul phate, E-€ttringite, CH-cdcium hydroxide
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FIGURE 6 Alkali | eaching from hea-cured quartz mortars stored in limewater at 23°C
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FIGURE 7 Monitoring of lithium retained in heat-cured quartz mortars gored in limewater

at room temperature



