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INTRODUCTION

Parts of this chapter have been published in Souza and Polder, Fifth International PhD Student Workshop on
Durability of Reinforced Concrete, 2012) [1].
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1.1. BACKGROUND OF THE THESIS

LKALI-silica reaction (ASR) is a deterioration mechanism that affects the durability
A of concrete structures worldwide. In the Netherlands, it has been diagnosed in tun-
nels, bridges and locks. The most noticeable case being the bridges on motorway A59
[2]. During the reaction, hydroxyl and alkali ions present in the pore solution react with
certain reactive siliceous compounds present in the aggregate producing a hygroscopic
ASR gel. Alternatively, the silica structure is dissolved by hydroxyl ions and the degraded
structure acts as a hygroscopic silica gel. The gel (or gel-like structure) swells - which
may lead to the expansion and cracking of the concrete element [3], [4].

While the expansion of concrete elements may affect the functionality of the struc-
ture, cracking may also facilitate the ingress of moisture and aggressive agents (e.g. chlo-
ride) which contributes for the development of other deterioration mechanisms [3], [5],[4].
The reaction is slow — it takes 5 to 15 years (and even longer in some cases) to be noted.
This means that, even though precautionary measures to avoid ASR have been acknowl-
edged for decades, it is still possible to encounter newly diagnosed cases [3].

Once a concrete structure is diagnosed as affected by ASR, the intervention options
currently available are limited [4]. If the symptoms are treated (e.g. crack filling, cutting
new joints), the reaction will continue and repair will have to take place repeatedly, in-
creasing the total life-cycle cost of the structure. Amongst the procedures that address
the causes of ASR, limiting the ingress of external water by the application of sealers or
improving drainage seems to be the most viable [4]. Nevertheless, such methods have
limitations (e.g. application on massive concrete structures) and their effectiveness has
shown to be variable [6]. There is still need for an effective intervention method. In this
framework, the application of lithium compounds has been investigated as a possible
alternative mitigation method.

The beneficial effects of the addition of lithium based admixtures in the reduction
or prevention of deleterious ASR expansion have been acknowledged since the 1950’s
(e.g. [71, [8],19]). Several studies have investigated the influence of varied lithium salts
(LiNO3, LiOH, Li»CO3, amongst others) in concretes and mortars composed with differ-
ent reactive aggregates. At certain addition levels (depending on the type of lithium salt
and reactive aggregate) ASR expansion is suppressed. Figure 1.1 shows the effects of the
addition of LiOH on the development of the reaction on the surface of opal particles. It
is generally agreed that the presence of lithium salts alters the reaction mechanism ei-
ther by hindering the formation of the ASR gel or modifying the gel into a less expansive
product [10], [11], [12], [4].

On one hand, the use of lithium based admixtures is a valuable preventive method to
be taken into account during the design of new concretes structure. On the other, when
treating already existing structures, the incorporation into the fresh mixture is, obviously,
no longer possible. In this case, lithium needs to be transported into the material.

Potential treatment methods of existing structures such as spraying and vacuum
impregnation [14],[15] have been investigated. However, in those studies, penetration
depth is limited - most lithium ions do not penetrate more than about 25 mm. Some
investigations compared different methods, such as submitting samples to immersion,
vacuum impregnation, wet-dry cycles or electrochemical migration and the latter showed
to be the most suitable, providing better penetration and higher concentration [15], [16].
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Figure 1.1: Scanning electron microscope images of opal particles after 28 days in Ca(OH)2 and KOH solu-
tion. LiOH was added to the solution of the grains shown in (b). Figure (a) shows the formation of a gel-like
product and the loss of angularity of the grains, indicating that dissolution or erosion took place. On the other
hand, Figure (b) shows more angular particles, with rougher surface, indicating that lower levels of dissolution
occurred and less product was deposited [13].

Electrochemical lithium migration has been investigated by numerous authors (e.g.
[17], [15], [18], [19]). Nevertheless, there is still no consensus on the effectiveness of
lithium migration as a treatment against deleterious ASR expansion. Indeed, deeper un-
derstanding of the basics behind lithium migration and its effects on ASR affected con-
crete is still necessary.

1.2. OBJECTIVE OF THE THESIS

HIS thesis aims to give further insights in the feasibility of electrochemical lithium
T injection as a treatment against deleterious ASR expansion. In order to do so, this
project aims to elucidate qualitative and quantitative basics of lithium migration, ori-
ented towards application, and possible effects on ASR affected concrete. A better un-
derstanding of lithium migration basics was obtained by studying the influence of dif-
ferent parameters on ionic transport, both experimentally and by means of a numerical
model. Two-chamber set-ups, with external cathodes, were used in most experiments
as this configuration allows both lithium ingress and alkali (sodium and potassium) re-
moval. The influence of embedded cathodes on migration was also studied. The po-
tential impact of ASR development (and possible cracking) on lithium migration was
experimentally investigated. The effects of the electrochemical treatment on ASR devel-
opment were evaluated by monitoring the post-treatment expansive behavior.

1.3. MODELING, NON-DESTRUCTIVE TESTING AND LI-BASED
REMEDIATION OF DELETERIOUS ASR IN CONCRETE STRUC-

TURES

T HE research developed in this thesis is part of a larger research project entitled "Mod-
eling, non-destructive testing and Li-based remediation of deleterious Alkali-Silica




4 1. INTRODUCTION

Reaction in concrete structures”. The project was divided into three different topics, as
shown in Figure 1.2. The first two subjects are being investigated at TU Eindhoven while
the third, present in this thesis, was studied at TU Delft. The topic "Non-destructive
measurement of sodium, lithium and water transport in cementitious matrix and ASR
gel" is currently under investigation by the PhD candidate Sofiia Venglovska. The topic
"The fundamentals of ASR and influence of lithium ions on the development of ASR",
will be the subject of research in the near future. Finally, the project entitled "Lithium mi-
gration for remediation of ASR at macro level in existing (hardened) concrete" is present
in this thesis.

The research project was funded by STW (Dutch Technology Foundation) and was
part of a program entitled "Integral Solutions for Sustainable Construction" (IS2C).

Position 1
Fundamentals of ASR and effect of lithium
TU Eindhoven

Position 3
Lithium migration for remediation of ASR at
macro level in existing (hardened) concrete
TU Delft

Position 2
Non-destructive measurement of sodium, lithium and water
transport in cementitious matrix and ASR gel
TU Eindhoven

Figure 1.2: An overview of the IS2C project - Modeling, non-destructive testing and Li-based remediation of
deleterious ASR in concrete structures.

1.4. OUTLINE OF THE THESIS

HIs thesis is composed by six chapters and it is organized as shown in Figure 1.3.

Chapter 1 presents the introduction of the thesis with a brief overview on alkali-
silica reaction, the limited available possibilities of repair and the use of lithium on as
mitigation method.

Chapter 2 presents a literature review on ASR, the chemistry involved and proposed
expansion mechanisms. A survey on preventive measures against ASR is then presented,
with emphasis on the use of lithium-based admixtures. Currently available interventions
against ASR are then reviewed and the limitations of their applications are discussed.
Finally, a review of electrochemical lithium-based treatment against ASR is presented.

Chapter 3 evaluates the influence of various parameters on lithium migration in mor-
tar specimens. The effect of use of different lithium solutions, at different concentrations
and from different lithium salts, on migration is analyzed. This chapter also presents the
investigation of the influence of treatment time on lithium transport and the possible
effects of longer treatment periods on the specimens. Finally, a study on the influence of
the use of embedded cathodes on migration is presented. As the reinforcement of struc-
tures affected by ASR may be used as cathode, like in treatments such as electrochem-
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ical chloride extraction, this possibility needs to be investigated. The test parameters
that provided best lithium migration, in terms of higher lithium content and best pene-
tration depth, and least undesirable side effects were determined and used in following
experiments.

Chapter 4 presents a mathematical model for ionic transport in porous media due to
migration, diffusion and convection. In addition, it shows the numerical implementa-
tion of such a model for experiments presented in Chapter 3. Experimental results for
electrolyte concentrations, ionic profiles in the specimens and passing current densities
are compared with values obtained from the model, in order to validate it.

Chapter 5 investigates lithium migration in ASR affected concrete. Test parameters,
such as anolyte solution and treatment time, were determined based on the findings of
previous chapters. The influence of different expansion levels at the beginning of the
treatment was studied as well as the effect of lithium migration on ASR expansion. This
chapter also shows the effects of other treatments, such as lithium diffusion and alkali
removal (under current), on ASR expansion.

Finally, Chapter 6 presents the concluding remarks and recommendations for future
research.

Chapter 1
Introduction

Chapter 2
Literature review

Chapter 3 Chapter 4
Lithium migration in [> Modelling of lithium
mortar specimens migration in mortar

L

Chapter 5
Effect of lithium migration
on ASR induced expansion

L

Chapter 6
Concluding remarks

Figure 1.3: Thesis outline
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2.1. ALKALI SILICA REACTION - OVERVIEW
LKALI-silica reaction (ASR) is a deleterious process in which alkali and hydroxyl ions
from the pore solution in concrete react with reactive siliceous compounds from the
aggregate. Hydroxyl ions dissolve the silica structure, which then acts like a hygroscopic
silica gel. Alternatively, a hygroscopic ASR gel is formed from the dissolved silica. Either
way, the gel (or gel-like structure) swells, leading to the development of internal stresses
and expansion and cracking of the concrete element [2], [3].

ASR symptoms include cracking, misalignment of structural elements, closing of
joints, spalling of concrete over reactive aggregate particles and gel exudation from cracks
[2],[4]. Figure 2.2 shows examples of ASR effects.

Concrete structures worldwide are affected by alkali-silica reaction. Stanton [5] first
reported it in 1940, in his investigation on cracked concrete structures in California.
Since then, numerous cases have been reported all over the world. In fact, in 1992, Poole
[2] reported that only a few countries had not identified structures damaged by ASR and
that there were affected constructions in all continents. It is a slow degradation mecha-
nism - although it typically takes from 5 to 15 years for its effects to be noted, there are
reported cases in which damage was observed only after 25-40 years post construction
[2].

H,0

Reactive
Sio,

K+
Reactive Reactive
Sio,
Na*

ca’ off 3 H,0

Figure 2.1: Scheme showing ASR evolution. Hydroxyl and alkali ions react with reactive silica in aggregate
particle, producing a hygroscopic gel. As the gel absorbs water, it expands, leading to expansion and cracking
of the concrete element(adapted from [4] and [6]).

2.1.1. CHEMISTRY OF ALKALI SILICA REACTION

ILICATES are primarily composed of a 3D framework of silica (SiO,) tetrahedrons,

with four oxygen atoms surrounding a central Si atom [3],[10],[11]. The reactivity of
the silica in the aggregate depends on its crystal structure. In order to be ASR reactive,
the siliceous aggregate should have a poorly crystalline form of silica or contain many
lattice defects or be amorphous (or glassy). Opaline silica, chalcedony, volcanic glass
and cryptocrystalline (or microcrystalline) quartz are some of the materials that have
been identified as ASR reactive in concrete [2].

Dent-Glasser and Kataoka [12], [13] described the dissolution of the reactive silica as
a two-stage process. First, the high pH pore solution attacks the reactive silica, breaking
the siloxane bonds (Si-O-Si) into silanol (Si-OH) bonds. Then, hydroxyl ions react with
the silanol bonds previously formed, converting them into Si-O~ groups. Siloxane bonds
may also be attacked by hydroxyl ions and form Si-O~ groups. The reactions of silica
dissolution are shown below:
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(c)

Figure 2.2: (a) ASR-induced map-cracking [7]; (b) Misalignment of adjacent concrete elements due to ASR
expansion [8]; (c) Gel exuding from a crack [9].

Si-0-Si+H,O— Si—OH..HO-Si (2.1)
Si-OH+OH — Si— 0 + H,0 (2.2)
Si-0-Si+20H — Si—-0 + O0-Si+ H0 (2.3)

Depending on the amount of hydroxyl ions available, this process will repeat many
times, fragmenting the once three dimensional silica framework into separate groups, of
variable sizes, with Si-O~ groups [14]. The negative charge of the silicate anions can be
balanced by sodium and potassium, which are available in the pore solution [3],[12]. For
example, in the case of sodium, the following reaction takes place:

Si—-O +Na"— Si-0..Na (2.4)

Some of the incorporated sodium (or potassium) ions might later be replaced by cal-
cium ions and return to the pore solution, in a process called "alkali recycling" [3]:

28i—0..Na+Ca"™™ —2Na*+Si—0...Ca...Si— O (2.5)

In addition, calcium ions also balance the negative charge of the silicate anions:
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285i-0" +Ca*" — Si—-0...Ca..0-Si (2.6)

Finally, an amorphous or poorly crystalline alkali silica gel is formed. It is believed
that the presence of calcium is necessary for the gel to be formed - otherwise, only the
dissolution of silica takes place (e.g. [15],[16]). The composition of the ASR gel varies
with time and location in the concrete element. The gel inside of cracks has a higher
calcium content than the gel in the aggregate, whereas the opposite trend is observed
regarding silicon concentrations [17],[18]. Nevertheless, the ASR gel generally has a high
silica content, lower calcium content and low alkali content. The silica and calcium lev-
els are highly variable while alkalis are found in relatively constant levels [18].

The gel is usually located around the reactive aggregate particle, if the latter is entirely
composed by reactive silica [3],[19]. However, it can also be located within the aggregate
particle, when the aggregate is composed of reactive silica distributed in a matrix of non-
reactive material or in the presence of micro-cracks. In these cases, the pore solution
diffuses into the aggregate, where the reaction takes place [3].

2.1.2. EXPANSION MECHANISM OF ASR

IFFERENT mechanisms have been proposed in order to explain concrete expansion

due to ASR throughout the years. Hansen [20] proposed that the hardened cement
paste around reactive aggregate particles would act as a semi-permeable membrane. It
would allow water, hydroxyl ions and alkali ions to pass through, but it would prevent the
diffusion of larger silicate ions. This way, osmosis would occur: water would be drawn
into the alkali-silicate gel and it would build up a hydraulic pressure against the cement
paste. Eventually, the osmotic pressure would lead to the expansion and cracking of the
cement paste.

Similarly, Chatterji et al. [21] attributed expansion to the different transport rates
of species (water, sodium, calcium and hydroxyl ions) quickly moving into the reactive
aggregate and silicon ions slowly moving outwards. Consequently, the accumulation of
species in the particle would lead to the generation of expansive force.

The absorption theory defends that ASR expansion would be caused by water ab-
sorption of the gel [22]. In this theory, as the gel absorb water, it swells. Once the it
reaches a certain level of swelling, internal stresses would be developed, resulting in ex-
pansion and cracking of the concrete. The magnitude of the expansion would depend
on the volume fraction of the gel and its physical properties [22]. On the other hand,
Powers and Steinour [23] proposed that both absorption and osmosis theories are fun-
damentally in harmony. According to the authors, expansion is caused by swelling of
the gel due to water absorption, if the gel is solid. However, if the gel is liquid or plastic,
expansion is caused by the action of hydraulic (osmotic) pressures.

Prezzi et al. [24] developed a model based on the electrical double-layer theory.
When the silica dissolution takes place, its surface becomes negative. The model defends
that an electrical double layer of cations from the pore solution (i.e. sodium, potassium
and calcium ions) is formed to balance the negative charge. The repulsion effects of the
double-layer lead to the expansion of the gel.

Garcia-Diaz et al. [25] proposed that the ASR expansion is caused by the de-polymerization
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of Q4 ! silica tetrahedrons (siloxane bonds) into Qs sites, during the attack of the silox-
ane bonds by hydroxyl ions. The transition causes swelling and micro-cracking of the
aggregate and increases its specific pore volume up to seven times.

2.2. MEASURES TO PREVENT ASR

OUR components are essential for the development of ASR [2], [3], [14], [28], [29],
[30]:

e Critical amount of reactive silica
e Sufficiently alkaline pore solution
* Source of soluble calcium (e.g. portlandite) to form deleterious gel

o Sufficient moisture

Limiting the availability of one or more of those components will prevent deleteri-
ous ASR expansion in new concrete. Using non-reactive aggregate seems to be the most
straightforward method to avoid ASR. However, this method is frequently impractical,
due to limited availability in several places [3], [11]. In addition, cases have been re-
ported of aggregates that showed to be ASR reactive in the field even though they were
classified as non-reactive by laboratory tests [11].

The alkalinity of the pore solution can be limited by using low alkali cement (less than
0.60% sodium oxide equivalent (NazO,gq) 2 limiting the alkali content of the concrete
mixture and by using sufficient amounts of supplementary cementitious materials [30].
Even though the use of low alkali cements has demonstrated to be effective, there have
been occasional reports of deleterious expansion in concretes with such cements [30].
In addition, this measure might not be effective if there are other sources of alkalis, such
as aggregates, admixtures or external sources (e.g. seawater or de-incing salts)[11], [30].

When limiting the alkali content of the concrete mixture, not only the alkalis from
cement are considered, but also other sources are taken into account. This measure is
acknowledged the most easily applied and monitored of all methods[3]. For aggregates
of medium reactivity, the limit is typically between 2.5 - 3.0 kg/m? Naz O, [29],[30]. Al-
though considering sources of alkalis other than the cement is a good practice, it is not
clear how much of the total content of alkalis from such sources is leachable. Rajabipour
et al.[3] recommend that, in structures with high risk of ASR, the limitation of alkali con-
tent should be considered in combination with the application of other measures.

The use of supplementary cementitious material (SCM), such as low lime fly ash, sil-
ica fume and blast furnace slag, is the most common measure to control ASR in new
structures [3], [30]. These materials control ASR development by decreasing the pH
of the pore solution (due to alkali binding alkali), consuming portlandite and reducing
mass transport (due to pore refining) [3], [29], [31], [32]. There is also evidence that the

1Q n, with n = 0..4, is a notation for a silicon tetrahedron with four oxygen attached; n indicates the number of
’Si’units connected through the oxygens to an individual silicon atom (forming Si-O-Si bonds) [25], [26], [27].
2 %Naz0eq = %Naz 0 +0.658%K, 0
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aluminum present in some SCM (such as fly ash and metakaolin) may have beneficial ef-
fects mitigating ASR development [33], [34]. The proportion of SCM necessary to prevent
deleterious expansion depends on the type of SCM and on the reactivity of the aggregate
[30].

There is evidence that at relative humidity (R.H.) values below 80%, ASR expansion is
reduced or suppressed [8]. The access of water to the concrete structure can be reduced
by external cladding or tanking (protection that uses a waterproof barrier). However,
this is not an effective method in cold and very humid environment. Surface treatments,
such as coatings and impregnations (such as silanes and siloxanes) aim to prevent the
ingress of water at the same time it allows internal moisture, in the form of vapor, to
escape [35]. Nevertheless, the application of such products has exhibited variable per-
formance and it is not regarded as a preventive method against ASR expansion [30].

Finally, the addition of lithium compounds in the concrete mix is regarded as an ef-
fective means of controlling ASR deleterious expansion [3],[4],[30]. This last preventive
measure will be discussed in more details in the following subsection.

2.2.1. EFFECTS OF LITHIUM ADMIXTURES AGAINST ASR

HE incorporation of lithium based admixtures has been investigated since the 1950’s.

McCoy and Cadwell [36] reported the beneficial effects of the addition of lithium
salts in the reduction or prevention of ASR deleterious expansion in mortar bars contain-
ing Pyrex glass as aggregate. Their investigation studied over 100 different compounds
and lithium salts (LiCl, Li,COs, LiE Li,SiO3, LiNO3 and Li,SO4) were the most effective
in mitigating ASR expansion. The minimum lithium to alkali (sodium and potassium)
dosage molar ratio (%) to suppress the reaction was 0.74.

Since then, several authors (e.g. [37], [38],[39]) have studied the influence of the ad-
dition of various lithium salts on the expansive behavior of concretes and mortars com-
posed with different reactive aggregates.

The amount of lithium to prevent ASR deleterious expansion strongly depends on the
nature of the aggregate, the alkali content and the type oflithium compound [4],[40],[41].
In high alkali content concrete, the minimum lithium to alkali molar ratio necessary to
prevent expansion varies between 0.67 and 1.20, for different combinations of reactive
aggregate, alkali content and lithium compound [40]. If the dosage of lithium is insuf-
ficient, higher levels of expansion can be observed, when compared to control samples
(without lithium). This is known as the “pessimum effect” and is probably caused by the
increase of alkalinity with the addition of certain lithium compounds, especially LiOH
[40].

Among all lithium salts investigated, LiNOj is the preferred one. It does not increase
the alkalinity of the pore solution, as it has neutral pH and it is highly soluble [4],[30],[40].
Indeed, commercially available lithium-based admixtures to prevent ASR expansion are
LiNOs3 solutions (e.g. Sika®Control ASR and Lifetime ®N admixture).

Although the benefits of the addition of lithium compounds against ASR expansion
in new concrete has been acknowledged for years, the mechanisms involved are not still
fully understood. According to Rajabjpour et al. [3], Feng et al. [40] and Folliard et al.
[42], the main proposed mechanisms include:

* Alteration of ASR gel composition into a less expansive product by lithium;
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* Reduction of the dissolution rate of silica by lithium;

¢ Lithium may hinder the formation of ASR gel by decreasing the ASR gel repolymer-
ization;

e The repulsive forces between colloidal particles of the ASR gel may be reduced by
lithium.

2.3. SUGGESTED INTERVENTIONS AGAINST ASR

HE intervention methods for ASR detected in existing structures can be divided into

two categories: those that deal with the symptoms and measures that address the
causes of ASR (that is, that interfere with the mechanism of the reaction) [4], [28].

Methods that minimize or manage the symptoms include crack filling, cutting and
applying restraint or confinement. Crack caulking/filling can recover the integrity of
cracked concrete and protect the structure against the ingress of deterioration agents
(e.g. water, external alkalis, chlorides). Flexible grouts or caulking are generally more
effective in filling the cracks [4],[35].

Cutting joints is helpful in relieving the stresses generated by ASR. This method has
been applied in various massive hydraulic structures, such as dams. As this measure
does not stop (or reduce) ASR expansion, it is common that new joints need to be cut
again after some time [4],[35].

The application of restraint or confinement (e.g. enclosing of the affected element
by new non-reactive concrete or fiber-reinforced polymers, applied stress or reinforce-
ment) has shown to be effective in reducing ASR expansion [3],[35]. This method affects
the structural behavior of the construction and requires detailed structural analysis be-
fore the implementation of the measure [35]. Figure 2.3 shows a foundation elements
receiving post-stressed reinforcement in order to mitigate ASR.

Amongst the approaches that address the causes of ASR are the use of coatings and
penetrating sealants, cladding and drains or treatment with lithium compounds. Meth-
ods such as the application of coatings, cladding and drains as a mitigation measure aim
to reduce the access to water, as previously discussed. Improving drainage may redirect
the water away from an ASR affected structure. The application of cladding may be in-
teresting; however, the remaining moisture in the structure might be sufficient for ASR
development [35]. Although the use of coatings and penetrating sealants (such as silanes
and siloxanes) is not recommended as a preventive measure by RILEM [30], their appli-
cation on ASR affected concrete is regarded as effective in reducing further expansion by
other authors [35], [44], [45].

Figure 2.4 shows the comparison between two sections, one treated with silane and
the control, three years after the application. It is possible to observe that the treatment
prevented further expansion and cracking. Nevertheless, there are limitations. In mas-
sive concrete structures or structures that are fully submerged, for example, it is unlikely
that a topical treatment will decrease the relative humidity of the core. In concrete with
large width cracks, it is necessary to close those cracks before the treatment [35],[44].

Treatment of ASR affected concrete with lithium compound solutions has been in-
vestigated by various authors. Applying lithium solutions by methods such as immer-
sion, ponding or wet and dry cycles is effective in reducing further ASR expansion in
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Figure 2.3: Post-tensioned reinforcement on a foundation element affected by ASR. In this case, Dywidag ST
85-105 steel rods were placed in parallel to the longest sides of the element. The tension was distributed to the
concrete block through three metallic profiles placed on the shortest sides. The concrete used to encapsulate
the element had non-reactive aggregate and the addition of micro silica, in order to avoid ASR[43].

Sealed section - ~

Figure 2.4: Comparison between silane-sealed and unsealed sections. The control section has far more cracks
than the treated one. The photo is from three years after the application of silane[44].
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small laboratory specimens [28], [46], [47]. Stark [28] dried the specimens for a day and
soaked them for two days in saturated LiOH, Li»,CO3 and LiF solutions. In all cases, the
remaining expansive behavior was significantly reduced, when compared to the control.

Thomas and Stokes [46] investigated the penetration depth of lithium ions in spec-
imens that were submitted to different treatments, using 30% LiNO3 solution: immer-
sion, wet and dry cycles and vacuum impregnation. Immersion was the method that led
to lowest contents of lithium, whereas vacuum impregnation led to the best results in
terms of lithium content and depth of impregnation (of at least 30 mm). Even though
wet and dry cycles resulted in lithium impregnation of only the first 20-25 mm, the treat-
ment reduced expansion, when compared to the untreated case. Kawamura and Kodera
[47] treated mortar specimens by immersion in 0.5 M LiOH solution at different ages.
The treatment is effective in reducing the remaining expansion. However, the authors
obtained similar results by immersion in water, which could indicate that the reaction
was affected by leaching of sodium and potassium rather than by the ingress of lithium.

On the other hand, there is little information on the effectiveness of this type of treat-
ment in structures in the field [35]. Stokes et al. [48] presented the case of topical appli-
cation (spraying) of a 30% LiNO3 on an ASR affected pavement during three years. Cores
were extracted and lithium concentration profiles were obtained. In uncracked concrete,
lithium reached penetrations of 20-30 mm. In moderately cracked concrete, lithium was
found until the deepest analyzed portion (50 mm), indicating that possibly even further
penetration took place. It is not clear though whether lithium was found at deeper por-
tions in the region between cracks. After the three years of treatment, untreated sections
presented higher levels of deterioration than the treated ones.

Folliard et al. [49] reported field application of lithium treatment in various struc-
tures affected by ASR. A pavement section was treated by topical applications of 30%
LiNOs solution, as show in Figure 2.5. Limited lithium penetration was observed. In
fact, the authors pointed out that only the first 4 mm had received enough lithium to
suppress the reaction.

Another case reported by Folliard et al. [49] was the treatment of highway barriers
with 30% LiNOj3 solution by topical applications and vacuum impregnation, shown in
Figure 2.6. Again, lithium penetration was limited and only the first 2-4 mm of the struc-
ture received enough lithium to avoid further expansion. Information regarding the ex-
pansive behavior of those elements during over five years was published in another work
[45] and neither treatment method was effective in reducing expansion.

Vacuum impregnation was also applied to a bridge column [49] and, although the
penetration was higher than in the cases previously discussed, it was still limited to the
first 10-15 mm. The region in the first 8-10 mm had enough lithium to suppress ASR, ac-
cording to the authors. Nevertheless, as Drimalas et al. [45] later reported, the treatment
was ineffective in preventing further expansion in the treated columns.

Electrochemical lithium treatments resulted in deeper penetrations and higher lithium
concentrations when compared to the methods previously discussed [46], [50], [49]. Fig-
ure 2.7 shows the comparison between vacuum impregnation and electrochemical treat-
ment regarding lithium concentration and it is clear that the use of current led to much
higher lithium contents. In the following section, investigations on electrochemical lithium
treatments will be discussed.
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Figure 2.5: Topical application (spraying) of LiNO3 solution to an ASR affected pavement [49].

(a)

(b)

Figure 2.6: Treatment of highway barriers by topical application (a) and vacuum impregnation (b)[49].
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Figure 2.8: Schematic diagram of the ionic movement during ECE. Positive ions move towards the cathode
(negative electrode), whereas negative ions move in direction of the anode (positive electrode).

2.4. ELECTROCHEMICAL TREATMENT AGAINST ASR

ONIC migration is the movement of ions in solution due to an electrical field. The
Ivelocity in which the ion moves, as well the direction, depend on its characteristics,
such as charge and size, and on the strength of the electrical field. Positive ions migrate
towards the negative electrode (cathode) and the negative ones go in the opposite direc-
tion, attracted by the anode [51].

In concrete structures the application of an electrical field to transport ions is the
principle behind electrochemical chloride extraction (ECE). Generally, during this treat-
ment, an electrical field is imposed between the reinforcing steel and an external elec-
trode immersed in an anolyte solution. Chloride ions are forced out of the concrete,
attracted by an external anode. A schematic diagram with the ionic movement during
ECE is shown in Figure 2.8.

The use of an electrical field to transport lithium ions into concrete was first sug-
gested by Page [52] in order to avoid ASR development induced by the alkalization of the
region around the rebar in structures under ECE. Whitmore and Abbot [53] described the
application of modified ECE to two bridge decks in the 90’s. The treatment procedure
was the same as for usual ECE, except that instead of water, a lithium borate (Li3BOs3)
solution was used as anolyte solution. The treatment lasted eight weeks. Dust samples
were collected from the first 32 mm of one of the decks and analyzed for lithium con-
tent. The lowest concentration was obtained at 19 to 32 mm from the surface and was
203 ppm. The authors made a rough estimation of the target concentration and that
would be 80 ppm. Therefore, the results showed that lithium migration was achieved in
a relatively short time of treatment. Nevertheless, neither the maximum depth of pene-
tration nor the effects of the treatment on ASR were investigated.

Matsumoto et al. [54] evaluated the effect of lithium migration on carbonated and
ASR affected concrete. ASR reactive concrete prisms were cast with a reinforcement bar
placed longitudinally, as shown in the scheme of Figure 2.9. They went under acceler-
ated carbonation for up to five months and then received the electrochemical treatment
for one or three weeks, under current density of 1.0 A/m? (in relation to concrete sur-
face). The reinforcement bar was used as cathode and the anolyte solutions were a 2 N
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Figure 2.9: Schematic diagram of a lithium migration test using reinforcement bar as electrode.

Li3BO3 solution or a 1 N NapCOj3 solution. The latter is usually used in realkalization
treatments. After the treatment, the specimens were placed under ASR accelerating con-
ditions (40 °C / R.H. 95%) for one year. Results show that both solutions worked well
against carbonation. The specimens treated with Li3BO3 had % molar ratios above 1.0
in the region near the surface. However, in the area around the rebar, much lower %
ratios were found. Nevertheless, the use of Li3BOj3 led to lower levels of expansion when
comparing to the specimens treated with Na;CO3. Interestingly, even though the longer
treatment led to higher levels of lithium ingress, the influence of the treatment duration
could not be observed on the expansion behavior. Finally, it is unclear whether lithium
reduced the expansion or the extra sodium injected during the treatment with Na,CO3
aggravated the problem.

The effect of ASR expansion (and cracking) on lithium migration was investigated by
Thomas and Stokes [46]. In their work, ASR reactive concrete cylinders (50 mm of height)
were cast and submitted to ASR accelerating conditions (storage over water at 38 °C)
until different levels of expansion and cracking were achieved, as shown in Table 2.1.
Then, the specimens were vacuum impregnated with limewater and placed in a two-
chamber migration cell, similar to the one prescribed by ASTM C 1202 [55], as shown in
the scheme of Figure 2.10. In this type of set-up, not only lithium is transported into the
specimen, but also sodium and potassium ions are forced to leave the specimen, which
also contributes to reducing further ASR expansion.

The catholyte was a mixed solution of 0.3 M KOH and 0.1 NaOH saturated with Ca(OH)3,

whereas the anolyte consisted of a 30% LiNOj3 solution. The voltage of 20 V was applied
and the duration of the experiment varied between 35 and 101 days, depending on the
expansion level. Lithium concentration in the catholyte was monitored and it showed
that the higher the pre-existing level of expansion (and cracking) of the specimens, the
faster lithium could reach the catholyte chamber. After testing, lithium concentration
profiles in the specimen were obtained. Interestingly, the specimen with the highest ex-
pansion (and the most visible cracks) had highest content of lithium, despite the short-
est migration time. Nevertheless, significant lithium content was detected throughout
all samples.

A number of other studies were also conducted in two-chamber set-ups, similar to
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Table 2.1: Expansion and cracking of tested specimens over time (adapted from [46]).

Curing time {(days) Expansion (%) Cracking Duration of test (days)
28 0.018 No visible cracking 101
70 0.061 Hair cracks 42

Significant map cracking

112 0.107 (crack width up to 1 mm)

35

1 Period of exposure to ASR accelerating conditions prior to testing.

D

L 3 -
Lithium N
solution Lit .
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Figure 2.10: Schematic diagram of two-chamber migration set-up.

the one in Figure 2.10. In a preliminary study of migration of lithium ions, Pacheco and
Polder [56] tested non-reactive mortar samples of water to cement ratio (w/c) ratio of
0.5. The specimens were cylinders with 100 mm of diameter and 50 mm of height. The
anolyte was a 1 M LiNO3 solution and a 0.3 M solution of NaOH was the catholyte. The
migration mechanism was evaluated in tests with applied voltages of 20 and 40 V, for 28
days. Some samples were also tested at 40 V for 7 days. During the tests, the passing
current was recorded and, once they were finished, lithium concentration profiles of the
specimens were obtained.

Results showed that the lithium content after the test depended on the time and ap-
plied voltage. Nevertheless, the concentration of lithium decreased towards the catholyte
regardless of the conditions of the test. Some specimens had LiNO3 added to the fresh

mixture, with % ratio of 1.0, to be considered as reference. The measured con-

centration of lithium in those specimens was 600 ppm. After four weeks of treatment,
the content of lithium in the first 10 mm was between 600 and 900 ppm. The maximum
concentration was obtained in the test with applied voltage of 40 V during four weeks
and it was about 1000 ppm in the first 5 mm. Nevertheless, even in this case, only the
first 10 mm had a concentration above 600 ppm. The authors observed an increase of
specimen resistance during the test. However, 24 hours after the end of the experiment,
the resistances decreased to values close to what was initially observed. They suggested
that this variation might be related the evolution of gas bubbles at the electrode and/or
to changes in the pore solution composition.
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Lee et al. [57] investigated the influence of the thickness of the specimens on lithium
ion migration in a two-chamber set-up. For that, concrete discs with 100 mm of diam-
eter and thickness varying from 50 to 200 mm were tested at the age of 28 days. In the
concrete mixture, reactive sandstone was used as aggregate, the Na;O,, was adjusted to
1.25% by addition of NaOH and the w/c was 0.6.

The specimens were tested under constant current density of 9.0 A/m? during 30
days. A solution of 1 N LiOH and a saturated solution of Ca(OH), were used as elec-
trolytes. During the test, sodium and lithium contents in the cathodic cell solution were
measured. The results showed the sodium ions were removed from the specimens and
accumulated in the catholyte during the experiment. The sodium content of the speci-
mens after the treatment decreased to values lower than 3.0 kg/ m3 Nay Oeq. Therefore,
in their work, the removal of sodium alone would be enough to prevent or reduce fur-
ther ASR. Regarding the movement of lithium ions, the authors concluded that the time
for the ions to pass through the sample was directly proportional to its thickness. The
average [[162] molar ratios of all samples, regardless the size, were higher than 2.0, above
the known mitigation values. However, most lithium ions were concentrated in the first
25 - 30 mm from the exposed surface. It is noteworthy that CaCOs crystals blocking the
pores were found in all specimens, leading to the increase of resistivity of the samples
during the test. In order to evaluate the effect of the treatment on the expansive behav-
ior, treated specimens were submitted to ASR accelerating conditions (38 °C and 100%
R.H.) for one year and the results indicate reduction of rate of expansion.

Instead of evaluating the treatment of cast specimens, Santos Silva et al. [50] tested
cores from concrete railway sleepers, which were cracked by ASR and delayed ettrin-
gite formation. Some cores went under the electrochemical treatment while others were
submitted to different mitigation techniques such as the application of different coat-
ings, immersion in 30% LiNOs solution and wet and dry cycles with 30% LiNOj3 solution.
Regarding the electrochemical method, cores with length of 50 mm and diameter of 74
mm were treated in two-chamber set-ups for a week under 20, 40 and 60 V. In this study,
the electrolytes were water and a 30% LiNOs solution. Like in other studies, the authors
observed the influence of the applied voltage on the efficacy of the ionic transport — the
higher was the voltage, the higher were the levels of ionic transport. The alkali removal
from the cores was also noted. In comparison to immersion or wet and dry cycles, mi-
gration was the method that led to higher lithium transport in both concentration and
depth of penetration. The effect of the electrochemical treatment on the expansion be-
havior was evaluated on cores treated under 60 V. After the treatment, they were placed
in a fog chamber at 20 °C and 95% R.H for 180 days. The results indicated that the elec-
trochemical treatment had better effect on the expansion than the application of coat-
ings. However, untreated samples were not evaluated, making it difficult to analyze the
efficacy of the treatments.

The behavior of the sodium, potassium and lithium ions in mortar under an electri-
cal field was investigated by Liu et al. [58], also in a two-chamber set-up. The electrolytes
were 1 N LiOH solution and a saturated Ca(OH); solution. The mortar was produced
with reactive meta sandstone, w/c of 0.5 and the total Na,O.4 was 11.37 kg/ m3. The
specimens were cylinders with diameter of 100 mm and 50 mm of height and were cured
for three months at 23 °C and 100% R.H. before being tested. Five different voltages were
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used, 12, 18, 24, 30 and 40 V, and the tests stopped once the flow of lithium had reached
steady state (approximately 33 days for the test at 40 V and 50 days for the rest).

The authors observed that the removal time of sodium and potassium ions depended
on the applied voltage. They also noted that the time for lithium ions to go through
the sample decreased when the applied voltage increased. Interestingly, the specimen
treated under 24 V had higher levels of lithium after the treatment then the one treated
under 30 V. The concentration data for the experiment with 40 V was not reported. The
alkali contents of all other specimens after the treatment were less than 0.6 kg/m3 and
the average ; N%fr]m ratios were above 9. Once again, it must be noted that most ions were
concentrated in the first 30 mm from the exposed surface.

Wang et al. [59] investigated the effect of the anolyte solution on lithium migration.
The concrete mixture had reactive metasandstone and the alkali content was increased
to 1.25% Na»O.4 by NaOH addition. Concrete cylinders (100 mm in diameter and 50 mm
in height) were tested in two-chamber set-ups after 28 days of curing (23 °C and 100%
R.H.). Constant current density of 9.0 A/m? was applied during 30 days. The investi-
gated anolyte solutions were 1 N LiOH, 1 N LiNOs, oversaturated Li,CO3 and oversatu-
rated Li»B,O7 whereas the catholyte was a saturated Ca(OH), solution in all cases. The
authors observed increase in resistivity in the tests with LiOH and LiNOj solutions. In
the case of LiOH, they attributed it to the formation of CaCO3 crystals on the specimen
on the cathodic side, while in the case of LiNOs, a “sticky reddish brown precipitate”
was formed on the anodic side of the specimen. Nevertheless, those cases presented the
highest levels of lithium in the specimen after the test. In addition, sodium was removed
from the specimens and the remaining Na; O, was below 1.0 kg/m? in all cases. The

specimens had % molar ratios above 1.90 in all regions after migration. Regarding the
expansive behavior one year after the experiment, all treated specimens presented less
expansion than the control and 1 N LiOH was the most effective solution.

Lizarazo-Marriaga et al. [60] evaluated the efficiency of the electrochemical treat-
ment in mortar bars of 25 mm x 25 mm x 290 mm. The mixes were prepared according
to the ASTM 1260 [61] mortar bar test and a reactive Colombian aggregate and a blended
limestone cement (NazO,4 of 0.57%) were used. After curing in water at 80 °C for 24
hours, two specimens received the treatment for four days, before being placed under
ASR accelerating conditions (as prescribed by the ASTM 1260, the specimens were im-
mersed in a 1 N NaOH solution at 80 °C). The control specimens were placed in ASR ac-
celerating environment after curing. A two-chamber set-up was used with a 30% LiNOg
solution as anolyte and a 0.3 M KOH and 0.1 NaOH mix solution as catholyte. One
set of specimens was treated under 15 V and the other under 20 V. Results show that
treated specimens exhibited less expansion than the control cases and the application
of a higher voltage was more effective.

As in the case for ECE treatment, lithium based electrochemical treatment of existing
structures might use the reinforcement bars are electrodes. Therefore, it is reasonable to
perform laboratory investigations with the use reinforced concrete specimens. In this
kind of arrangement, lithium ions from the electrolyte migrate in towards the direction
of the reinforcement bar, as shown in Figure 2.9. As the cathode is placed inside the con-
crete, sodium and potassium cations are not expected to be removed, as it was observed
in the two-chamber set-up. In fact, those ions will accumulate in the area around the
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steel bar.

Ueda et al. [62] applied the electrochemical treatment to concrete prismatic speci-
mens (100 x 100 x 200 mm) with a steel bar located at the center of the cross-section. In
the concrete mixture, reactive silica sand with opal composition mixed with non-reactive
sand (in the weight ratio of 0.061) was used as fine aggregate, the coarse aggregate was
non-reactive and the Na;O,4content of the mixture was 8.0 kg/ m? (increased by NaCl
addition). After curing for 28 days at 20 °C, the specimens went through the electro-
chemical treatment. Once the treatment was finished, some samples were exposed to
ASR accelerating conditions (40 °C, R.H.: 95%) for 160 days. In this work, the electrolyte
was LiOH, in two different concentrations (2 and 5 N) and three treatment duration (4,
8 and 12 weeks) were evaluated. Current was applied between the bar (working as cath-
ode) and an external anode placed near the exposed surface and the current density was
kept constant at 1.0 A/m?. After the tests, it was observed that sodium and potassium
ions tend to accumulate near the cathode and most of lithium ions did not go farther
than 20 mm from the exposed surface. In the region near to the anolyte, the % molar
ratio was above 1.0 in all cases. However, it greatly dropped in the region close to the
rebar.

Interestingly, the authors commented that the electrolyte concentration and treat-
ment period did not greatly influence the penetration of lithium ions. That fact might
be explained by the low current density used. On the other hand, when evaluating the
expansion behavior after treatment, the authors pointed out that the treatment with
5.0 N LiOH solution was more effective than when the solution of lower concentration
was used.

In Ueda et al. [63] similar set-ups were used. However, different treatment conditions
were investigated. Concrete prisms (100 x 100 x 300 mm) were cast with an embedded
steel bar in the middle of the cross-section. Concrete with different w/c ratios (0.45 and
0.60) were studied. The fine portion of the aggregate was non-reactive. The coarse aggre-
gate, on the other hand, was composed by reactive and non-reactive aggregate, mixed in
the pessimum weight ratio of 6:4. NaCl was added to the mixing water in order to adjust
the total alkali content of the mixture to 8.0 kg/m3. They were cured for 28 days in wet
conditions. The untreated cases were placed directly in ASR accelerating environment
(40°C, R.H.: 95%). After curing, the other specimens were treated and then placed under
ASR accelerating conditions. The specimens were treated under 0.5, 1.0 or 2.0 A/m? for
4, 8 or 16 weeks. The anolyte was a mixed solution of 5 N LiOH and 0.1 N H3BOs3 and its
temperature was controlled at 20 °C or 40 °C.

Once again, sodium and potassium ions accumulated in the region around the re-
bar. This effect was more pronounced when higher temperature was applied. Higher
temperature also affected the transport of lithium, leading to higher concentrations and

penetration depth. It is worth noting that hardly any lithium was found close to the rebar
[Li]

in all cases — in that region, TNa] Was much lower than 1.0. In contrast, the areas close
to the exposed surface presented % ratios above 3.0. Nevertheless, all treated cases,

regardless of the treatment conditions, exhibited reduced expansion when compared to
untreated specimens. The authors pointed out that the suppression effects are more
noticeable in the region near to the surface exposed to the anolyte.

Mortar discs were cast with similar mixture as the concrete prisms, but without the



2.4. ELECTROCHEMICAL TREATMENT AGAINST ASR 25

coarse aggregate. They were tested in two-chamber set-ups, in order to obtain the ef-
fective diffusion coefficient. The experimental conditions were similar to the ones used
in the treatment of the prismatic specimens, except that the catholyte was a saturated
Ca(OH); solution. Results showed that higher applied current density and longer migra-
tion period led to higher coefficients.

In an attempt at obtaining higher levels of lithium penetration, Ueda et al. [64] added
a surface-active agent (SAA) to the anolyte solution, in order to reduce the surface ten-
sion of the solution. The surface-active agent used in this study was a co-polymer of
ethylene oxide and propylene oxide generally used to reduce drying shrinkage in con-
crete. This investigation was conducted with prismatic concrete specimens (100 x 100
x 300 mm) with a steel bar embedded at the center of the square section. The concrete
mixture had w/c of 0.6 and non-reactive sand as fine aggregate. As the coarse aggregate
a mixture of reactive (andesite) and non-reactive aggregate was used, at the pessimum
weight ratio of 6:4, like in the previous study. NaCl was dissolved into the mixing water
so that the total alkali content was adjusted to 8.0 kg/m?. The specimens were cured for
28 days in wet condition before treatment.

The applied current density was 2.0 A/m? and the anolyte solutions were 5.0 N LiOH,
0.5 N Li,CO3 and each solution with 5% of the surface-active agent. The anolyte solu-
tions 0.5 N Li,CO3 and 0.5 N Li,COs3 + surface active agent were evaluated at different
temperatures, 20 and 40 °C. Some of the specimens were placed under ASR accelerating
conditions (40 °C, R.H.: 95%) for two months before the treatment. The treatment lasted
eight weeks. After treatment, all specimens were kept on environment for ASR acceler-
ation. The results showed little influence of the surface-active agent in the transport of
lithium. On the other hand, the increase in temperature of the 0.5 N Li,CO3 led to higher
lithium content and depth of penetration. At 20°C the % molar ratio was above 1.0 near
to the exposed surface and it greatly dropped in the area around the rebar. However, the
increase in temperature led to higher concentrations of lithium around the rebar - even
this region, % ratio was above 1.0. Regarding the expansive behavior, all cases had
lower expansion rate than the non-treated case. The reduction was less noticeable in the
specimens that were kept in ASR accelerating conditions prior to treatment. The bene-
ficial effect of increased temperature was also mentioned in another study [65], where

similar results were reported.

In another work, Ueda et al. [66] studied the influence of temperature on lithium
migration with different lithium salts solutions as anolytes. Concrete prisms (100 mm
x 100 mm x 300 mm) were cast with a rebar in the middle of the cross-section, like in
previous works. The fine and coarse aggregate portions were both composed by reactive
and non-reactive aggregate at the pessimum weight ratio of 3:7. The w/c ratio was 0.55
and NaOH was added to the mixture in order to increase the total alkali content to 10.0
kg/m3. The specimens were cured in wet conditions at 20 °C for 28 days before treat-
ment. The applied current was 1.0 A/m? and the treatment lasted eight weeks. The in-
vestigated anolyte solutions were 10% LiOH, 1.2% Li,COs3, 23% Li»SiO4 and 30% LiNOs.
All solutions were heated up to 30 °C. LiNO3 was also tested at 40 °C. After treatment,
once again, the specimens were kept in ASR accelerating conditions (40 °C, R.H.: 95%).
Untreated specimens were placed under such conditions directly after curing.

Results indicated that when the anolyte temperature was 30 °C, the penetration depth
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of lithium was around 25 mm, regardless of the anolyte solution. However, when the
anolyte was heated up to 40 °C, higher content and penetration depth of lithium are
found. In addition, when higher temperature was applied, there was less accumulation
of sodium and potassium around the rebar, according to the authors. They believe that
the increase of temperature caused a decrease of the transference number ° of sodium
and potassium. All treated cases had lower longitudinal (parallel to the reinforcement
bar) expansion than non-treated cases. However, in the case of expansion on the verti-
cal direction, only LiNO3 (at both temperatures) and Li,CO3 treatment suppressed the
expansive behavior. Overall, the treatment with LiNOj3 at 40 °C was the most effective in
suppressing ASR expansion in both directions.

The specimens treated with LiNO3 at 30 and 40 °C (1.0 A/ m? for eight weeks) and
untreated were split open and the analysis results were reported in another paper [67].
A white product was found around the rebar of specimens treated with LiNO3 at 40 °C,
which contained over 10% of Li,O. The analysis of the white product showed that the
treatment led to the formation of product with lower CaO/SiO; ratio, when compared to
products found in a non-treated specimen. According to the authors, this could mean
that the rigidity of the gel was reduced. The authors suggested that the product found in
the treated specimens would be a lithium containing gel with low expansion capacity.

A different type of anode system was investigated by Ueda et al.[68] . Again, prismatic
reinforced concrete specimens (100 x 100 x 300 mm) were used. However, a ductile fiber
reinforced cementitious composite (DFRCC) layer containing lithium with an embedded
steel mesh was the anode. In the concrete mixture, reactive coarse aggregate and non-
reactive fine aggregates were used, in the ratio of 7:3 and the total alkali content of the
concrete raised to 8.0 kg/m® by NaCl addition. Two different lithium salts (LiOH and
LiNO3) were investigated as admixtures in the DFRCC layer. After 28 days of curing at
20 °C, the reinforced beams were immersed in the electrolyte (0.1 M LizBO3) and the
electric current between the anodic layer and the reinforcement bar was supplied. Two
different current densities were applied: 0.05 A/m? during 16 weeks and 1.0 A/m? for
eight weeks. After the tests, a high alkali concentration near the cathode was observed
and the lithium ions mainly concentrated near the exposed surface, in the first 20 mm
of the concrete beam, regardless of the intensity of the current. In fact, only the region
close to the exposed surface had [[I\L,;]] above slightly 1.0. Nevertheless, it was highlighted
that the lithium penetration due to migration was not much higher than the transport
due to diffusion.

Bentivegna et al. [69] studied the treatment of large-scale reinforced cylindrical con-
crete columns (0.61 m in diameter and 1.22 m in height). The specimens were cast with
reactive aggregate and sufficient alkali in order to be expansive and result in cracking.
After achieving the expansion of 0.1%, two specimens were submitted to the treatment
for five weeks. The reinforcement was used as cathode and a LiNO3 solution as anolyte.
As usual in the case of actual columns, the reinforcement was close to the surface of the
cast elements, as shown in Figure 2.11 (a).

As result of the test, most of lithium ions concentrated on the first 20 mm. The au-
thors considered that 100 ppm of lithium would be enough to suppress ASR expansion

3The transference number of an ion is the ratio of the current carried by that ion in relation to the total current.
It depends on the concentration and mobility of all ions present[51].
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(@ (b)

Figure 2.11: (a) The reinforcement arrangement used by Bentivegna et al. [69] in their laboratory tests and (b)
the field application of the electrochemical lithium treatment on a bridge column [69])

and pointed out that only the first 40 mm from the surface would then be treated. They
also observed the accumulation of sodium and potassium ions close to the reinforce-
ment, which could increase ASR gel formation in that region. The expansion behavior
was monitored for over a thousand days and the treated and untreated specimens ex-
hibited similar trends - the treatment was considered unsuccessful.

In the same paper, Bentivegna et al. [69] described the field trial treatment of columns
of a bridge affected by ASR in Houston, US. In contrast to other field cases [53], the mit-
igation of ASR was the primary goal of this work. Two columns were treated for five
weeks, with a LiNOj solution as anolyte. The level of the applied current (or voltage)
was not reported. However, the authors reported that a constant current was applied
during the treatment. In order to obtain migration not only through the surface, holes
were drilled to a depth of several centimeters behind the rebar. Into them, extra anodes
and irrigation tubes were inserted to provide impregnation from inside the rebar cage.
The arranged set-up is shown in Figure 2.11 (b). The final effects were evaluated by the
monitoring of both expansion and propagation of the cracking. According the authors,
the treatment did not reduce the expansion or cracking. In fact, cracks were noted in
treated columns after five years. The accumulation of sodium and potassium close to
the reinforcement, reported elsewhere [70], [49], may be responsible for the failure of the
method in this case, as the accumulation might have led to the increase of ASR gel for-
mation. Bentivegna et al. [69] also highlighted that the electrochemical procedure was
a time-consuming and high-cost mitigation method and concluded it does not seem to
be a viable mitigation technique.

Tables 2.2 and 2.3 show a summary of the various experimental conditions applied
in the studies here described.




Table 2.2: Experimental conditions of lithium migration studies

. Applied current  Av. passing . Anolyte
Study Specimen density/ voltage  current density Duration Set-up solution
ASR affected Rebar
Whitmore and Abbot [53] concrete Not informed 8 weeks Li3BOg
as cathode
structures
Carbonated and Rebar
Matsumoto [54] ASR reactive concrete 1 A/m? 1 and 3 weeks as cathode 2N Li3BOs
(100x100 x200 mm)
ASR reactive 35-101 days, Two-chamber
Thomas and Stokes [46] concrete 20V depending on setu 30% LiNO3
(& 100 mm, h 50 mm) cracking level p
4-15A/m?,
Pacheco and Polder [56] Standard mortar 20and 40V depending on Land4 Twwo-chamber 1 M LiNO3
(@ 100 mm, h 50 mm) . weeks set-up
applied voltage
ASR reactive
Lee et al. [57] concrete 9 A/m? 30 days Two-chamber iy
’ (& 100 mm, Y set up
h 50 - 200 mm)
ASR reactive Two-chamber
Santos Silva et al. [50] concrete cores 20,40 and 60V 1 week set-u 30% LiNO3
(@ 74 mm, h 50 mm) p
- 2 _
. ASR reactive mortar 12, 18, 24,30 and 3.9 21'{.3 Afm?, 50 days Two-chamber .
Liu et al. [58] dependingon  except for 40 V 1 N LiOH
(@100 mm, h50 mm) 40V . set-up
applied voltage (33 days)
. 1 N LiOH, 1 N LiNOs,
ASR Two-ch .
Wang et al. [59] SR reactive concrete 9 A/m? 30 days wo-chamber oversat. Li,CO3 and

(2 100 mm, h 50 mm)

set-up

oversat. Li,B4O7

8¢
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Table 2.3: Experimental conditions of lithium migration studies (continuation).

. Applied current . .
Study Specimen density/ voltage Duration Set-up Anolyte solution
. . ASR reactive mortar Two-chamber .
Lizarazo-Marriaga et al. [60] (25 x 25 x 290 mm) 15and 20V 4 days set-up 30% LiNO3
ASR reactive concrete 2 4,8 and Rebar .
Uedaetal. [62] (100 x 100 x 200 mm) 1 A/m 12 weeks as cathode 2and 5 N LIOH
. Mixture of 5 N LiOH
Ueda et al. [63] ASRreactive concrete oo qoojp2  H8and - Rebar and 0.1 N H3BO;
(100 x 100 x 300 mm) 16 weeks as cathode
at 20 °C and 40 °C
5.0 N LiOH, 0.5 N Li, COg3,
. 5.0 N LiOH + 5% of SAA
Ueda et al. [64] ?180}3) iei‘gg‘)’(e?’%%n;ﬁe 2 A/m? 8 weeks Zflc’:trho b (at 20 °C and 40 °C) and
0.5 N Li,CO3 + 5% of SAA
(at 20 °C and 40 °C)
ASR reactive concrete 2 Rebar 0.5 N LiCO3 at 20 °C,
Uedaetal. [65] (100x100x300 mm) 2 2/™ Bweeks s cathode 30°C and 40 °C
10% LiOH, 1.2% Li,COs3,
= ASR reactive concrete 2 Rebar 23% Li»SiO4 and
Uedaetal. [66], [67] (100x100x300 mm)  *A/M Bweeks ¢ cathode 30% LiNO; at 30 °C.
30% LiNO3 at 40 °C
Rebar as cathode.
ASR reactive concrete 2 16 and A D FRCC layer LiOH and LiNOs in the
Ueda et al. [68] 0.05and 1 A/m with lithium and
(100 x 100 x 300 mm) 8 weeks DFRCC layer
embedded steel
mesh as anode.
ASR reactive Rebar
Bentivegna et al. [69] reinforce concrete Not informed 5 weeks LiNO3
as cathode
(0.61m,h1.22m)
ASR affi R
Bentivegna et al. [69] S affected concrete Not informed 5 weeks ebar LiNOg
bridge columns as cathode
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2.5. CONCLUDING REMARKS

From the review above, it is clear that the development of innovative ASR treatment
methods is necessary. Moreover, it can be seen that some principles of lithium migration
and its effect on concrete affected by ASR are still not fully understood. The variability
amongst the experimental procedures adopted by the several mentioned authors makes
it difficult to compare the results. Caution should be taken when evaluating the various
results.

The first striking difference is the type of set-up used and its effect on the behavior of
sodium and potassium. The use of external electrodes in two-chamber types of migra-
tion cells allows the removal of alkalis. Therefore, in experiments of this type, the treat-
ment is rewarded with two beneficial actions regarding ASR control - the impregnation
of lithium and the reduction of the total amount of sodium and potassium. On the other
hand, when using the reinforcement bar as cathode, alkalis accumulate in that area, in-
creasing the alkalinity of the pore solution. The accumulation should not be neglected,
as it may accelerate ASR development in that region. In fact, this means that the use of
external electrodes (both anode and cathode) may be preferred in future applications of
the treatment of large-scale structural elements.

Regarding the parameters that control the migration of lithium ions, it is generally
agreed that the applied voltage and time of the test influence the rate of penetration and
the final concentration profile. Nevertheless, most of the present studies have not been
able to enhance the maximum penetration depth, leaving areas beyond the first 30-40
mm relatively untreated. Also, the influence of other parameters such as the type and
concentration of lithium solution used and lithium binding are still not clear.

It is interesting to note that, in the papers reviewed, little or nothing has been said
about the pore structure of the material. As mentioned before, the ionic transport through
concrete or mortars depends on the tortuosity of the path and comparing results without
the characterization of the pore structure can lead to unreliable conclusions. A similar
remark can be made concerning the pore solution composition. Resistance measure-
ments bring information on the pore structure and pore solution and are important in
order to better understand ionic transport

[Li]
[NazOeql
der to mitigate deleterious ASR expansion in the case of existing structures. Some of
the studies previously discussed compared the ratios obtained during the electrochem-
ical treatment of hardened concrete with values from the literature for preventing the
reaction on new concrete. The literature values were obtained from the case when the
lithium salt is incorporated into the fresh mixture and the mechanism of action of lithium
ions on ASR in hardened concrete might be different. Also, the amounts involved are not
necessarily the same - the addition of lithium salts in fresh mixture may have a different
effect on binding. It could be that lower levels of lithium transported into hardened con-
crete are enough to mitigate ASR. Understanding the mitigation mechanism during the
treatment of existing structures is needed.

Another important aspect is the molar ratio that should be reached in or-
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3.1. INTRODUCTION

RIVING lithium ions into concrete by means of an electrical field was first suggested

by Page [4]. The author theorized that, if a lithium solution was used as anolyte dur-
ing an electrochemical chloride extraction treatment of a structure, lithium ions would
migrate towards the reinforcing steel and mitigate the effects of ASR. Since then, a num-
ber of different studies have been published, with divergent conclusions, as presented
in the literature review. Fully understanding the principles behind lithium migration is
necessary in order to best interpret those conclusions.

It is generally agreed that the applied voltage (or current density) and time of the
treatment positively influence the rate of penetration and the final lithium concentration
profile. Nevertheless, the most appropriate set of treatment conditions, which balances
out benefits and side effects, has not systematically been investigated yet.

In this chapter, an experimental study on the effect on migration of the type of lithium
compound used in the anolyte will be presented. From this investigation, the lithium
solutions that provided the best ingress were chosen to be evaluated in longer experi-
ments. Thus, a study on the effect of time on the treatment will be discussed. Finally, the
position of the cathode, placed inside or outside the treated material, will be addressed.

3.2. EFFECT OF ANOLYTE SOLUTION ON MIGRATION

N the various studies on lithium migration presented in the literature review, several

different lithium salts are used in the anolyte solution, at different concentrations.
However, little has been discussed on the reason behind the choice of those solutions or
on whether the choice would influence the final results. In fact, Ueda [5] investigated
the effect of different lithium compounds, however the concentration of the anolyte so-
lutions was not discussed. In this section, the influence of different lithium solutions on
migration will be addressed. Li,CO3, LiOH and LiNO3 were the lithium salts chosen to
be tested at various concentrations. LiOH and LiNO3 were considered because of their
high solubility in water. Although Li»CO3 has very low solubility in water, Ueda [6] noted
in his work that Li,COj3 solution leads to higher effective diffusion coefficient than LiOH
(when tested in two-chamber set-ups).

3.2.1. EXPERIMENTAL PROCEDURE
MATERIALS AND SPECIMEN PREPARATION

ORTAR specimens were prepared with water to cement ratio (w/c) of 0.5 and sand

to cement proportion of 3:1. The mixing procedure followed the standard EN 196
1:2005. The air void content was 1.0% (NEN-EN 12350-7) and the flow value, obtained
by the flow table test (NEN-EN 12350-5), was 270 mm.

Ordinary Portland cement type CEM I 42.5 N, commercially available in the Nether-
lands (ENCI), was used. Its chemical composition is shown in Table 3.1. In addition,
CEN standard sand with Dy 4 of 2.00 mm (according to EN 196 1:2005) and deionized
water were used. Cylindrical specimens, with diameter of 98 mm and height of 50 mm,
were cast and cured in a fog room (20.0 +£2.0°C and R.H. of 96 + 2%) for 36 days before
the beginning of the experiment.
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Table 3.1: Cement composition, wt. % of cement.
CaO SIOZ A1203 FEZOg 803 MgO P205 Kzo T102 NaZO Other L.O.I 1
65.00 18.33 4.42 3.38 3.01 2.02 0.57 046 0.37 0.28 0.53 1.60
1 L.0.1.: loss on ignition
L -
—
Lithium Ca(OH),
solution solution
Anodic Cathodic
chamber chamber
Temperature

sensor

Figure 3.1: Schematic diagram of the experimental set-up. Each electrolyte chamber contained 270 ml of
solution.

METHODS

ITHIUM migration testing was performed in the set-up described by ASTM 1202 -

Standard Test Method for Electrical Indication of Concretes Ability to Resist Chloride
Ion Penetration [7]. As shown in the scheme of Figure 3.1, a specimen was placed be-
tween two acrylic chambers filled with solution, each with a stainless steel mesh as elec-
trode. Each chamber contained 270 ml of electrolyte solution. Once the electric poten-
tial was applied between the electrodes, cations were attracted by the cathode (negative
electrode), whereas anions moved in the opposite direction, towards the anode (positive
electrode). Two models of cells were used. They were identical, except for the presence
of ventilation holes in the type I, as shown in Figure 3.2. The experiments were carried
out in a climate controlled laboratory, at 20.0 +2.0 °C and R.H. of 50 + 5%. Figure 3.1 (c)
shows eight cells connected to a power source during an experiment.

Saturated Ca(OH), solution (0.02 M) was used as catholyte in all tests. The anolytes,
on the other hand, were lithium solutions of different compounds, at different concen-
trations, as shown in Table 3.2. The highest concentration of each lithium compound
solution is its saturation (or near saturation) concentration. Lithium compounds with
higher solubility were also tested in lower concentrations, as the table shows. Each so-
lution was tested with two replicates, during one week under 40 V (eletric field of 0.8
V/mm). This voltage was chosen as it is the usual maximum voltage used in the field in
treatments such as electrochemical chloride removal [8].

Passing current and catholyte temperature were continuously monitored and recorded
by a data logger (with accuracy of 1 x 1075 mA and 1 x 107 °C, respectively), while electri-
cal resistance of the specimens and electrolyte pH were measured four times during the
experiments. The electrical resistance was measured with a LCR meter, at 120 Hz in re-
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(@) (b)

Figure 3.2: The two types of migration cells - type I, with ventilation holes in the rings around the specimen (a)
and type II, without ventilation holes (b); and migration cells during experiment (c).

Table 3.2: Lithium solutions used as anolytes.

Salt Concentration (M) Salt Concentration (M)

Li,CO3 0.2 (saturated) LiINO3 0.2

LiOH 0.2 LiNO3; 4.9

LiOH 4.9 (near saturation) LiNOj3 8 (nez.lr
saturation)

sistance mode, with accuracy of 0.1 Q. From the resistance, the specimen resistivity can
be calculated with Equation 3.1 [9], assuming that the resistance outside the specimens
is zero:

_RA

I3 (3.1

P

where R is the electrical resistance (Q2), A is the specimen surface area (m?) and L
is the thickness of the specimen (m). Care should be taken when interpreting resistivity
values, as they are strongly affected by temperature variations. Increase in temperature
leads to drop in resistivity and vice versa. In fact, temperature may influence up to 5%
with every K degree of variation [9].

The pH values of the electrolytes were obtained with a pH-meter (with accuracy of
0.01), when it was possible. In the case of high pH or high lithium concentration, pH test
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strips were used (with accuracy of 0.5 or 1, depending on the pH level) ! Electrolyte sam-
ples were collected three times during the test and were analyzed by inductively coupled
plasma optical emission spectroscopy (ICP-OES), in order to obtain the concentration of
sodium, potassium, lithium and calcium (the latter only in anolyte). The detection limits
were 0.02 mg/l for potassium and 0.05 mg/1 for lithium, sodium and calcium. Standard
solutions were used for control. Most concentration measurements had variations be-
low 4% and the error bars were omitted from the graphs.

Ionic concentration profiles were obtained after the end of the test. To obtain these,
the specimens were ground in a profile grinder in steps of 5.0 mm. The obtained powder
(10-20 g) was then dissolved in boiling 3.0 M HNOs3 (100 ml) and filtered to obtain a
clear solution. When filtering, the filtrate was washed with four parts of 10 ml of 1.0 M
HNO3. The obtained clear solution was then analyzed by ICP-OES for lithium, sodium
and potassium.

3.2.2. RESULTS AND DISCUSSION

N Figure 3.3 (a) it is possible to observe the current density that passed through all
I specimens during the migration experiment. The test with LiNO3 — 4.9 M (2) pre-
sented connection problems, as can be seen in the current density plot. The general
behavior can be divided into three parts: in the first couple of hours, there is a rapid cur-
rent increase, followed by a slower drop until around the third day. Finally, the current
density stabilizes until the end of tests in the majority of the cells. This initial behavior
was also noted by other authors [11],[12] and it is believed to be due to the initial in-
complete saturation of the specimens [11]. The overall trend is quite similar to what was
reported by Liu et al. [12]. The temperature of the catholyte during the experiment can
be seen in Figure 3.3 (b). In all cells, there was an increase in temperature, in particular,
in the first few hours. This increase influenced the resistivity values, as will be further
discussed.

The total charge that passed through the specimens can be calculated by the integra-

tion of their current plots, as shown in Equation 3.2:

T
sz i(tydt 3.2)
0

where Q is the charge that passed through the specimens (in C), i is the current (in
A), T is the total time of the experiment (in s) and ¢ is time (in s).

Table 3.3 presents the total charges that passed through the cells. The specimen LiOH
0.2 M (I) presented problems during the experiment, which will be further discussed,
and its passing charge (78 kC) was not considered in the table. Two solutions exhibited
deviations of above 10% between replicates, LiNO3 4.9 M and LiOH 4.9 M. In the first
case, connection problems in one of the cells explain that variation. However, that is not
the case with the last one. Overall, solutions with concentrations up to 4.9 M presented

n highly alkaline solutions (pH > 11), the pH electrode becomes responsive to other ions such as sodium
and lithium. This error, known as alkaline error, leads to readings that are lower than the actual pH. On the
other hand, when analyzing highly concentrated solutions, there might be diffusion of ions in the reference
electrolyte and in the analyzed solution. This leads to a diffusion potential different from zero, which alters
the reading value [10].
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Figure 3.3: Passing current density (a)and temperature (b) during the experiment.
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Figure 3.4: Resistivity variations during the experiment.

similar passing charges while the ones with 7.8 M had the highest charges. It is inter-
esting to note that, when comparing solutions of different compounds, but with same
concentration, charge values did not vary by more than 5%, indicating that the type of
compound does not play an important role on the charge.

In Figure 3.4, specimen electrical resistivity variations during the experiment are
shown. A summary is presented in Table 3.4. The measurement on the eighth day was
performed after 24 hours without power, at room temperature. The average initial re-
sistivity was 45 + 4 Q.m. During the migration experiment, the increase in temperature
noted in Figure 3.3 led to resistivity values lower than initially observed. Once the power
was turned off and the cells cooled down to room temperature, the resistivity values were
overall higher than the initial ones and the average was 52 + 7 Q.m. This indicates that
non-reversible modifications in pore structure and/or pore solution composition may
have taken place. Liu at al. [12] observed the same behavior in their migration experi-
ments. In fact, studies [13], [14], [15] have pointed out that the application of current on
concrete may lead to lower porosity and higher resistivity.

Variations in pH in catholyte and anolyte are related to the cathodic and anodic re-
actions, respectively, as shown in the equations below. The cathodic reaction is shown

Table 3.3: Passing charges during the experiment. The average between replicates and between specimens
tested with solutions with the same concentration are presented.

Concentrations 0.2M 49 M 7.8M
Lithium compound Li,CO3 LiOH LiNO3 LiOH LiNOs LiNOs
Charge (kC) 95 104 93 93 100 112
CV (%) 4 - 2 11 12 3
Awv. charge (per conc.) (kC) 93 97 112

CV (%) 2 3 3
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Table 3.4: Average (Av.) resistivity values at different moments of the experiment.

Li,CO3 0.2 M LIOH0.2M? LiNO3 0.2 M Average per concentration
Av. (Q.m) CV (%) Av. (Q.m) CV (%) Av.(Q.m) CV(%) Av.(Q.m) CV(%)
Initial 48 13 44 - 45 6 46 4
Middle 40 9 35 - 41 2 40 2
End 38 5 35 - 38 2 39 1
After 24 h 51 3 50 - 57 3 55 5
LiOH 4.9 LiINO3 4.9 M
Av. (Q.m) CV (%) Av. (Q.m) CV (%) Av. (Q.m) CV (%)
Initial 44 3 43 4 44 0
Middle 39 14 36 10 37 5
End 39 11 32 14 35 10
After 24 h 52 12 49 12 51 3
LiNO3 7.8 M
Av. (Q.m) CV (%) Av.(Q.m) CV (%)
Initial 45 5 45 5
Middle 32 9 32 9
End 28 13 28 13
After 24 h 42 -b 42

a Specimen LiOH 0.2 M (I) was not considered in the calculation of the average.
b Specimen LiNO3 7.8 M (I) was not measured after 24 h. Thus, it was not considered in the calculation of the average.

in Equation 3.3 and produces hydroxyl ions, leading to an increase of pH. The reaction
that takes place at the anode depends on the pH of the solution: if it is basic, Equation
3.4 occurs. Otherwise, Equation 3.5 happens. Either way, the anodic reactions decrease
the pH of the solution.

2H,0+2¢” — 20H + H, (3.3)
- 1 -
20H™ — Hy0+ 3 05(g) +2e (3.4)
s, 1 -
Hy0— 2H" + - 0(g) +2e (3.5)

Figure 3.5 presents the pH variations in catholyte (a) and anolyte (b) solutions during
the experiment. Initially, the catholyte solutions exhibited a pH around 12 and, through-
out the test, their pH increased very slightly. Even though hydroxyl ions were produced
at the cathode (Equation 3.3), they were also transported through the specimen, in the
direction of the anode. The progress of the anolyte pH, on the other hand, as shown in
Equations 3.4 and 3.5, depended on the initial value. The passing charge and the buffer
capacity of the solution also influenced the pH — the higher the passing charge in LiNO3
solutions, for example, the more rapid and stronger was the acidification of the solution.
All LiNOgs solutions were initially nearly neutral and they presented the highest pH drops
during the test. In fact, the anodes of those cells presented corrosion, due to the low pH
and strong anodic polarization. Figure 3.6 shows one of those very corroded anodes.
Both LiOH - 4.9 M solutions had very basic initial pH (14) and it remained until the end
of the experiment. It is interesting to notice that, although Li,CO3 and LiOH - 0.2 M had
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Figure 3.5: pH variations in catholyte and anolyte during the experiments.

Figure 3.6: Corroded anode of a cell that contained a LINO3 solution.
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Figure 3.7: Variations in concentration in anolyte solutions of sodium (a), potassium (b), calcium (c) and
lithium (d). The vertical scale for sodium and potassium concentrations were modified.

close initial pH, LiOH solutions had better buffer capacity and the pH showed a slower
decrease.

Chemical compositions of anolyte solutions can be seen in Figure 3.7. Sodium, potas-
sium and calcium ions move from the specimen to the anolyte due to diffusion and
dissolution of the hydrated phases. The latter happened especially in the cells with
LiNOj3 4.9 and 7.8 M solutions, because of the acidification of the anolyte. Acids, with
pH below 4.5, severely attack concretes (or mortars), by dissolving Ca(OH);, and remov-
ing calcium ions from hydrated silicates and aluminates [16], [17]. This explains why
the LiNOj3 anolytes presented higher concentrations of those three ions - especially cal-
cium. Lithium concentration in the anolyte was supposed to decrease, as lithium ions
are transported into the specimen. Nevertheless, in some tests, that was not the case.
This is probably because of changes in the volume of water by evaporation. This means
that the concentrations presented for the other ions are likely to be overestimated.

As expected, sodium and potassium concentrations in the catholytes increased with
time, as those ions left the pore solution of the specimens, as shown in Figure 3.8. Potas-
sium ions left the specimen faster, especially in the first days, because of its higher ionic
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Figure 3.8: Variations in concentration in catholye solutions of sodium (a), potassium (b) and lithium (c).

mobility and higher concentration in the pore solution. Once again, the cell LIOH 0.2 M
(I) presented different behavior from the other cells, with much lower concentrations of
potassium and sodium in the catholyte.

Figure 3.8 shows the detectable amounts of lithium concentration in the catholyte.
For most cells, it took at least 5 days for lithium ions to reach the cathodic chamber. The
cells with LiNO3 4.9 and 7.8 M presented the highest levels of lithium in the catholyte.

Figure 3.9 exhibits total sodium and potassium concentration profiles in the speci-
mens after the experiment. The control case is the initial level of those ions, from a spec-
imen that did not go through the test. As the concentrations were obtained from ground
specimens, ions from the pore solution or bound and/or adsorbed to the solid phases are
not distinguished. As expected, all specimens showed lower concentrations of sodium
and potassium than the control. Furthermore, the profiles were more or less constant
for most specimens (LiOH 4.9 M (1) presented profiles that increased towards the cath-
ode). This may indicate that all free sodium and potassium ions had left the specimen
by the end of the test and the ones that were measured were actually bound and/or ad-
sorbed to solid phases. In fact, Liu et al. [12] obtained the same type of constant profile,
after longer experiments. In addition, they also monitored the sodium and potassium
concentrations in the catholyte and noted that, after some time, they became constant
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until the end of the experiment. The authors then concluded that all free sodium and
potassium had left the specimens.

Lithium concentration profiles in the specimen are shown in Figure 3.10. The profiles
exhibit the same basic shape, in which the concentration is higher close to the anode and
it decreases towards the cathode. A sharp concentration front would be expected for a
migration experiment through a porous medium [11]. However, this was not the case. In
fact, other authors have found the same type of profile in their works (e.g. [11],[12],[6]).

In the first 10 mm from the anode, all specimens that were treated with lithium so-
lutions with 4.9 M and 7.8 M presented higher lithium content. However, in deeper
layers, the cases LiOH 4.9 M (I) and LiNO3 4.9 M (II) exhibited lower levels. In fact,
LiOH 4.9 M (I), in the last 25 mm, presented the lowest lithium concentrations. This
is probably related to the elevated sodium and potassium levels in the same specimen in
that region (Figure 3.9). It is worth noting that the final resistivity values of these speci-
mens are amongst the highest in Figure 3.4. The increase in resistivity may explain their
lithium profiles. Interestingly, beyond the first 10 mm, the specimen Li,CO3 0.2 M (I)
presented higher lithium content than the other cases with lithium solution at 0.2 M,
probably due to its lower initial resistivity (Figure 3.4). The average amounts of lithium
in the specimens can be seen in Table 3.5. Although some variations between replicates
are fairly high, the overall trend indicates that the specimens with highest lithium con-
tents had been treated with lithium solutions with concentrations of 4.9 or 7.8 M.

Table 3.5: Average concentration of lithium in the specimens after experiments.

Concentrations 0.2M 4.9M 7.8M
Lithium compound Li,CO3 LiOH LiNO3 LiOH LiNO3 LiNOs
Average Li

(wt. % of cement) 0.12 0.09 0.07 0.15 0.17 0.22
CV (%) 23.6 - 6.0 27.0 2.2 16.4
Av. per conc.

(Wt. % of cement) 0.09 0.16 0.22
CV (%) 29.5 18.9 16.4

Figure 3.11 shows the lithium to sodium plus potassium molar ratio § N[cﬁ-]K]) in the

specimens after test. When lithium is used as admixture, it is known that the ratio to
prevent deleterious ASR expansion depends on the type of lithium compound and ag-
gregate. It is generally accepted that the minimum ratio varies from 0.65 to 1.00 [18]. If
the upper limit is considered, only the specimen LiNO3 7.8 M (I) is fully treated, with
0 N[éi]K] above 1.0 in all regions. Most specimens would be treated until 35 mm from the
anode, while LiOH 4.9 M (I) and LiNOs3 4.9 M (II), only until 25 mm. Nevertheless, results
should be interpreted with care - the mechanism to stop ASR expansion is not necessar-
ily the same that takes place when lithium admixtures are used. It is possible that, in the
case of treatment, other i N[éj—] I ratios should be reached in order to stop (or reduce) ASR
expansion.
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Figure 3.9: Sodium (a) and potassium (b) concentration profile in the specimen after test.
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Figure 3.10: Lithium concentration profile in the specimen after test.
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Figure 3.11: Lithium to alkalis molar ratio in the specimen after test.
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Regarding the specimen LiOH 0.2 M (I), most results deviated greatly from all other
experiments, indicating that problems might have occurred during the test. Indeed, un-
til day three, the catholyte pH decreased, when it was expected to increase, while the
opposite behavior was observed in the anolyte solution (Figure 3.5). Also, the concen-
trations of sodium and potassium in the anolyte solution (Figure 3.7 a and b) were much
higher than what was found in all other cases and their peaks were on day three. These
results indicate that the power source might have been mistakenly connected in the re-
versed direction until the third day of experiment. During that time, sodium and potas-
sium were transported to the lithium solution and lithium ions did not migrate into the
specimen due the effect of the electrical field. After the third day, when the connection
was probably fixed, sodium and potassium concentrations in the anolyte start to de-
crease, whereas they start to build up in the catholyte solution (Figure 3.8). The effects
of the delayed lithium migration into the specimen can also be observed in the lithium
profile in the specimen (Figure 3.10) - there is detectable lithium only in the first 20 mm
from the anode. In addition, the sodium and potassium concentration profiles (Figure
3.9) show that only the ions from the initial layers have been removed. Interestingly, the
area from which sodium and potassium have been removed coincides with the area im-
pregnated by lithium, indicating that the alkali removal may be necessary so that lithium
impregnation can take place.

3.2.3. CONCLUSIONS
HE following conclusions can be drawn from this section:

e The concentration of the anolyte, rather than the type of salt in it, plays a role
on the passing charge and on lithium content in the specimen. The higher is the
concentration the more lithium goes into the mortar. LiNO3 7.8 M solutions were
the ones that presented the highest levels of lithium after the experiment.

» Migration, under the tested conditions (for a week under 40 V), led to increase of
resistivity of the specimens.

* The use of LINO3 solutions led to the acidification of the anolyte solution. Al-
though, under visual inspection, the specimens did not show deterioration, the
chemical compositions of the anolyte indicate that acid attack took place in those
cases. In addition, the low pH and the high anodic polarization caused the corro-
sion of the anodes.

* Most, if not all, free sodium and potassium left the specimen during the one week
experiments and it took around five days for lithium to go through the specimen
and arrive in the catholyte solutions of most cells.
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3.3. EFFECT OF TIME ON MIGRATION

N the previous section, the experiments only lasted a week, as the main goal was to
I observe the effect of different anolytes. However, electrochemical treatments, such as
chloride removal, usually last six to ten weeks [8]. In this section, the effects of longer
treatment periods (four and eight weeks)on migration will be investigated.

3.3.1. EXPERIMENTAL PROCEDURE

MATERIALS AND SPECIMEN PREPARATION

L IKE in the previous section 3.2, cylindrical specimens (diameter of 98 mm and height
of 50 mm) were cast with water to cement ratio (w/c) of 0.5 and sand to cement pro-

portion of 3:1, following the same mixing procedure. The specimens were again cured

for 36 days in a fog room (20.0 £ 2.0°C and R.H. of 96 + 2%). Ordinary Portland cement

type CEM 142.5 N (Table 3.1) was used. Also, CEN standard sand with D, of 2.00 mm

(according to EN 196 1:2005) and deionized water were use, as before.

METHODS

S previously, the experiments were performed in the two-chamber set-up described

by ASTM 1202 [7], shown in Figure (3.1). Again, two models of cells were used (see
Figure 3.2). In order to avoid the electrode corrosion observed in the previous experi-
ments, titanium meshes with iridium/tantalum oxide coating were used as anodes (Fig-
ure 3.12).

Once again, saturated Ca(OH), solution (0.02 M) was used as catholyte in all tests.
Based on the previous results, LiNO3 7.8 M and LiOH 4.9 M solutions were chosen to be
used as anolytes, as they provided the highest levels of lithium penetration. The exper-
iments lasted four or eight weeks and the applied voltage was 40 V (0.8 V/mm). Those
periods were selected because they are in the usual range of durations of electrochem-
ical treatments of concrete structures [8]. Each experimental condition was tested with
two replicates — each replicate in one type of cell, as shown in Table 3.6.

Figure 3.12: Titanium mesh used at anode (100 mm in diameter).

As in the past experiments, passing current and catholyte temperature were contin-
uously recorded by a data logger. Electrical cell resistance and electrolyte pH were mea-
sured at least once a week, following the same procedures as before. At that time, elec-
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Table 3.6: Experimental conditions for each case.

Celltype Anolyte solution Duration

LiIOH49M 4 weeks
I LiNO3 7.8 M 4 weeks
LiOH4.9M 8 weeks
LiNO3 7.8 M 8 weeks
LIOH49M 4 weeks
I LiINO3 7.8 M 4 weeks
LIOH49M 8 weeks
LiNO37.8 M 8 weeks

trolytes were sampled in order to obtain their sodium, potassium, lithium and calcium
(the latter only in anolyte) concentrations by ICP-OES. In order to avoid variations in
volume due to evaporation that in previous experiments, the electrolyte solutions were
filled up with deionized water before sampling.

After the experiment, the specimens were sliced in steps of approximately 5.0 mm
and the slices were ground in a micro ball mill. Then, the powder was dissolved in
3.0 M HNOgs, as previously, and the obtained solution was analyzed by ICP-OES for lithium,
sodium and potassium concentrations.

3.3.2. RESULTS AND DISCUSSION

URRENT density plots are shown in Figure 3.13. For the first week, all cells but one

(LiINO3 7.8 M 4w (I)) presented behavior very similar to what was observed in the
previous experiments. The cell LINO3 7.8 M 4w. (I) behaved differently due to connec-
tion problems, which were solved in the first week. In that cell, the voltage was inverted
for two days. When the problem was observed, the electrolyte solutions were changed
and the experiment started again. Some of the cells type II, without ventilation holes,
had passing currents that reached the limits of the power supply. The cell LiOH 4.9 M
4w. (II) was the first that presented the problem. Around day 16, the limit was reached
and the power was shut off. The issue was not noted for about 35 hours and, during
that time, the system had no current. After that, the cell was connected to an alternative
power source. The same happened with cell LiOH 4.9 M 8 w (II), which had no power for
40 hours, until being reconnected to another source. In the case of the cells LiNO3 7.8 M
4w. (II) and LiNO3 7.8 M 8 w. (II), once the current reached values close to the limit, they
were connected to other supplies.

After about ten days, two groups of trends can be observed. The tests performed
in the cells type II then presented steadily increasing current densities, that peaked at
different moments and decreased until stable levels. Those cells also presented very el-
evated temperatures (see Figure 3.14), following the current density trends. Indeed, at
their peaks, temperatures above 80 °C were reached. Such high current densities and
temperatures are not desirable — even though they might lead to high levels of lithium
penetration, they may also affect the pore structure and mineralogy (e.g. ettringite is
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known to decompose to form monosulfate hydrate at temperatures above 65 °C [16]) of
the specimens.
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Figure 3.13: Passing current density during longer experiments.
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Figure 3.14: Temperature variations during longer experiments.

The specimens in cells type I (with ventilation holes) on the other hand, presented
lower levels of current density. After ten days, their currents decreased or slowly in-
creased until a stable value and dropped after some days. Once again, catholyte tem-
perature followed the current trend for these cells and the maximum temperatures were
below 50°C. The presence of ventilation holes probably prevented these cells from heat-
ing up as much as the cells without ventilation did.
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Table 3.7: Passing charges during experiment.

Charge (kC)

LiNO3 7.8 M4 w. () 423

Cells LiNO3 7.8 M 8 w. (I) 807
typel LiOH49M4w. () 313
LiOH4.9M8w. () 426

LiNO3 7.8 M 4 w. (I) 770

Cells LiNO37.8M8w. (I) 1283
typell LiOH4.9M4w.(I) 672
LiOH4.9M 8 w. (I) 1171

The charges that passed through the specimens are shown in Table 3.7. Following
the same trend observed in the current density plots, the specimens tested in cells type
I had much higher current density than the ones in cells type I.

The specimen electrical resistivity behavior during the experiment is shown in Figure
3.15. Initially, the average resistivity was 44 + 4 Q.m. Once the experiment started, most
specimens had a resistivity drop until a minimum value followed by an increase. The
moment of the minimum value varied from cell to cell. This behavior is in accordance
to the temperature trends of most cases. After the experiment duration, four or eight
weeks, the power was shut off and, 24 hours later, specimen resistivities were one again
measured and the average value was 40 + 6 Q.m, showing a slight decrease in relation
to the initial value. This is an indication that non-reversible changes in pore structure
and/or pore solution may have taken place. Nevertheless, these results are different from
what was observed in the experiments of the previous section (3.2). It is possible that the
higher levels of temperature and current may have affected the pore structure and/or
pore solution in a different way.
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Figure 3.15: Electrical resistivity variations during longer experiments.
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Table 3.8: Average resistivity values at different moments of the longer experiments.

LiINO3 7.8 M 4 w. LiOH 4.9 M 8w.

Av. (Qm) CV(%) Av.(Qm) CV(%)
Initial 45 6 41 10
Middle (day 14) 19 32 27 21
End 28 23 37 45
After24h 34 1.6 35 7
LiNO3 7.8 M 8 w. LIOH4.9M 8w.

Av. (Qm) CV(%) Av.(Qm) CV (%)
Initial 44 3 45 11
Middle (day 28) 17 25 27 70
End 43 21 46 36
After24h 46 4 44 2

Table 3.8 shows the average resistivity values during the experiment. During treat-
ment, the variations between replicates are fairly high, due to the differences in tem-
perature between type I and type II cells. However, 24 hours after the end of migration,
when all specimens are at room temperature, variations between replicates are lower
than 7%. This indicates that possible non-reversible alterations in pore structure and/or
pore solution did not depend on the type of cell used.

Variations in anolyte pH are shown in Figures 3.16. The pH of all anolyte solutions
dropped in the first week, as observed in previous experiments. In the case of the LIOH
solutions, the pH stabilized at 13 until the end of the tests. On the other hand, the LiNO3
solutions became very acidic. Consequently, the surface of the specimens in contact
with the anolyte solution was attacked, as shown in Figure 3.17. The acidification of the
anolyte and the deterioration of the specimen is obviously a side effect to be avoided.
The pH of the catholyte solutions was measured by two methods: using a pH-meter and
using pH test strips and the results are shown in Figure 3.18. The initial measurements
made with the pH-meter are correct. However, as lithium arrives in the catholyte, its
concentration builds up; once a certain threshold is reached, alkaline error occurs and
the readings become lower than the actual pH. This explains the drop observed in the
pH-meter measurements after day 15. This effect was not noted in the previous section
due to the limited concentration of lithium in those catholytes. Therefore, the values
obtained with the pH test strips, shown in Figure 3.18 should be considered. Once again,
aslight increase in pH was observed when a higher increase was expected.
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Figure 3.16: Anolyte pH variations during longer experiments. The plots from the experiments with LiNO3 are
overlapped as well as the plots from the tests with LiOH.

bt

Figure 3.17: The anolyte surface of the specimen LiNO3 7.8 M 4w.(I). The surface was deteriorated by the acidic
anolyte solution.
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Figure 3.18: Catholyte pH variations during longer experiments measured with pH-meter (a) and pH strips (b).
The plots shown in (b) are overlapped, as all experiments had the same pH values measured.
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Figure 3.19: Sodium (a), potassium(b) calcium(c) and lithium (d) concentrations in the anolyte solutions dur-
ing longer experiments.

Figure 3.19 shows the chemical composition of the anolyte solutions during the ex-
periment. Sodium, potassium and calcium ions leave the specimen due to diffusion but
also due to the dissolution of hydrated phases. The latter is especially seen in the cases
where LiNOs was the anolyte and acid attack took place. Indeed, calcium concentrations
are much higher in those solutions, due to the dissolution of Ca(OH), and/or removal of
calcium from hydrated phases [16]. Among replicates, the ones that had higher pass-
ing charge presented higher concentrations. Similar behavior can be observed in the
sodium and potassium plots — the cells with LiNO3 presented the highest concentra-
tions. Interestingly, in those cases, sodium concentrations were higher than potassium
whereas in the cells with LiOH, the levels of those ions are similar.

As for the lithium concentrations in the anolytes, as expected, they decrease with
time - the cells that had the highest passing currents are the ones that presented the
lowest final concentrations. It is noteworthy that, although a longer migration period
did lead to more lithium going into the specimens, most ions left the anolyte in the first
35 days - after that, lithium migration rate decreases.

The chemical compositions of the catholyte solutions are shown in Figure3.20. Sodium
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Figure 3.20: Sodium (a), potassium(b) and lithium(c) concentrations in the catholyte solutions during longer
experiments.

and potassium concentrations increase in the first week and then become somewhat
constant. This indicates that most of those ions left the pore solution in the first days.
Also during those first days, lithium ions start to reach the catholyte, at very low con-
centrations (in the order of 10~ mol/l). After the first week, the concentration of lithium
started to build up. Once again, the cells that presented the highest passing charges were
the ones with the highest lithium concentrations in the catholyte.

Sodium and potassium total concentration profiles in the specimens at the end of
the test are shown in Figure 3.21. As commented for the catholyte concentration plots
(Figure 3.20), most free sodium and potassium ions left the specimen in the first week.
Therefore, the sodium and potassium found in the ground specimens after the test are
likely to be chemically bound. Indeed, the almost constant and similar profiles, regard-
less of the experimental conditions, are an indication of that.

Lithium concentration profiles (see Figure 3.21), on the other hand, were quite dif-
ferent, depending on the experimental conditions. Overall, the specimens treated with
LiNOs solution presented higher lithium content than the ones treated with LiOH. Two
distinct groups can be noted, depending on the type of cell the specimens were tested
in. In general, specimens tested in cells type I had lower lithium content than their repli-
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Figure 3.21: Sodium (a), potassium(b) and lithium(c) concentrations profiles in the specimens after longer
experiments.
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cates from cells type II, which is in accordance to the amount of passing charge. The
shape of the profile also varied according to the type of cell. Although all profiles had a
sharp decrease in the initial 10 mm, specimens tested in cells type I had profiles with a
decreasing trend towards the catholyte. Differently, the profiles of specimens tested in
cell IT were somewhat flat in the middle, with increase in the final 10 mm. This different
shape of profile could be due to reduced binding. In the case of chlorides, binding capac-
ity is reduced with increase in temperature [19], [20]. If this is also true for lithium ions,
the higher temperatures observed in cells type II could be responsible for lower lithium
binding capacity of those specimens. In this case, more lithium ions would be free to
be transported from the specimen to the catholyte. In addition, cells type II present
the highest concentrations of lithium in the catholyte, which may explain the increase
in concentration in the last 10 mm of the specimens. Further investigation on lithium
binding is necessary in order to elucidate whether this is the case.

Table 3.9 shows the average lithium content in the specimens. The effect of time is
hardly seen in the lithium profiles in specimens tested in cells type I (see Figure 3.22 (a)).
Both specimens tested with LiOH had very similar profiles (and lithium content) while
the one tested with LiNOj3 for eight weeks had slightly higher lithium content than the
one tested for four weeks.

On the other hand, in the case of cells type II (see Figure 3.22 (b)), the profiles of
specimens tested with the same lithium salt were not so close. In fact, in the case of
LiNOs (II), although the specimen tested for eight weeks had higher concentrations in
the first 10 mm, in the regions towards the cathode, the one tested for four weeks pre-
sented higher content. In the case of the specimens treated with LiOH, the one tested
for four weeks had higher lithium content until 40 mm from the anode, while in the fi-
nal 10 mm, the one tested for longer period presented more lithium. Either way, having
higher lithium content in specimens treated for four weeks is surprising. As the spec-
imens tested for longer period presented higher passing charge, they were expected to
present higher lithium concentrations. However, once again, the effect of temperature
on lithium binding could have played a role. The specimen tested for eight weeks was
exposed to higher temperatures (in average 12 °C higher than the cells (I) with LiOH) for
longer periods than the specimen treated for four weeks. Overall, these results show that
the rate of lithium penetration decreases with time (or passing charge). This is probably
due to the fact that the concentration of lithium in the anolyte solutions drops through-
out the test.

The lithium to alkalis molar ratios ( (L]

[Na+K]
periments are shown in Figure 3.23. All specimens show NaiK

[ N[ﬂ T =1.0) required to prevent ASR deleterious expansion in all regions. How-
[Li]

ever, as mentioned in the previous section, the reference minimum Na+ K] ratio for pre-
venting ASR expansion in new structures is not necessarily the same as the one needed
to stop the reaction in existing constructions.

) throughout the specimens after the ex-

(L]l far above the minimum

ratio (
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Figure 3.22: Lithium concentration profiles in the specimens tested in cells type I (a) and in cells type II (b)

Table 3.9: Average lithium content in specimens after experiments.

Average Li

[Li]/ [Na+K]

Specimen

(%wt. of cement)

LiNO3 7.8 M (4w.) ()

LiNO3 7.8 M (8w.) ()
LiOH4.9M (4w.) (D)
LiOH 4.9 M (8w.) (D)

LiNO3 7.8 M (4w.) (II)
LiNO3 7.8 M (8w.) (II)

LiOH 4.9 M (4w.) (II)
LiOH 4.9 M (8w.) (I)

0.51
0.53
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Figure 3.23: Lithium to alkali ratio in specimens after longer treatments.
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3.3.3. CONCLUSIONS
The following conclusions can be drawn from this section:

Specimens tested in cells without ventilation holes presented the highest values
of current density. In fact, in those cells, very high levels of current density and
temperature (above 100 A/ m? and 80°C, respectively) were reached.

Even though lower levels of current density and temperature were reached in the
cells with ventilation holes, those values were still high enough to possibly cause
deterioration to concrete or mortar.

When LiNO3 7.8 M was used as anolyte, the acidification of the solution and the
prolonged exposition to it led to the deterioration of the surface of the specimens.
The use of a basic anolyte, such as LiOH 4.9 M, avoided the attack.

Most sodium and potassium ions were removed from the pore solution in the first
week, for most cells.

Specimens tested for eight weeks did not exhibit much higher lithium content than
those tested for four weeks. This means that the efficiency of the treatment de-
creases over time and this is probably related to the fact that lithium content in
the anolyte solution decreases throughout the experiment.

When comparing specimens tested with the same type of cell, LiNOj3 led to higher
levels of lithium penetration.
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3.4. EFFECT OF EMBEDDED CATHODE ON MIGRATION

N the previous sections, a two-chamber set-up was used to investigate lithium migra-

tion. In this type of set-up, the cathode is placed externally to the specimen, which
allows to the removal of alkali ions. In the case of real structures, however, as for chloride
extraction treatment, the reinforcement might be used as cathode. The use of embedded
rebar as cathode might alter the lithium migration process and lead to undesirable side
effects, such as the accumulation of alkali ions in the region around it (which may pos-
sibly induce further ASR development in the area). In this section, the use of embedded
as cathode will be investigated.

3.4.1. EXPERIMENTAL PROCEDURE

Figure 3.24: Specimen with embedded titanium mesh. The wire coming out of the specimen on the left is from
the embedded mesh.

+ -
LIOH49 M
Anodic p Cathodic
chamber chamber
Ti mesh
Temperature

sensor

(@)

Figure 3.25: Diagram of the experimental set-up (a) and experimental set-up (b).
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MATERIALS AND SPECIMEN PREPARATION

ORTAR cylinders (diameter of 98 mm and 60 mm of height) were cast with a tita-
M nium mesh at 10 mm from one of the surfaces, as shown in Figure 3.24. The mesh
was embedded to represent the situation when a reinforcement bar would be used as
cathode in a structure under treatment. The mortar mixture was the same previously
used. Once again, the specimens were cured for 36 days in a fog room (20.0 + 2.0°C and
R.H. of 96 + 2%).

METHODS

HE two chamber set-up previously described was used. Each specimen was posi-

tioned between two chambers — one with lithium solution and the other remained
empty, working only as support for the specimen (Figure 3.25). For these experiments,
LiOH 4.9 M was chosen, in order to avoid the acidification of the anolyte and the dete-
rioration of the specimen. The chamber with electrolyte received a titanium mesh with
iridium/tantalum oxide coating that worked as anode and the embedded titanium mesh
in the specimens were used as cathodes. Again, two types of cells were used: type I cells
had ventilation holes, while the type II did not (Figure 3.11).

The experiments lasted four or eight weeks and the applied voltage was 15 or 25 V
(electric field of 0.3 or 0.5 V/mm). Lower values of voltage were chosen in order to avoid
the very high currents and temperatures observed in section 3.3. Passing current and
anolyte temperature were constantly recorded by a data logger. Anolyte pH and spec-
imen electrical resistance were measured once a week, by the same procedures previ-
ously described. At those occasions, the anolyte solutions were sampled in order to ob-
tain sodium, potassium, lithium and calcium concentrations, by ICP-OES. Like in the ex-
periments in section 3.3, the anolyte chambers had their solution levels completed with
deionized water before sampling, to avoid the influence of evaporation. After the tests,
images from the specimens were made in a X-ray computed tomography scanner, in or-
der to check for debonding of the mesh. The images were made in a macro CT-scanner
similar to the ones used for medical applications. The resolution on the horizontal place
(the place of each slice) was of 3.0 mm and the resolution on the vertical direction was
of 1.0 mm.

Finally, as previously, the mortar cylinders were cut in slices of approximately 5.0
mm, which were ground in a micro ball mill. The obtained powder was then dissolved in
3.0 M HNOj3 and the final solution was filtered following the same procedure previously
described. The obtained clear solutions were analyzed by ICP-OES for lithium, sodium
and potassium concentrations.

3.4.2. RESULTS AND DISCUSSION

URRENT density plots are shown in Figure 3.26. The cells exhibited rapid increase
C in current density in the first hours and reached a maximum value in less than 12
hours, similarly to what was observed in previous experiments. After that, the current
density dropped steadily until about day 30, when it stabilized until the end of the ex-
periment (in the case of the cells tested for eight weeks). When comparing the cells un-
der the same level of voltage, it can be noted that cells in the set-up type II presented
higher current density than those in the set-up type I - and the difference was more pro-
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nounced when the applied voltage was higher. It is worth noting that specimens under
25V had current densities above 10 A/m? for the first days, and subsequently dropped to
lower values, whereas for the cells under 15V, that level was not reached — the maximum
current density for those cells was around 8 A/m?. It is generally accepted that current
densities higher than 10 A/m? may lead to concrete (or mortar) deterioration [8].

16 T T T T T T T T T
——LIOH4.9M (@ w. 25 V) (I) | |
14 ——LiOH 4.9 M (8w. 25 V) (1) | ]
LIOH4.9M (4w. 15 V) (1) | 1
o 12 ——LIOH 4.9 M (8 w. 15 V) (1) [
§ A\ )\ ——LiOH 4.9 M (8 w. 25 V) (II)|
< ol ——LiOH 4.9 M (4 w. 25 V) (Il) |
Z SN ——LIOH 4.9 M (4 w. 15 V) (Il)| |
s gl —— LiOH 4.9 M (8 w. 15 V) (Il)| |
©
z &
S 6 I .
5 | =
(@)
4 _
2k i
0 1 1
0 10 20 30 40 50 60

Time (day)

Figure 3.26: Current density plots in the experiments with embedded cathode.
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Figure 3.27: Anolyte temperature plots in the experiments with embedded cathode.

Applying lower voltage had desired effect on the temperature of the systems. Figure
3.27 shows the anolyte temperatures, which were all below 30°C. From day 14 until day
20, the cell LIOH 4.9 M (8 w. 25V ]) did not have its anolyte temperature measured due to
problems with the temperature sensor. The temperature of the anolytes follow the same
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Table 3.10: Passing charges for the experiments with embedded cathode.

Cells Charge (kC)

LIOH4.9M 4w 25V (I) 123
LiOH4.9M 8w 25V (I) 186
LIOH49M 4w 15V (I) 88

LIOH49M 8w 15V (I) 138
LiOH 4.9M 4w 25V (I) 159
LiOH 4.9M 8w 25V (II) 253
LiOH4.9M 4w 15V (I) 103
LiOH 4.9M 8w 15V (II) 172

trend as the current density plots. The cells under 25 V had the highest temperatures
and, for the same voltage level, the set-ups type I presented slightly lower values. This
happened most likely due to the presence of ventilation holes in ring around the spec-
imen. Lower temperatures led to higher resistivity values and, finally, to lower current
densities. Table 3.10 shows the passing charges. As expected, higher voltage and longer
period of test led to higher charge. In addition, specimens tested in set-ups type II had
higher passing charge than the ones tested in cells type I.

Electrical resistivity values during the experiment are shown in Figure 3.28. Table
3.11 shows the average values between replicates at different moments of the experi-
ments. Initially, the specimens presented average resistivity of 35 + 1 Q.m. The speci-
mens tested in cells type I (either for four or eight weeks) presented increasing resistivity
until the end of the experiment. The ones tested in set-up type II had increasing val-
ues for the first four weeks and then their resistivity stabilized until the end of the eight
weeks. The difference in behavior between specimens in different types of cells is evident
in the variations between replicates (Table 3.11). For the same level of applied voltage,
specimens tested in set-ups type I presented greater increments in resistivity than the
ones tested in cells type II.

Within the same type of set-up, the cells that received higher voltage had higher re-
sistivity by the end of the experiment. At the end of the tests, the current was turned off
and resistance was measured after 24 hours. Interestingly, the resistivities did not return
to the initial values, indicating that the variations during the experiment were not a mere
effect of temperatures. This indicates that there were, in fact, irreversible changes in the
pore structure and /or in the pore solution composition. One possibility could be that
the production of H, on the titanium mesh in the specimens, due to cathodic reaction
(3.3), led to development of pressure that resulted in local debonding. In order to check
for development of cracking around the mesh, the specimens were analyzed by comput-
erized tomography (CT). No debonding or cracking were detected at the resolution used
in this analysis. Figure 3.29 shows CT scan images from the region around the mesh of
the specimen LiOH 4.9 M (8w. 25 V).
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Figure 3.28: Cell resistivity behavior during experiments with embedded cathode.

Table 3.11: Average resistivity values at different moments of the experiments with embedded cathode.

LiOH4.9M (4 w. 25V)

LiOH4.9M (4 w. 15V)

Av. (Q.m) CV (%) Av. (Q.m) CV (%)
Initial 36 4 34 1
Middle (14 days) 69 16 55 10
End 95 26 68 12
After24 h 98 22 70 13

LIOH49M (8w.25V) LiOH4.9M (8w. 15V)

Av. (Q.m) CV (%) Av. (Q.m) CV (%)
Initial 35 2 36 4
Middle (28 days) 93 20 69 13
End 100 26 86 22
After24 h 90 31 96 32
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Lourdes-ASR grd cocroinate zystem

Figure 3.29: Images obtained by computerized tomography of the region around the titanium mesh in speci-
men LiOH 4.9 M (8w. 25 V). The clear areas are the mesh. No debonding or cracking can be detected.
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Figure 3.30: Sodium (a), potassium (b), calcium (c) and lithium (d) concentrations in anolyte solutions during
experiments with embedded cathode.

The pH of the anolyte solution of all cells remained 14 throughout the test, due to
the high buffer capacity of the initial solution. Figure 3.30 presents the chemical compo-
sition of the anolyte solutions during the experiment. Sodium, potassium and calcium
ions leached from the specimen by diffusion and dissolution during the first couple of
days and reached constant levels throughout the tests (Figure 3.30 a, b and c). There is
no correlation between passing charges and final level of those concentrations. Lithium
ions left the anolyte into the specimen, as expected (Figure 3.30 d). Overall, the speci-
mens with the highest passing charges are the ones with the lowest final lithium concen-
trations in the anolyte, as expected.

Sodium and potassium concentration profiles in the specimen can be seen in Figure
3.31. As expected, sodium and potassium ions were attracted by the cathode and con-
centrated in the area around it. Overall, the concentrations in the region until 35-40 mm
from the anode are close to the ones found in the profiles from section 3.3. This indicates
that most (if not all) free sodium and potassium were removed from that area. And the
specimens with the highest passing charge had profiles shifted towards the cathode.
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Figure 3.31: Sodium (a)and potassium (b) in the specimens tested with embedded cathode. The mesh is situ-
ated at 50 mm from the anode.

Lithium profiles are shown in Figure 3.32. The specimens with highest passing charges
are the ones in which lithium was able to reach deeper layers. In fact, the total lithium
content in the specimens, shown in Table 3.12, can be correlated to the passing charges.
Nevertheless, in most specimens, lithium ions did not reach deeper layers. Lithium to

alkali molar ratios ( I\I[éjr]K]) throughout the specimens can be seen Figure 3.33. No spec-
[Li]

imen had 7775 above 1.0 in all regions. In fact, most specimens only reach that value
in the first 25-35 mm from the anode.




3.4. EFFECT OF EMBEDDED CATHODE ON MIGRATION 73

1.0 | —®LIOHAOM@w.25V) () |
—e— LiOH 4.9 M (8 w. 25 V) (I)
~ 4 LIOH4.9M (@ w. 15 V) (1)
—v— LIOH 4.9 M (8 w. 15 V) ()
_ 08p~ —&—LiOH 4.9 M (4 w. 25 V) (Il) .
2 \ —<— LiOH 4.9 M (8 w. 25 V) (Il)
g —>— LIOH 4.9 M (4 w. 15 V) (Il)
8 o6} —e— LiOH 4.9 M (8 w. 15 V) (II) i
kS
£
2
g o4} i
X
5
02} 4
0.0

0 5 10 15 20 25 30 35 40 45 50 55 60
Distance from anode (mm)

Figure 3.32: Lithium profiles in the specimens tested with embedded cathode.The mesh is situated at 50 mm
from the anode.

V7T T 7T T T T T
—=— LIOH 4.9 M (4 w. 25 V) (I)
—e— LIOH 4.9 M (8 w. 25 V) ()
~ A LIOH49M (@ w.15V) () | T
—w— LIOH 4.9 M (8 w. 15 V) (I)

LiOH 4.9 M (4 w. 25 V) (Il)
< LIOH 4.9 M (8 w. 25 V) (Il)

LiIOH 4.9 M (4 w. 15 V) (II)
—e LiIOH4.9 M (8 w. 15 V) (Il)

[Li]/ [Na+ K]

O.l.l.l.l.l;i\x:};; s
0O 5 10 15 20 25 30 35 40 45 50 55 60

Distance from anode (mm)

Figure 3.33: Lithium to alkalis molar ratio in the specimen tested with embedded cathode.The mesh is situated
at 50 mm from the anode.
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Table 3.12: Average lithium content in specimens after testing.

Specimen Average Li
(%wt. of cement)
LiOH 4.9M 4w 25V (I) 0.13
LiOH 4.9M 8w 25V (I) 0.20
LiOH 4.9M 4w 15V (I) 0.13
LiOH 4.9M 8w 15V (I) 0.13
LiOH 4.9M 4w 25V (II) 0.13
LiOH 4.9M 8w 25V (II) 0.23
LiOH 4.9M 4w 15V (II) 0.13
LiOH 4.9M 8w 15V (II) 0.15

3.4.3. CONCLUSIONS
The following conclusions can be drawn from this section:

As expected, cells under 25 V presented higher current density and passing charge
than the cells under 15 V. In addition, once again the ventilation holes in the cells
influenced the results - cells with no ventilation holes presented higher passing
charge.

Limiting the value of the applied voltage resulted in much lower temperatures and
current densities than the ones observed in the previous experiments.

The resistivity values after 24 h of all specimens were significantly higher than the
initial ones, indicating that non-reversible changes to the pore structure and/or
pore solution composition may have taken place. Debonding of the titanium mesh
was not observed in images obtained by computerized tomography.

Sodium and potassium ions accumulated in the region close to the titanium mesh.
Moreover, very few or no lithium ions arrived in that region.

As sodium and potassium ions accumulate around the cathode, hydroxyl ions pro-
duced by the cathodic reaction (Equation 3.3) are likely to accumulate in that re-
gion, in order to electrically balance the positive charge of the alkalis. In the case
of the treatment of ASR affected concrete using the reinforcement as cathode, the
increase in alkali and hydroxyl concentrations in that area is likely to locally induce
further formation of ASR gel (if enough reactive silica is still present in the system).
In fact, Bentivegna et al. [21] mentioned that the alkali accumulation around the
reinforcement combined with the lack of lithium ion in that area after treatment
were probably the cause for the remaining expansive behavior. In their experi-
ments, treated columns had expansion levels similar or greater than the untreated
ones. Therefore, the accumulation of alkalis near the cathode is a potentially dan-
gerous side effect, if not enough lithium ions reach that area, in order to mitigate
further expansion.
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MODELING OF LITHIUM
MIGRATION IN MORTAR

Parts of this chapter have been published in Souza et al., Study on lithium migration for electrochemical treat-
ment of concrete affected by alkali-silica reaction, 2014 [1]
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4.1. INTRODUCTION

UMERICAL modeling can be a useful tool in understanding mechanisms and prin-
N ciples behind ionic migration in cement-based materials. In fact, in the past years,
a variety of models has been proposed, mostly to describe the transport (ingress or re-
moval) of chloride in concrete. Even though most models use the mass balance equation
(Nernst-Planck) to describe the movement of species in solution, different approaches
are employed.

Many studies only consider the ion of interest - the effect of the interaction between
species is neglected and one mass balance equation is used (e.g. [2],[3], [4]). On the
other hand, simulations that take into consideration different ions in the pore solution
(e.g. sodium, potassium, hydroxyl) become more complex, as they demand a separate
mass balance equation for each species. Moreover, they also consider electroneutrality
of the electrolyte, in an additional equation (e.g.[5], [6], [7]). A further step is taken when
those species are no longer considered inert — they leave or enter the pore solution by
chemical reactions or physical adsorption. In the work of Peelen et al. [8], for example,
the calcium hydroxide equilibrium was considered in a cathodic protection system. In
models describing chloride movement, binding can be included (e.g. [3], [5]).

In this chapter, a multi-ion model for lithium transport in mortar discs during a two-
chamber lithium migration experiment is proposed. This type of model was considered
because the presence of other ions in the pore solution might influence lithium trans-
port. First, a summary on the theory behind species transport in solution and in con-
crete is presented. Then, the modeled system is presented. The model is validated with
experimental results presented in previous the chapter.

4.2. MATHEMATICAL MODEL

4,2.1. TRANSPORT IN SOLUTION
N order to describe the mass transfer process in a solution, it is necessary to describe
the movement of ions, mass balances, current flow and electroneutrality [9].
Considering a control volume as the one in Figure 4.1, the variation of concentration

R;
Jiin ——| - i out
Y
dx
M—lp

Figure 4.1: The variation of the concentration of a species i in an infinitesimally small cube due to the differ-
ence between the fluxes j;, in and j;, out, with the addition of the reaction term R;.
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of a species i over time is given by the general conservation of mass equation:

aci _
E__vji-'_Ri 4.1)
where c; is the concentration of species i, in mol/m?, J; is the flux, in mol/m?.s,
and R; is the reaction term, in mol/ m3.s. The flux indicates the direction in which the
species are moving and the amount of moles passing through a plane with time. Under
an electric field, the flux can be described as a combination of three different transport
mechanisms - diffusion, ionic migration and advection:

Ji=Tiaifs+Jim+Tia (4.2)

where J; iy is the flux due to diffusion, in mol/ m?.s, J; m is the flux due to migra-
tion, in mol/m?.s, and Ji a is the flux due to advection, also in mol/ m?.s. The flux con-
tribution due to diffusion, that is, due to a concentration gradient, is given by Fick’s first
law:

Jiaiff =—DiVci 4.3)

where D; is the diffusion coefficient, in m?/s of the species i. The flux due to ionic
migration is proportional to the ionic concentration, the gradient of potential (¢, in V)
and the ionic mobility (1, ;, in m?/s.V), as expressed in:

Jiim=—Um,iciV¢ 4.4)

Ionic mobility is a property related to the size of the ion, including its adherent water
molecules, and it is defined as the velocity of the ion in an electric field of unit strength.
Ionic mobility values of some ions can be found in Table 4.1.

The diffusion coefficient of an ion is related to the ionic mobility by the Nernst-
Einstein equation [9]:

Um,i
D; =RT—= 4.5
i ZF (4.5)
where R is the universal gas constant (8314 J/K.mol), T is the absolute temperature,
inK; z; is the valence of ion i and F is the Faraday constant (96485 C/mol). The advective
flux is induced by the velocity of the fluid u (in m/s) and it is given by:

Table 4.1: Tonic mobilities in water at 25 °C. [10], [11].

Cation (+) Ionic mobility (m?/s. V)  Anion (-) Ionic mobility (m?/s.V)

HT 36.30x1078 OH~ 20.52x1078
K* 7.62x1078 SO, ~ 8.27x1078
Lit 4.01x1078 Cl- 7.91x1078
Na* 5.19x1078 NO; 7.40x1078

Ca** 5.95x1078 HCO; 4.61x107®
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(@ (b)

Figure 4.2: In bulk solution, the ion can move through the shortest path (a), whereas in a porous material, the
species has to follow the tortuous path of the water-filled pores (b).

Ji,a=uc; (4.6)

When rewriting the conservation of mass equation 4.1 with the aforementioned flux
terms (equations 4.3, 4.4 and 4.6), the Nernst-Planck equation is obtained:
005
E =—-V(cju—D;Vc;— um,iciv¢)+R,~ 4.7)
In the case of charge-carrying species, besides obeying to the principle of conserva-
tion of mass, the variation of concentration must be such that the electrolyte remains
electrically neutral, that is, the total number of negative and positive charges should be
the same. This is the electroneutrality principle, as shown in:

n
Y zici=0 (4.8)
i=1

Finally, the current density i, in A/m?, in the electrolyte is due to the movement of
the charged particles and it is expressed by:

n
ic=F) zi(-DiVc;— Um,ic;Ve) (4.9)
i=1

4.,2.2. TRANSPORT IN CONCRETE

HE principles described in the previous section are also valid for porous materials,
T such as concrete or mortar. However, in this case, transport takes place in the water-
filled pores. Therefore, species are no longer able to advance along the shortest path, like
in bulk solutions, as shown in Figure 4.2. In fact, transport in this type of materials is two
to three orders of magnitudes lower than compared to bulk solution [11].

According to Paz-Garcia[12], it is generally accepted that transport is affected by pa-
rameters such as porosity, degree of saturation, tortuosity and constrictivity. Tortuosity
can be explained as the ratio between the actual length of the pore and the linear dis-
tance between the ends of it. Constrictivity, on the other hand, deals with the hindering
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———
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Figure 4.3: Representation of different types of pores. From the top, an idealized cylindrical capillary pore, a
tortuous capillary and a pore with high constrictivity (after [12]).

in flow due to variations in the cross-sectional area of the pore (Figure 4.3). The author
proposed an effective transport factor (K*) that considers these properties and is given
by:

_ro

Tc

K* (4.10)
where p is the porosity; 0 is the saturation degree and 7. is the tortuosity-constrictivity
factor which is a combination of the effects due to both tortuosity and constrictivity.

The tortuosity-constrictivy factor can be estimated by the ratio between the theoret-
ical (calculated considering the capillary pores as cylindrical tubes) and measured con-
ductivity values (x; and kyp, respectively, both in S/m). The conductivity of the bulk
solution can be calculated by [9]:

n
K=F) zilm,iCi (4.11)
i=1

And, the theoretical conductivity of the specimen can be defined as:

n
K;=0pF ) zium,ic; 4.12)

i=1
Therefore, tortuosity-constrictivity factor is obtained by:

K
To= —2 (4.13)
Ky
Thus, in a porous material, ionic transport can be described by the modified Nernst-
Planck equation:

o(pY)c;
ot
The advective term can be considered as a combination of transport due to gradi-
ents of degree of saturation and electroosmosis and the velocity of the fluid, u, can be
described as [12]:

=-V(K*c;u-K*D;Vc¢; - K* Um,iciVP) + (pO)R; (4.14)
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u=-DgVO—-K,, Ve (4.15)

where Dy is the water diffusivity coefficient, in m?/s and K, ,, is the electroosmotic
permeability, in m?s~1v-1,
Finally, the ionic transport in a porous material can be described by:

o(pO)c;
(g—t)cl =-V(K*¢;DgVO - K*D;iVc; — K* (Ui + Ke.0.)ci V) + (PO)R; (4.16)

4.3. NUMERICAL IMPLEMENTATION

HE modeled experiment was the one-week lithium migration into a mortar disc shown
T in Chapter 3, specifically, the experiments with LiOH 4.9 M solution as anolyte. Fig-
ure 4.4 shows a scheme representing the transport through the pore solution during test-
ing. A mortar disc, here represented having only one large cylindrical pore, was placed
between two electrolyte chambers. Initially, on the left, the anolyte chamber contained
lithium hydroxide (LiOH) solution with 4.9 M of concentration whereas on the right,
the catholyte was a saturated calcium hydroxide (Ca(OH),) solution, with concentration
of 0.023 M. The considered species forming the initial pore solution were potassium,
sodium and hydroxyl ions, with their concentrations in Table 4.2. The initial pore so-
lution composition was estimated by adjusting values found in [11] and [5] according to
the cement composition used in the experiments and the concentrations experimentally
observed in the catholyte solutions.

When the experiment begins, 40 V is applied between electrodes and ionic transport
takes place. As illustrated, lithium ions move into and through the specimen, towards
the cathode, while sodium and potassium ions move mostly in the same direction. A
part of these ions, however, diffuse to the anolyte (not shown in the scheme). Finally,
hydroxyl ions move towards the anode. At the electrodes, hydroxyl ions are either con-
sumed (at the anode) or produced (at the cathode). In addition, a part of the lithium ions
is (chemically and/or physically) bound to the solid phases at the pore walls.

Table 4.2: Estimated initial pore solution chemical composition.

Ion Concentration (mol/l)

K* 0.25
Na* 0.20
OH™ 0.45

A 1-D model was implemented using the Nernst-Planck mode in COMSOL Multi-
physics ®software. Three domains were considered: anolyte, specimen and catholyte, as
shown in Figure 4.4. In the solution domains, Equation 4.7 was applied for each species
but the hydroxyl ions. In the specimen domain, on the other hand, Equation 4.16 was
used for each ion, except for hydroxyl ions. In the case of the hydroxyl ions, the trans-
port equations were not used. Instead, their concentrations were calculated from the
electroneutrality equation (Equation 4.8). This method is known as the Equation Elimi-
nation Method (EEM)[13]. In each domain, when considering the Equations 4.7 or 4.16
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Figure 4.4: Schematic drawing representing the modeled experiment. Initially, the chamber on the left con-
tains the anolyte solution (LiOH 4.9 M), while the chamber on the right contains the catholyte (saturated
Ca(OH)3 solution). The specimen is between both chambers and only one large capillary pore is represented.
Once the power is switched on, cations (sodium, potassium and lithium) are attracted by the cathode while
hydroxyl ions, which are negative, are attracted by the anode. The movement of those ions, due to the electric
field, is represented by horizontal arrows. The scheme also represents hydroxyl ions being consumed at the
anode and being produced at the cathode. Finally, lithium binding is represented by the ion at the wall of the
pore. Ionic movement due to diffusion is not represented for better clarity.

for all species and the electroneutrality equation (Equation 4.8), there are N + 1 equa-
tions for N species. Therefore, a conservation equation of a species can be eliminated
and its concentration can be calculated from the electroneutrality equation, as long as
no explicit boundary condition is applied to the referred species [13].

Transport by advection is not likely to happen under the present conditions [2]. There-
fore, the velocity of the solvent was considered to be zero in all domains. The specimen
was considered to be fully saturated (saturation degree of one). The porosity of the spec-
imen was considered to be 20%, based on the findings of [14], where a similar mortar
was studied.

Finally, the tortuosity-constrivicty factor was calculated by Equation 4.13. As input,
the concentrations in Table 4.2 and experimental resistivity values from Chapter 3 were
used. Instead of using the initial specimen resistivity, in order to take into account the
effect of the rise in temperature, an average value of resistivity during the experiment (39
Q.m)
was considered in the calculation. The obtained tortuosity-constrivicty factor was 78,
which agrees with values found in literature (e.g. [5], [15]).

In a 1-D model, every domain must have the same cross-sectional area, which is
not the case in the actual experiment. In order to take that into account, the modeled
anolyte and catholyte compartments were five times longer than their actual size, as
shown in Figure 4.5. That way, the concentrations in the electrolyte domains and in the
specimen are compatible. The specimen length was maintained the same (50.0 mm)
and the electrodes were placed at 2.0 mm from both ends of the specimen domain.
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Figure 4.5: Schematic representation of the experimental set-up (a) and of the modeled system (b).

According to electrode reactions in Equations 3.3 and 3.4 (in Chapter 3) hydroxyl ions
are consumed in the anolyte and produced in the catholyte, that is, there is a hydroxyl
sink in the anolyte and a hydroxyl source in the catholyte. The reaction rates of hydroxyl
ions (Rop-, in mol/m3.s) in the electrolytes were calculated by:

i

Rou-,anoiyte = _d_CF (4.17)
lc

ROH’,catholyte = ﬁ (4.18)

where d (in m) is the length of the region where the reaction took place. In this case,
the adopted value was 1 mm. As mentioned, in the specimen, lithium binding to the pore
structure was considered. Indeed, when chemical species penetrate into concrete, they
may interact chemically and/or physically with the cement matrix and the aggregate (if
the latter is porous or ASR reactive), leaving the pore solution. This process depends not
only on the nature of the species and its concentration, but also on factors such as tem-
perature and concrete (mortar) composition [11]. As there is no information on lithium
binding in literature, in this thesis it was assumed that binding was linearly proportional
to lithium concentration in the pore solution. Therefore, in the specimen domain, the
reaction term was

Rpi+ spec = —kiincri+ (4.19)

where kj;, is a binding coefficient, in s ~1, In this work, three binding coefficients were
evaluated: 0 (no binding), 1.0 x 1077 s 1and 2.0x1077 s ~L. The concentration of bound
lithium, Li}, in mol/kg of solid, was calculated by:

oLi
(1- p)pa—tb = KjincLi+ (4.20)

where p is the density, in kg/m®. In this work, mortar density was considered to be 2160
kg/m?3, based on the findings of [14], where a similar mortar was investigated.
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4.4. RESULTS AND DISCUSSION
N this section, results obtained from the model calculation are shown and compared
to the experimental ones, presented in Chapter 3.

Figure 4.6 shows the modeled and experimental concentrations of lithium in the
anolyte. In the model results, lithium concentrations decreased with time, as the ions
left the anolyte and migrated into the specimen. Lithium binding did not affect much
those concentrations - they practically coincide. When comparing to the experimental
results, nevertheless, a clear difference can be noted. Indeed, as previously mentioned
in Chapter 3, the increase in lithium concentration experimentally observed was not ex-
pected and it was likely due to water evaporation from the solution. The reduction of the
anolyte volume led to the concentration increase. In contrast, in the model, the volume
of the solution was considered constant.

4rF —=— Experiment (1)
% —e— Experiment (1)
E 3L —=A— Model - no binding
= —v— Model -k, =1.0x 107 /s
=
oL —<— Model -k, =2.0x10" 1/s
1r -
0 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8

Time (day)

Figure 4.6: Lithium concentrations in anolyte - comparison between experimental results and model calcula-
tions. The plots of the model results with different binding coefficients are overlapping.

Sodium and potassium concentrations from the model are much lower than the ones
observed during the experiments, as seen in Figure 4.7. A possible explanation for the
difference could be that highly concentrated alkali hydroxide solutions are known for
attacking concrete, dissolving hydrated phases [16],[17]. As the anolyte was a very con-
centrated LiOH solution, it is possible that the attack took place during the experiment.
However, the attack reaction was not considered in the model, leading to the underesti-
mation of the concentration of those ions. In addition, it is interesting to note that, like
in the case of anolyte lithium concentration, lithium binding had a limited role in the
transport of those ions into the anolyte as the concentrations calculated by the model
practically coincide.
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Figure 4.7: Sodium (a) and potassium (b) concentrations in anolyte - comparison between experimental results
and model calculations. The plots from the model results with different binding coefficients are overlapping.
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Figure 4.8 shows the sodium and potassium concentrations in the catholyte. As ex-
pected, the model results show the accumulation of those ions in the catholyte over
time. Potassium ions left the specimen and the concentration increases until the fifth
day, when it became constant. Sodium ions, on the other hand, left the pore solution
at a lower rate (due to lower concentration and mobility) and reached constant concen-
tration on the sixth day. It is worth noting that, once again, lithium binding had little
influence on the removal of those ions from the specimen - the concentrations obtained
by the model with different binding coefficients are practically the same. The model re-
sults are similar to what was experimentally observed, especially in Experiment (I). In
this case, the sodium plots are close for the whole experiment while the potassium plots
are close until day three. Nevertheless, the final model and experimental concentrations
differ by less than 10%, in the case of Experiment (I).

0.08 T T T T T T T
0.07 - -
0.06 - 4
0.05 - -
= | e
2 o004 .
s _ —a— Experiment (1)
z 003 —e— Experiment (Il)
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=T - —v—Model - k, =1.0x 107 1/s
r L~
0.01F == —¢—Model -k, =2.0x 107 1/s
Ny 1
Z
OOO 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
Time (day)
(@)
008 T T T T T T T
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Figure 4.8: Sodium (a) and potassium (b) concentrations in catholyte - comparison between experimental
results and model calculations. The plots from the model results with different binding coefficients are over-

lapping.
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Figure 4.9: Lithium concentrations in catholyte - experimental results and model calculations. The plots over-
lap until day 5.

In contrast, the effect of lithium binding can clearly be observed in the concentra-
tions of lithium in the catholyte (Figure 4.9). As expected, the higher is the binding co-
efficient, the less ions leave the specimen into the catholyte solution. This can be noted
especially by the end of the experiment. Interestingly, for all model cases, it took six days
for lithium to arrive in the catholyte — behavior quite close to what was experimentally
observed. However, all final concentrations (with or without binding) are much higher
than the experimental one. This could be related to the shape of the lithium profile in
the specimen, as will be discussed further.

Concentration profiles of sodium, potassium, lithium and hydroxyl ions in the pore
solution, calculated by the model, are shown in the graphs of Figures 4.10, 4.11, 4.12 and
4.15, respectively. As expected, sodium and potassium were attracted by the cathode and
progressively left the specimen. All sodium left the pore solution before day six, while all
potassium was depleted by day five - like observed in the catholyte concentrations. As
previously mentioned, potassium left the pore solution faster than sodium because of
its higher mobility and concentration. As potassium moved faster towards the cathode,
there was an area without potassium but with sodium. In that region, the sodium profile
makes a hump, with higher concentration than initially. This probably happened due to
the different mobilities of lithium, sodium and potassium. Lithium moves more slowly
than sodium - therefore, there is an area were sodium is the only ion found. In that re-
gion, half current must be carried by sodium ion (and the other half by hydroxyl ions).
Therefore, there is an accumulation of sodium ions so that there are enough species to
carry current in that area. Lithium binding had limited role on sodium and potassium
profiles. With higher binding levels, the shape of the profiles was slightly modified, es-
pecially from day three on. As lithium left the pore solution (due to being bound to the
pore structure), in order to maintain electroneutrality, sodium and potassium had their
transport slightly slowed down.
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Figure 4.10: Model results for sodium concentration profiles in pore solution for three levels of lithium binding:
(a) no binding, (b) k;;,, =1.0x10™ s "' and (c) k;;,, =2.0x107" s 71,
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Figure 4.11: Model results for potassium concentration profiles in pore solution for three levels of lithium
binding: (a) no binding, (b) k;;,, =1.0x10™7 s "1 and (c) k;;,, =2.0x1077 s 1.
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Figure 4.12: Model results for lithium concentration profiles in pore solution for three levels of lithium binding:
(a) no binding, (b) k;;,, =1.0x10™ s "' and (c) k;;,, =2.0x1077 s 71,

Lithium ions are attracted by the cathode and migrate into and through the speci-
men, as shown in Figure 4.12. The concentration profiles have, initially, three different
regions: a steep drop, followed by a region of constant lithium levels and finally the con-
centration decreases again. With time, the whole profile advances towards the cathode.
In fact, the end of lithium profiles coincides with the beginning of areas with sodium.
This is confirmed by the fact that lithium arrives in the catholyte before day six - the
same time when all sodium has been removed from the pore solution. Therefore, ac-
cording to the model, in order for lithium ions to advance in the specimen, it is neces-
sary that sodium and potassium are first removed from its pore solution. As expected,
binding modifies the concentrations of lithium - the higher the binding coefficient, the
lower levels of lithium were observed in the pore solution. Figure 4.13 shows the plots of
bound lithium in the considered cases.

The final total lithium (that is, the combination of ions in the pore solution and
bound ions) concentration profile can be seen in Figure 4.14. The profiles obtained by
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the model have different shape from what was experimentally observed. Although the
model estimates well the average total amount of lithium that migrated into the speci-
men, especially in the case where k;;;, is 2.0 x 10~7 s ~! (Table 4.3), it underestimates the
concentration in the region between 5 and 25 mm from the anode and overestimates it
in the rest of the specimen. As the calculated concentration is overestimated in the re-
gion closer to the catholyte, it is likely that lithium concentration in the catholyte is also
higher than the expected level, as seen in Figure4.9.
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Figure 4.13: Model results for bound lithium in specimen for different levels of binding: (a) k;;,, = 1.0 x 1077
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Figure 4.14: Final total lithium content in specimen.
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Table 4.3: Average total lithium content in specimen after migration - comparison between experimental and
model results.

Average total lithium

(g/kg solid)
No binding 0.340
K;in=1.0x10"7s 1 0.391
Kijn=2.0x10"7s 1 0.482
Experimental (I) 0.487
Experimental (II) 0.310

Interestingly, other authors have used similar multi-ionic transport models to pre-
dict chloride migration in concrete and have obtained solutions with similar shape, re-
gardless of considering binding (e.g. [5] and [18]) or not (e.g.[6] and [7]). Krabbenheft
and Krabbenhoft [6] attributed this shape to electroneutrality - the limited supply of
cations would limit the transport of the anions, such as chlorides, in the system. Spiez
[3], on the other hand, credits the differences between model and experimental pro-
files to wrong assumptions regarding binding and equilibrium between free and bound
ions (chlorides, in the case of his work). Indeed, as previously mentioned, due to lack of
information on lithium binding, considering it to be linearly proportional to the concen-
tration can be considered as a first approach. Therefore, further investigation is needed
in order to obtain models that predict better lithium concentration profiles.

Regarding the hydroxyl concentration profiles, shown in Figure 4.15, they are combi-
nations of the profiles from the positive ions (sodium, potassium and lithium), because
hydroxyl concentrations were calculated using the electroneutrality principle. It is im-
portant noting that, even though hydroxyl has the highest mobility in the system, its
transport (both in concentration and speed) was limited by the transport of the cations
in the system. This is a direct consequence of a multi-ion model [6].

Finally, current density plots can be seen in Figure 4.16. The overall trend of the
model results is similar to what was observed experimentally. In the model, the speci-
men was considered to be fully saturated from the start, which led to the highest current
as soon as the test began. In the experiment, however, as the specimen was not initially
fully saturated, it took a couple of hours before the peak value could be reached. Nev-
ertheless, in both model and experiments, after the point of highest value, the current
density slowly decreased and then became nearly constant. Interestingly, the current
density values predicted by the model are close to the values observed during Experi-
ment (II).

The suggested model can also be used to estimate lithium migration during other ex-
periments. The model (without binding) was used to estimate lithium transport during
the experiment LiOH 0.2 M, also presented in Chapter 3. The experiment was similar to
the one discussed previously in this chapter (40 V applied during seven days), but the
anolyte was a LiOH 0.2 M solution, instead of LiOH 4.9 M. A summary with the main
model results is shown in Table 4.4. It is interesting to notice that the behavior of sodium
and potassium ions described by the model is very close for both LiOH 0.2 M and 4.9 M
cases, as it was experimentally observed. This could indicate that the alkali removal does
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Figure 4.15: Model results for hydroxyl concentration profiles in pore solution.
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Figure 4.16: Current density passing through the specimen - comparison amongst model and experimental
results.

not greatly depend on the concentration of the anolyte solution.

Table 4.4: Summary of the main model and experimental results for the experiment with LIOH 0.2 M as anolyte.

Model Experiment

Average lithium content in specimen(g/kg solid) 0.19 0.22
Current density (A/m?) 16.6 19.9
Final potassium concentration in catholyte (mol/l)  0.07 0.06
Final sodium concentration in catholyte (mol/l) 0.06 0.05
Final lithium concentration in catholyte (mol/l) 0.007 0.006

4.5, CONCLUSIONS

N this chapter, a multi-ion numerical model for lithium transport under an electrical
I potential gradient was proposed. Lithium binding was assumed to be linearly pro-
portional to lithium concentration at the studied rates as a first approach, due to lack of
information on this topic in current literature.
The conclusions are as follows:

* Regarding the concentrations in the anolyte solutions, divergences among model
and experimental results highlighted the water evaporation that took place during
testing and was not considered in the model. It also brought attention to the pos-
sibility of alkali attack occurring during the experiments, as the reaction was not
considered in the model.

* Sodium and potassium concentration variations in the catholyte were well pre-
dicted by the model results. Lithium concentrations, on the other hand, were over-
estimated, probably due to the shape of the concentration profile in the specimen.
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Observing the concentration profiles obtained by the model, it is necessary that
all sodium and potassium is removed from the pore solution before lithium ions
can reach the catholyte. This could be a limiting factor to be considered during
treatment design, if the rebar is used as cathode and sodium and potassium are
not removed from the pore solution (as pointed out in Chapter 3).

Even though the model predicted well the average total amount of lithium in the
specimen, it did not predict well how those ions are distributed throughout the
specimen. This could be due to model assumptions, such as linear lithium bind-
ing or no binding at all. Further investigation is needed in order to obtain concen-
tration profiles closer to the experimental ones.

The current density behavior is reasonably estimated by the model. Differences
between model and experimental results can be due to the estimation of the initial
chemical composition of the pore solution.

The suggested model can be used to estimate lithium transport in other exper-
iments. When calculating for the case when LiOH 0.2 M solution was used as
anolyte. Modeled and experimental results match well. Lithium migration was
greatly influenced by the lower concentration of the anolyte, while the transport
of potassium and sodium was similar to the case with LiOH 4.9 M.
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5.1. INTRODUCTION

HE effect of lithium migration on ASR expansion has been studied by various au-

thors, with different conclusions. With laboratory size specimens, some works (e.g.
[11, [2], [3]) treated ASR affected concrete in two-chamber set-ups — not only lithium
was transported into the specimens, but sodium and potassium ions were also removed.
The combination of both effects led to the reduction of post-treatment expansion rate
in those studies. Interestingly, the result was positive even in the cases in which most
lithium concentrated in the region closer to the anolyte, indicating that the removal of
alkalis may have played an important role.

Other studies treated ASR affected concrete using a reinforcement bar in laboratory-
size specimens (e.g. [4], [5], [6], [7], [8], [9]). Even though, in those studies, the use
of an embedded cathode led to the accumulation of potassium and sodium in the re-
gion around it, in some cases (especially when the temperature of the anolyte was in-
creased), reduction of expansion rate was observed. On the other hand, when large-
scale specimens or real structures were treated, the results were different. The treatment
of large-scale reinforced cylindrical concrete columns using the reinforcement as cath-
ode did not mitigate nor reduce ASR expansion [10]. Similar results were found after the
treatment of bridge columns affected by ASR. In fact, cracks were found in columns five
years after treatment [10]. The divergent conclusions indicate that further research is
still needed. In this chapter, an experimental study into the effect of lithium migration
on ASR induced expansion will be presented.

5.2. EXPERIMENTAL PROCEDURE

5.2.1. MATERIALS AND SPECIMEN PREPARATION

ONCRETE specimens were prepared with water to cement ratio (w/c) of 0.4 and Ordi-
C nary Portland cement type CEM 142.5 N, commercially available in the Netherlands,
with chemical composition shown in Table 3.1. As for the aggregate, the fine portion was
non-reactive siliceous sand while the coarse aggregate was an Icelandic gravel, provided
by Mannvit, which has shown to be ASR reactive elsewhere [11], [12]. The gravel was
analyzed by polarized light microscopy and it is composed by volcanic rock with glass
groundmass (Figure 5.1). Volcanic glass is known to be ASR reactive in some cases [13],
[14]. A more detailed analysis of the aggregate can be found in Appendix A.

NaOH was added to the mixture so that the NayO.4 (sodium oxide equivalent) by
mass of cement was 1.25 wt.%. The total NayO,, of the concrete was 5.9 kg/ m3. The
proportions of the materials used are shown in Table 5.1. The mixing procedure was car-
ried out following the recommendations on RILEM Recommended Test Method: AAR-
4.1 - Detection of Potential Alkali-Reactivity - 60°C [15]. Properties of the fresh mix-
ture, namely slump (NEN-EN 12350-2) and air content (NEN-EN 12350-7), are shown in
Table 5.1.

Cylindrical specimens, with diameter of 98 and 50 mm of height, were cast in order to
evaluate the effects of ASR induced expansion on lithium migration. In order to evaluate
the effects of lithium migration on expansion, concrete prisms (280 x 75 x 75 mm) were
cast with stainless steel studs at the ends of each prism. The diagram of Figure 5.2 shows
the positions of the studs in the specimen. After curing for a day, the specimens were
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Figure 5.1: Optical micrographs of an aggregate particle. It has a volcanic texture, with the presence of plagio-
clase. The darker areas are volcanic glass groundmass. (a)Plane polarized light and (b)Crossed polarized light.
Field of view: 1.5mm

Table 5.1: Material proportions and properties of fresh concrete mixture.

Material

Cement CEM 142.5 N (kg/m?®) 488
Water, w/c = 0.4 (kg/m?) 195
Fine aggregate < 4 mm (kg/m3)? 471
Coarse aggregate 4 to 16 mm (kg/m®)® 1114
NaOH (kg/m3) 4.0
Slump (mm) 180
Air content (%) 0.8

2 Non-reactive siliceous (river) sand .
b Reactive Icelandic gravel (rounded and used as re-
ceived).

demolded. The prismatic specimens were placed in stainless steel containers while the
cylindrical ones were placed in plastic boxes, as shown in Figure 5.3. The boxes and con-
tainers were closed and placed in an ASR reactor, at 60 °C and R.H. of 100%. Therefore,
the specimens were placed in the reactor at one day of age.

5.2.2. METHODS

HE expansive behavior of the concrete without any treatment was evaluated follow-
T ing the recommendations from RILEM in AAR-4.1 [15]. For this, as previously men-
tioned, concrete prisms were cast and placed in an ASR reactor (60 °C and R.H. of 100%).
Three replicates were used. The lengths of the specimens were measured in a vertical
length comparator (with accuracy of 0.0005 mm) every 5 weeks, during 20 weeks. These
specimens did not go through any other procedure besides ASR acceleration.

The migration experiments were conducted in two-chamber migration cells. In the
case of the cylindrical specimens, the set-up was the same used in Chapter 3 (Figure
3.1). The anolyte was a 4.9 M LiOH solution while the catholyte was a saturated Ca(OH),
solution. LiOH 4.9 M solution was chosen because of its high lithium concentration
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i
i
75 mm

280 mm

Figure 5.2: Diagram of a prismatic specimen with the stainless steel studs (in dark gray) at each end.

(b)

Figure 5.3: Cylindrical specimens in plastic box (a) and prismatic specimens in metallic container (b). Both
box and container had a grid on the bottom with a water film under it.

and high pH, which prevents the acidification of the solution and deterioration of the
concrete (Chapter 3). The applied voltage was of 26.7 V (0.53 V/mm) and the test lasted
four weeks. Two different levels of pre-treatment expansion were tested. For that, two
specimens were cured in the ASR reactor for 3 weeks prior to the migration tests while
the other two specimens were cured for 10 weeks prior to testing.

For the prismatic specimens, prismatic acrylic cells were used, as shown in Figure
5.4. Rectangular titanium meshes were used as electrodes. LiOH 4.9 M or saturated
Ca(OH), solution was used as anolyte solutions. Each electrolyte chamber contained
710 ml of solution. The use of Ca(OH), was intended for the evaluation of the isolated
effect of the removal of alkali ions on the expansion. Saturated Ca(OH), solution was
used as catholyte in all tests. The applied voltage was 40 V (0.53 V/mm) and the mi-
gration tests lasted four weeks. Although the applied voltage is different from the one
applied in the experiments with the cylindrical specimens, the magnitude of the electric
fields is the same in both cases. Therefore, the migration results should be comparable.
Besides migration tests, diffusion experiments (without current) were also conducted
with the same solutions for four weeks. Table 5.8 presents a summary of the experimen-
tal conditions for the prismatic specimens. Each experimental condition was tested with
three replicates. Migration and diffusion tests were carried out in specimens exposed to
ASR accelerating conditions (60 °C and R.H. of 100%) for 3 or 10 weeks, as pre-treatment.
One day after finishing the migration experiments, the specimens were placed in the
reactor again. Expansion was measured every 5 weeks (when possible) and before and
after treatment, following the procedures described in RILEM recommendations AAR
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Figure 5.4: Schematic diagram of prismatic acrylic cell with specimen (a) and the experimental set-up (b).
Each electrolyte chamber contained 710 ml of solution.

4.1 [15]. During the migration experiments of the 3-week specimens, the reference studs
corroded, causing cracking and leakage of the electrolyte solutions. Therefore, the refer-
ence studs of all migration specimens were removed. The remaining hole was filled with
a repair mortar commercially available in the Netherlands. After one day of curing the
mortar, new stainless steel studs were placed on the repair with a two-component glue
(Plex 7742 and Pleximon 801).

All migration and diffusion experiments were carried out in a climate controlled lab-
oratory, at 20.0 + 2.0 °C and R.H. of 50+ 5 %. Passing current and catholyte temperature
were continuously monitored and recorded by a data logger (with accuracy of 1 x 107°
mA and 1 x 1078 °C, respectively). The electrical resistance of the specimens and the pH
of the electrolytes were measured once a week, in the case of the migration tests. In the
case of the diffusion experiments, those measurements were made less often.

Like in the experiments of Chapter 3, the electrical resistance was measured with a
LCR meter, at 120 Hz in resistance mode, with accuracy of 0.1 Q. Specimen resistivity
was calculated from the resistance values using Equation 3.1. The pH values of the elec-
trolytes were measured with pH test strips (with accuracy of 0.5 or 1, depending on the
pH level).

Samples of the electrolyte solutions were collected once a week, in the case of the mi-
gration tests, or at the beginning and at the end of the diffusion experiments. They were
analyzed by inductively coupled plasma optical emission spectroscopy (ICP-OES), to ob-
tain the concentration of sodium, potassium, lithium and calcium ions (the latter only
in anolyte solutions), like in Chapter 3. The detection limits were 0.02 mg/1 for potas-
sium and 0.05 mg/1 for lithium, sodium and calcium. Standard solutions were used for
control. Most ICP-OES concentration measurements had variations below 3% and the
error bars were omitted from the graphs. In order to avoid variations in concentration
due to the evaporation of water, the electrolytes were filled up with deionized water prior
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Table 5.2: Summary of the experimental conditions applied to prismatic specimens.

Time in ASR reactor -

prior testing Applied voltage Anolyte Catholyte

40V LiOH4.9M
40V Ca(OH), saturated

3 weeks oV LiOH 4.9 M Ca(OH), saturated
(1AY Ca(OH), saturated
40V LiOH4.9M
40V Ca(OH), saturated

10 weeks oV LIOH 4.9 M Ca(OH), saturated

ov Ca(OH), saturated

* At60 °C and 100% R.H.

to sampling. Ionic concentration profiles after migration were obtained from the cylin-
drical specimens. They were cut in slices of approximately 5 mm. Each slice was ground
in a micro ball mill and the obtained powder was dissolved in 3.0 M HNO3, following the
same procedure described in Chapter 3. The obtained filtered solutions were analyzed
by ICP-OES for lithium, sodium and potassium concentrations.

The effects of migration treatment were also evaluated by means of microanalysis.
For that, polished sections were prepared from cylindrical specimens before and after
migration testing. Ethanol was used as coolant liquid during cutting and polishing. A
Philips X130 environmental electron microscope with energy-dispersive spectrometer
(EDS) under hi-vac condition was used. During the EDS analysis the accelerating volt-
age was 15 kV. The beam current was regularly measured by the use of a picoammeter
and a Faraday cap and it was about 1 nA. The beam current was included into the ZAF
quantification. For each specimen, 10 areas were analyzed. Twenty spot microanalysis
were carried out on each area.
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5.3. RESULTS AND DISCUSSIONS

5.3.1. EXPANSIVE BEHAVIOR OF CONCRETE WITHOUT ANY TREATMENT

HE expansive behavior of the concrete specimens that did not receive any treatment
T is shown in Figure 5.5. The quite high scattering levels observed in the expansion
(up to 17% of variation in relation to the average) can probably be explained by the het-
erogeneous nature of the aggregate. By the fifteenth week, this concrete had expansion
above the limit of 0.03% and can be classified as ASR reactive, according to [15].

0.06 T T T T T T T T

0.05 |- .

Expansion |
limit

Expansion (%)

0.00 ) I ) I ) I ) I )
0 5 10 15 20 25

Time (weeks)

Figure 5.5: Expansion behavior of the concrete without any treatment. The expansion limit for a concrete to
be considered non-reactive is 0.03% at 15 weeks [15].

5.3.2. INFLUENCE OF ASR EXPANSION ON MIGRATION

CURRENT DENSITY, TEMPERATURE AND RESISTIVITY

HE influence of ASR induced expansion on lithium migration was investigated with
T cylindrical specimens. Figure 5.6 (a) shows the current density that passed through
the specimens during the migration tests. All specimens had current densities below
5 A/m? - therefore, below the limit applied in electrochemical treatments in order to
avoid undesirable side effects [16], as mentioned in Chapter 3.

Differently from what was observed in Chapter 3, the specimens did not present a
rapid increase in current in the first couple of hours. This might indicate that they were
fully (or close to fully) saturated at the beginning of the experiment. The specimens that
were under ASR accelerating conditions for 3 weeks prior to testing exhibited the highest
current densities due to their initial resistivity (5.7). The currents slowly decreased until
about day 15, when they started increasing until the end of the test. The specimens LiOH
4.9 M 10 w,, on the other hand, had decreasing currents from the beginning until the end
of the experiments.

The charges that passed through the specimens during the experiments (Equation
3.2) are shown in Table 5.3. The 3-week specimens had higher charges than the 10-week
specimens. This was expected as the 3-week specimens had higher currents throughout
the experiments. The average charge for the 3-week specimens was 69 + 2 kC while for
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Figure 5.6: Current density (a) and catholyte temperatures during testing of the cylindrical specimens exposed
to ASR accelerating conditions for 3 and 10 weeks prior to testing.

Table 5.3: Total charge that passed through the cylindrical specimens exposed to ASR accelerating conditions
during 3 and 10 weeks prior to testing.

Specimen Charge (kC)
LIOH4.9M 3 w. () 67
LiOH 4.9 M 3 w. (II) 71
LiIOH4.9M 10w. (I) 44

LiIOH 4.9 M 10 w. (I) 53

the 10-week specimens it was 48 + 5 kC.

Figure 5.6 (b) shows the temperature behavior of the catholyte solutions. They were
all rather constant, around 23 °C. Local variations were observed in replicates and are
most likely due to variations in room temperature. Nevertheless, it is possible to cor-
relate the passing current density with temperature — the specimens with the highest
temperature are the ones that had the highest current densities.

The resistivity behavior of the specimens during the experiments is shown in Figure
5.7. The average initial resistivity of the specimens exposed to ASR accelerating condi-
tions for 3 weeks was 95 + 2 Q.m while for the specimens in ASR reactor for 10 weeks was
145 + 8 Q.m. The difference in initial resistivity may be explained by different factors or
by a combination of them. The different ages of the specimens at the beginning of the
migration experiments could have influenced the initial resistivity values. The 3-week
specimens may have had higher porosity due to a lower degree of hydration than the
10-week specimens. In that case, the temperature of 60 °C may not have been enough
to accelerate most of the hydration reactions in 3 weeks. However, other authors have
reported different behavior regarding the influence of high curing temperatures on the
hydration of cement pastes [17], [18]. In the work of Gallucci et al. [17], cement pastes
cured at 60 °C had over 80% of degree of hydration by 14 days of age. From 14 days until
90 days, the increase was less than 5%. Similar findings were reported by Neville [18].
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Therefore, although it is possible, it is unlikely that the difference in age significantly
contributed for the different initial resistivity values.

An alternative explanation is that there might have been differences in the pore so-
lution composition at the beginning of the migration experiments. Kim et al. [19] in-
vestigated the evolution of sodium and potassium concentrations in the pore solution
during ASR development. Their results show that those concentrations decreased as the
reaction progressed. Thus, it is possible that the 10-week specimens had lower con-
centrations of alkalis in their pore solution at the beginning of the experiments, which
would have led to higher resistivity. Interestingly, the expansion level had limited influ-
ence on the resistivity at the beginning of the migration experiments. It was expected
that cracking due to ASR development would lead to a decrease of resistivity. However,
in the present study, cracking formation was not enough to overcome the effect from the
factors previously mentioned. It is worth noting that no visible cracks were observed on
the specimens, before or after treatment.

During the migration experiment, all specimens presented resistivity values higher
than the initial ones. As can be observed in Figure 5.6 (b), the temperature of the cells
did not change significantly during the experiment. Therefore, the effect of temperature
is limited. Indeed, after 24 hours without power and at room temperature, the resis-
tivity values of all cells were higher than the initial ones. This indicates that irreversible
changes in pore structure and/or pore solution composition are likely to have happened.

250 T T T T T T T T

T T -‘
Power off :

Resistivity (Q.m)
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—A—LiOH 4.9 M 10 w. (1)
—v— LIOH 4.9 M 10 w. (I1)] 4
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Figure 5.7: Resistivity of cylindrical specimens exposed to ASR accelerating conditions during 3 and 10 weeks
prior to testing.

CHEMICAL COMPOSITION AND PH OF ELECTROLYTE SOLUTIONS
HE pH of the anolyte and catholyte solutions are shown in Figure 5.8. The anolyte pH
was 14 throughout the experiment. On the other hand, the catholyte pH of all cells
increased to 13 after a week of testing and remained at that level until the end of test-
ing. The slight increase in pH might be explained by the fact that not all of the hydroxyl
ions produced at the cathode (Equation 3.3) were transported into the specimen, in the
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direction of the anode. In fact, some hydroxyl ions remained in the catholyte to bal-
ance the positive charge from sodium and potassium ions that were transported to the
catholyte solution. As both electrolytes remained basic, the deterioration of the surface
of the specimens by acid attack was avoided.

15 T T T T T 15 T T T T T
14— & & @ | 14 4
13 g 13 :—‘/.—.—. ]
121 g 12+ : ]
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10 v LiOH 4.9 M 10 w. (Il)] 1 10F —v— LiOH 4.9 M 10 w. (II)| -
9r g 9t ]
8 g 8+ 4
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Figure 5.8: Anolyte (a) and catholyte (b) pH variations during experiments with cylindrical specimens exposed
to ASR accelerating conditions for 3 and 10 weeks before testing. In each graph, the plots from different tests
are overlapping, as the solutions had the same pH measured.

The sodium, potassium, calcium and lithium concentrations in the anolyte solu-
tions are shown in Figures 5.9. Limited amounts of sodium, potassium and calcium ions
leached from the specimens due to diffusion and possibly due to alkali attack, as previ-
ously mentioned in Chapters 3 and 4. Those ions left the specimen during the first week
and their concentration in the anolyte solutions remained almost constant throughout
the experiments. Sodium concentrations are higher due to its higher concentration in
the pore solution caused by the addition of NaOH in the concrete mixture. Lithium ions
left the anolyte solutions and were transported into the specimens. The cells with the
highest passing charges had the lower final lithium concentrations in their anolyte solu-
tions.

Sodium, potassium and lithium concentrations in the catholyte solutions are shown
in Figure 5.10. Sodium and potassium ions, attracted by the cathode, left the spec-
imens. Their concentration built up in the catholyte solutions during the migration
experiment. Unlike what was observed in Chapter 3 the concentrations did not reach
a constant value, indicating that not all free sodium and potassium left the specimen
during testing. This was confirmed by the sodium and potassium concentration pro-
files in the specimens (Figures 5.11 and 5.12). Sodium concentrations were higher than
potassium concentrations due to the extra NaOH added to the concrete mixture. Limited
lithium arrived to the catholyte after day 21. The higher specimen resistivity combined
with the lower applied voltage resulted in much slower lithium migration than the ones
observed in Chapter 3. The specimens that had the highest passing charge had the high-
est sodium and potassium concentrations in the catholyte. However, the same cannot
be said regarding lithium concentration, as no clear relation can be observed
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Figure 5.9: Concentrations of sodium (a), potassium (b) calcium (c) and lithium in the anolyte solutions of the
experiments with cylindrical specimens exposed to ASR accelerating conditions during 3 and 10 weeks prior
to testing. In (a), (b) and (d), the plots from LiOH 4.9 M 10. (I) and (II)are overlapping. In (c) the plots from
LiOH 4.9 M 10. (I) and (II) and 3 w. (I) are also overlapping.



110 5. EFFECT OF LITHIUM MIGRATION ON ASR INDUCED EXPANSION
030 T T T T T 030 T T T T
025 [—=—LioOH4.9M3w. () , 025} t:g: j'g m gx E:?)

— LIOHA4.9M3 w. (Il) —a LiOH49M 10w. ()
020 | A LiOH49MI10w. () — 020} v LiOH 4.9 M 10 w. (Il
- —v— LiOH 4.9 M 10 w. (Il ’ i -
3 _——~ 1 5
E 015 - 41 g oaisf
= -
£ 010 1= o1l
0.05 R 0.05
0.00 L L L L L 0.00
5 10 15 20 25 30 0
Time (day) Time (day)
(a) (b)
0.30 : T : T T
—=— LiOH 4.9 M 3 w. (I)
0.25 —e— LiIOH4.9M3w. (Il) | T
—a— LiOH 4.9 M 10 w. (I)
0.20 —v— LIOH49M10w. (II) | |
e o015 .
=
= 010 ]
0.05 ]
0.00 —— - v —2
0 5 10 15 20 25 30
Time (day)
(c)

Figure 5.10: Concentrations of sodium (a), potassium (b) and lithium (c) in the catholyte solutions of the ex-
periments with cylindrical specimens exposed to ASR accelerating conditions during 3 and 10 weeks prior to

testing.
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CONCENTRATION PROFILES IN THE SPECIMENS

ODIUM and potassium total concentration profiles of specimens after migration test-
S ing are shown in Figures 5.11 and 5.12, respectively. The control lines show the total
concentration before the migration experiments. The profiles of both ions show fronts
moving towards the cathode. This indicates that not all free sodium and potassium were
removed from the specimens during testing, as previously mentioned. Nevertheless, the
3-week specimens presented less of those ions, as expected, considering they also pre-
sented the highest passing charges.
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Figure 5.11: Sodium total concentration profiles in the cylindrical specimens exposed to ASR accelerating con-
ditions during 3 and 10 weeks prior to testing.
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Figure 5.12: Potassium total concentration profiles in the cylindrical specimens exposed to ASR accelerating
conditions during 3 and 10 weeks prior to testing.

Figure 5.13 shows total lithium concentration profiles in the specimens after testing.
The profiles are very close, with the exception of the specimen LiOH 4.9 M 10 w. (I). Like
in previous experiments, the basic shape remained the same - the concentrations are
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higher closer to the anolyte and they decrease towards the catholyte. As previously men-
tioned, although a sharp concentration profile would be expected from a migration ex-
periment through a porous medium [20], the obtained shapes are similar to the findings
of other authors (e.g. [20], [21], [22]). Table 5.4 shows the average lithium concentration
of all specimens. The specimen LiOH 4.9 M 10w. (I) had much lower lithium content
than the other specimens. This is probably due to the resistivity build up this specimen
went through, which led to lower passing charge and resulted in lower lithium concen-
tration. Surprisingly, the specimen LiOH 4.9 M 10w. (II) presented average lithium con-
tent around 13% higher than the levels found in both specimens LiOH 4.9 M 3 w., even
though they had higher passing charge (Table 5.3).
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Figure 5.13: Lithium total concentration profiles in the cylindrical specimens exposed to ASR accelerating
conditions during 3 and 10 weeks prior to testing.
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Figure 5.14: Lithium to sodium plus potassium molar ratio profiles in the cylindrical specimens exposed to
ASR accelerating conditions during 3 and 10 weeks prior to testing.
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Table 5.4: Average lithium concentration in the cylindrical specimens.

. Average lithium concentration
Specimen

(% weight of cement)
LiOH 4.9 M 3w. (I) 0.24
LiOH 4.9 M 3w. (II) 0.23
LiOH 4.9 M 10w. (I) 0.14
LiOH 4.9 M 10w. (II) 0.26

Table 5.5: Average Ca/ (Na+K)and Ca/Si atomic ratios of C-S-H gel areas closer to the anode and areas to the
cathode. The ratios were obtained from the EDS analyses

Closer to anode Closer to cathode

Untreated Treated Untreated Treated
Ca/(Na+K) 26 +41 149 + 102 31 +41 99 + 59
Ca/Si 2.1+0.7 22+05 22407 2.0+0.5

The lithium to sodium plus potassium molar ratio profiles in the specimens after
testing are shown in Figure 5.14. As previously mentioned (Chapter 3), for lithium used
as admixture, the minimum lithium to alkali ratio to prevent deleterious ASR expansion
varies from 0.65 to 1.00, depending on the type of lithium compound and/or aggregate
[23]. Considering the ratio of 1.0, none of the specimens were fully treated. In fact, most
specimens would have only the first 25-30 mm treated. For LIOH 4.9 M 10w. (I), only the
first 15 mm would have enough lithium to suppress the reaction. However, it is possible
that the mechanism to suppress ASR expansion in existing structures is not the same as
when lithium is used as an addition to a fresh mixture. In that case, a different ratio could
be needed.

Figure 5.15 shows the results from the EDS analyses performed on the specimen
LiOH 4.9 M 10w. (II). Two regions were analyzed — Figure (a) shows the results from
the region closer to the anode while Figure (b) shows the results from the region closer
to the cathode. Calcium silicate hydrate (C-S-H) areas were analyzed. Lithium cannot
be detected by EDS, as its characteristic X-ray energy is too low to be detected. There-
fore, the effect of the treatment was evaluated by plotting the Ca/Si versus Ca/(Na+K)
atomic ratios. Table 5.5 presents the average values of the atomic ratios in each analyzed
region. In both graphs of Figure 5.15, two groups can be clearly observed. The untreated
specimen had lower Ca/(Na+K) atomic ratios than the treated ones, regardless of the po-
sition (anode or cathode side). During the treatment, alkali ions that were initially in the
pore solution were transported to the catholyte. In addition, it is possible that lithium
ions replaced alkali ions in the ASR gel, releasing the latter to the pore solution [24].
The released alkali ions would then be removed from the pore solution by the migration
treatment. Thus, the removal of sodium and potassium from the specimen resulted in
higher Ca/(Na+K) ratios. It is interesting to notice that, in the treated specimen, the ar-
eas closer to the anode had the average Ca/(Na+K) ratio higher than the regions closer
to the cathode, which agrees with the concentration profiles from Figures 5.11 and 5.12.
In contrast, the Ca/Si ratios were not affected by the migration treatment (Table 5.5).
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Figure 5.15: Comparison of Ca/ (Na+K)and Ca/Si atomic ratios of C-S-H gel regions closer to the anode (a) and
areas closer to the cathode (b). The ratios were obtained from the EDS analyses.
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5.3.3. INFLUENCE OF LITHIUM MIGRATION ON ASR EXPANSION

ONCRETE prisms were exposed to ASR accelerating conditions for 3 or 10 weeks prior

to the beginning of the treatment. Nevertheless, the 3-week specimens that went
under applied voltage presented corrosion of the stainless steel reference studs, used for
the length measurements. The corroded studs caused cracking of the specimens and
leakage of the electrolyte solutions. Therefore, the experiments had to be interrupted
so that the studs could be removed and replaced by external studs. In order to avoid
possible corrosion, the studs of the 10-week specimens were also removed and replaced
by week 5. Treatment results will be discussed in the following section.

MIGRATION AND DIFFUSION TREATMENTS

IGURE 5.16 shows the current density behavior of the specimens cured for 3 weeks

before migration. During the first two days, due to an experimental error, the ap-
plied voltage was 25 V and, therefore, lower currents were observed for all specimens.
The cells that had LiOH solution as anolyte presented higher current densities than the
ones with Ca(OH), solution as anolyte, probably due to the difference in concentrations.
Nevertheless, all currents were below 10 A/m?.

On the third day, a copper wire that made the connection between the titanium mesh
and the plug of the cell LiOH 4.9 M 3w. (III) corroded. The solution was changed by a
new one and the power source cable was directly connected to the titanium mesh by the
use of an alligator plug, eliminating the use of a copper wire. The connection of the other
migrations cells was also modified, to avoid possible future corrosion problems.

After 11 days, the cells LiOH 4.9 M 3w. (I, II and III) and Ca(OH), sat 3w. (I) were
leaking. The leakage was temporarily stopped by the use of silicon glue. However, after
a couple of days, all cells under current suffered from heavy leakage. By day 17, it was
possible to notice that the stainless steel reference studs (used for length measurements)
corroded and there were cracks in the region around them. The corrosion was caused by
stray current — as the metallic studs were in the specimens, the current passed through
them, as they offered less resistance than the concrete. Figure 5.17 shows one of the
studs that corroded.

The higher the current of the cell was, the more corroded were the studs. The power
was then switched off and the cells were disassembled. The corroded studs were re-
moved and the holes were filled with a commercial repair mortar (Figure 5.18 (a)), which
was left to cure overnight. On the following day, new studs were glued on the repair
mortar using a two-component glue (Figure 5.18 (b)). On day 22, the experiments were
restarted, with new solutions.

The temperature behavior of the 3-week specimens followed the current trends — the
higher the passing current, the higher was the temperature (Figure 5.19). Nevertheless,
all catholytes had temperatures lower than 30 °C.

As previously mentioned, in order to avoid corrosion of the studs, the 10-week spec-
imens had their studs replaced in the fifth week. One of the specimens that were sup-
posed to be treated under current with LiOH was, instead, treated with Ca(OH), without
current. That way, a specimen with replaced studs could act as control. However, prob-
lems with the replaced studs did not allow expansion measurements of that specimen.

Figure 5.20 shows the current density that passed through the 10-week specimens.
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Figure 5.16: Current density that passed through prismatic specimens exposed to ASR accelerating conditions
5 for 3 weeks prior to treatment.For the gap between days 16 and 23, see text (section 5.3.3).

Figure 5.17: Two of the stainless steel studs that corroded during migration experiments of the 3-week speci-
mens.

(a) (b)

Figure 5.18: After the corroded studs were removed, the holes were filled with repair mortar (a) and new studs
were glued on the repair (b).
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Figure 5.19: Temperature behavior during the migration treatment of prismatic specimens exposed to ASR
accelerating conditions for 3 weeks.

All 10-week specimens had current density below 5 A/m?- therefore, undesirable side ef-
fects due to the application of higher current are unlikely to have happened. The current
density of the specimens treated with LiOH are similar to the ones observed in the mi-
gration test of cylindrical specimens. The prisms treated with LiOH had increasing cur-
rent in the initial stages, followed by a decrease until around day 15, when they assumed
somewhat constant values until the end of the experiments. The specimens treated with
Ca(OH),, on the other hand, had decreasing currents during tests. The catholyte tem-
perature variations of those cells are shown in Figure 5.21. All 10-week cells had limited
temperature increase, with temperatures below 28 °C, due to the limited current densi-
ties.

Table 5.6 shows the charges that passed through the prismatic specimens during mi-
gration treatment. The specimens treated with LiOH had higher passing charge than the
ones treated with Ca(OH),, regardless of the time in the ASR reactor prior to the treat-
ment.

The average initial resistivity of the 3-week specimens was 105 + 10 Q.m, while for
the 10-week specimens, it was 146 + 7 Q.m . Similar resistivity values observed for the
cylindrical specimens. The resistivity behavior of the specimens during the migration
experiments is shown in Figure 5.22. Two distinct trends can be observed, depending
on the anolyte solution. The specimens that had Ca(OH); as anolyte had increasing re-
sistivity until the end of the test. On the other hand, the specimens treated with LiOH
had an initial decrease followed by an increase. Nevertheless, the specimens treated
with Ca(OH); had higher resistivity values by the end of the experiments than the spec-
imens treated with LiOH. Interestingly, similar trends could be observed for both 3 and
10-week specimens. However, the resistivity results from the 3-week specimens need
to be interpreted with caution, as cracks were formed due to the corrosion of the studs.
The formation of the cracks depended on the current density levels - the specimens with
the highest currents had more visible cracking. It is possible that cracking affected the
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Figure 5.20: Current density that passed through the prismatic specimens exposed to ASR accelerating condi-
tions for 10 weeks prior to treatment.

&)
<
Q
3
@ ——LiOH 4.9 M 10 w. (I)
g 15 —— LiOH 4.9 M 10 w. (II)
E —— LiIOH 4.9 M 10 w. (lIl)
= 10} —— Ca(OH), sat 10 w. (1)
—— Ca(OH), sat 10 w. (II)
5F —— Ca(OH), sat 10 w. (Ill)
O " 1 " 1 " 1 " 1 " 1 "
0 5 10 15 20 25 30

Time (day)

Figure 5.21: Catholyte temperature during the migration treatment of the 10-week prismatic specimens.
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Table 5.6: Passing charges during the migration experiments with prismatic specimens.

Time in ASR reactor

prior to treatment Specimens Charge (kC) Average kC
LIOH4.9M3w. (I) 189
LiOH 4.9 M 3 w. (II) 218 213 £18
LiOH 4.9 M 3 w. (III) 231
3 weeks
Ca(OH), sat. 3w. (I) 127
Ca(OH), sat. 3 w. (II) 100 117 +£12
Ca(OH), sat. 3 w. (III) 122
LIOH4.9M 10 w. (I) 142
LiOH 4.9 M 10 w. (II) 189 165 + 24
10 weeks Ca(OH), sat. 10 w. (I 114
Ca(OH); sat. 10 w. (II) 136 124 +9
Ca(OH); sat. 10 w. (III) 123

resistivity.

At the end of the migration experiments of the 10-week specimens, the power was
switched off and resistances were measured again, at room temperature. The same was
not possible for the 3-week specimens, due to the experimental issues previously men-
tioned. All 10-week specimens treated with Ca(OH), had higher resistivity than the ini-
tial ones. These results suggest that irreversible changes in pore solution and/or pore
structure took place in those specimens. In the case of the specimens treated with LiOH,
the specimen LiOH 4.9 M 10w. (I) had higher resistivity than the initial one, while the
resistivity of specimen LiOH 4.9 M 10 w. (II) returned to a value close to the initial one.
Comparing to the results observed during the experiments with cylindrical specimens,
specimen resistivity was expected to increase at the end of the experiment. As migration
is not the only process taking place, it could be that the behavior of LiOH 4.9 M 10w. (II)
was also influenced by ASR development. Even though the specimen was not under ASR
accelerating conditions, it is likely that the reaction was still taking place - at a lower rate,
though. Therefore, it is possible that ASR induced microcracks were formed during the
treatment, which would lead to a drop in resistivity. Nevertheless, it is important to note
that no visible cracks were observed on the surface of the specimen, after treatment.

The resistivity behavior of the prismatic specimens during the diffusion treatments
is shown in Figure 5.23. In comparison to the migration specimens, the diffusion spec-
imens had lower variations. All specimens had an initial drop in resistivity, probably
caused by the saturation of their pore structures. After that point, the 3-week specimens
treated with Ca(OH); had a slight increase while the ones treated with LiOH had almost
constant resistivity (except for LIOH 4.9 M 3 w. (III)). As for the 10-week specimens, after
the initial drop, they all has almost constant resistivity values until the end of the tests.

Due to the leakage and change of solutions, pH and concentrations of the electrolytes
of the 3-week specimens were not measured.

The pH variations of the anolyte and catholyte solutions during the migration treat-
ment of the 10-week specimens are shown in Figure 5.24. The LiOH anolyte solutions
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Figure 5.22: Resistivity variations during migration treatment of prismatic specimens.
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Figure 5.23: Resistivity variations during diffusion treatment of prismatic specimens.
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Figure 5.24: Anolyte (a) and catholyte (b) pH during the migration treatment of 10-week prismatic specimens.
In (a) the plots from tests with LiOH are overlapping while in (b) plots from all tests are overlapping.

Figure 5.25: Detail of the surface deterioration due to acid attack of a prismatic specimen treated with Ca(OH)»
under current.

were initially very alkaline and the pH remained very high until the end of the exper-
iment. That was not the case with the Ca(OH), anolyte solutions. As their initial pH
was around 12.5, the anodic reaction (Equation 3.4) caused the pH to drop and become
acidic. The acidification of those anolyte solutions caused the deterioration of the an-
odic surface of those specimens due to acid attack (like observed in the experiments on
Chapter 3). Figure5.25 shows the deterioration of the surface of one of those specimens.
On the other hand, all catholyte solutions showed an increase in pH, as seen in previous
experiments. Regarding the diffusion experiments, the pH of all solutions remained un-
altered (14 for LiOH solution and 12.5 for Ca(OH); solution) during the tests, regardless
of the experimental conditions.

Sodium, potassium, calcium and lithium concentrations in the anolyte solutions
during the migration treatments of the 10-week specimens are presented in Figure 5.26.
As observed in previous tests, some sodium and potassium leached from the specimens
due to diffusion and possibly due to chemical attack, either alkali or acid, depending
on whether LiOH or Ca(OH), were used, respectively. Regarding calcium concentra-
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Figure 5.26: Sodium (a), potassium (b), calcium (c) and lithium (d) anolyte concentration variations during
migration treatment of the 10-week prismatic specimens. In (b), the plots from the tests Ca(OH)» (I) and (III)
are overlapping and well ans the plots from tests with LiOH in (c). In (d), the lithium concentration was zero
for the tests with Ca(OH),.

tions, the specimens treated with LiOH had limited leaching to the anolyte. In the case
of Ca(OH), anolytes, some of the initial calcium was transported into the specimen in
the first week. The calcium level remained constant until around day 20. The increase
observed after that moment is possibly due to acid attack. As for the lithium contents,
the LiOH anolytes had decreasing concentrations, as lithium ions left the anolyte and
were transported into the specimen. Interestingly, even though cell LIOH 4.9 M 10 w. (II)
had higher charge than LiOH 4.9 M 10 w. (I), their anolyte concentrations are similar.
Sodium, potassium and lithium concentrations in the catholyte solutions during mi-
gration experiments of the 10-week specimens presented in Figure 5.27. Like observed
in the experiments with cylindrical specimens, sodium and potassium were attracted by
the cathode and left the specimen, building up their concentrations in the catholytes. By
the end of the experiment, the concentrations had not reached constant values, which
indicates that probably not all free sodium and potassium left the specimens. Once
again, sodium concentrations were higher due the addition of NaOH to the fresh con-
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Figure 5.27: Sodium (a), potassium (b) and lithium (c) catholyte concentrations variations during migration
treatment of the 10-week prismatic specimens. In (b), the plots from the tests with Ca(OH), and LiOH 10 w. (I)
are overlapping. In (c), lithium concentrations in the tests with Ca(OH) are zero.

crete mixture. Sodium and potassium concentrations correlate with passing charge, es-
pecially in the cases where LiOH was the anolyte — the higher the charge, the higher are
the concentrations. Very limited lithium arrived to the catholyte solutions of the speci-
mens treated with LiOH after 21 days and the specimen with the highest concentration
was LiOH 4.9 M 10 w. (II), as expected due to its highest charge.

Figure 5.28 shows the sodium, potassium, calcium and lithium concentrations in the
anolyte ! solutions during the diffusion tests. Sodium and potassium ions diffused from
the specimen into the solution. The concentrations of those ions are higher than the
ones from the migration experiments, as there was no electric field to transport them
in the opposite direction. Calcium ions diffused from the Ca(OH), solutions into the
specimens and from the specimen to the LiOH solutions, as expected. Lithium ions dif-
fused from the LiOH solutions into the specimen. As expected, these concentrations

1The terms "anolyte" and "catholyte" are normally used to describe the solutions in an electrochemical cell.
Here, they will be used to describe the also solutions in the diffusion experiments, following the Table 5.8.
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Figure 5.28: Sodium (a), potassium (b), calcium (c) and lithium (d) anolyte concentrations variations during
diffusion treatment of the 10-week prismatic specimens. In (a), the plots from the tests with Ca(OH); sat. 10
w. (II) and (IV) are overlapping and so are the plots LIOH 4.9M 10 w. (II) and Ca(OH)» sat. 10 w. (III). In (b),
the plots from the tests with LiOH are overlapping and so are the ones from the tests with Ca(OH),. In (c) the
plots from the tests Ca(OH)2 (I), (IT) and (III) are overlapping, and so are the plots from the tests with LiOH. In
(d), the concentration of lithium in the cells of tests with Ca(OH)> is zero.

remain higher than the ones observed during the migration experiments, meaning that
less lithium ions were transported from the anolyte into the specimen during the diffu-
sion tests.

Sodium and potassium concentrations in the catholyte solutions are shown in Fig-
ure 5.29. Some sodium and potassium ions leached from the specimens to the catholyte
solutions at similar levels to the ones observed in the anolyte solutions. In fact, when
Ca(OH), was used as both solutions, sodium and potassium concentrations were practi-
cally the same. When LiOH was the anolyte solution, potassium had slightly higher con-
centration in the anolyte than in the catholyte while sodium had practically the same
concentration in both solutions. It is noteworthy that no detectable lithium reached the
catholyte solutions by diffusion.
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Figure 5.29: Sodium (a) and potassium (b) catholyte concentrations variations during diffusion treatment of
the 10-week prismatic specimens. In (a), the plots from the tests LIOH 4.9 M (III) and Ca(OH)» (I) are overlap-
ping, as well as the plots from the tests LiOH 4.9 M(I) and (II) and Ca(OH)2 (III) and (IV). In (b), the plots from
the tests LiOH 4.9 M (I) and Ca(OH), (II) and (IV) are overlapping, as well the plots from the tests LiOH 4.9
(III), Ca(OH)2 I and (IID).

EXPANSIVE BEHAVIOR

S mentioned in the previous sections, during the migration treatment of the 3-week
Aspecimens, the reference studs were corroded. This corrosion led to the cracking of
the area around the studs and also to expansion of the specimens, as it will be further
discussed. As a consequence of the formation of cracks, heavy electrolyte leakage was
observed in some of the cells. At that moment, the experiment was interrupted for the
replacement of the studs. The corroded studs were removed, the remaining holes were
filled with a repair mortar and new studs were attached onto the repair, with the use of
a two-component glue. In order to avoid such corrosion problems during the migration
experiments of the 10-week specimens, their studs were replaced five weeks before the
beginning of the treatment, following the procedure already described. As it will be fur-
ther detailed, the corrosion issue during the treatment of the 3-week and the curing of
the glue affected the measured expansion values of the 3-week specimens. In the case of
the 10-week specimens, only the glue influenced the expansion values.

The measured expansive behavior of the specimens exposed to ASR accelerating
conditions for 10 weeks prior to treatment is shown in Figure 5.30. The term "measured
expansion" in this thesis refers to the combination of expansion due to ASR and artifacts
caused by corrosion of the studs (in the case of the 3-week specimens) and by curing of
the glue. Interestingly, from week 5 until week 10, the specimens that had their studs
replaced (i.e. the migration specimens) exhibited higher measured expansion than the
ones that had their original studs (i.e. the diffusion specimens). As those measurements
were taken before any treatment occurred, the extra expansion is likely to be an artifact
caused by the replacement of the reference studs, more specifically, due to the expan-
sion of the glue during that period. During the period of treatment, between weeks 10
and 14, the measured expansion rate of the migration specimens decreased. In fact, they
were close to the rate of expansion of the specimens treated with Ca(OH), and no cur-
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rent. This suggests that the expansion of the glue probably took place in the first couple
of days (or weeks) after the replacement and subsequently stabilized.
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Figure 5.30: Measured expansive behavior of the specimens exposed to ASR accelerating conditions for 10
weeks prior to treatment.
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Figure 5.31: Measured expansive behavior of the specimens exposed to ASR accelerating conditions for 3 weeks
prior to treatment.

Figure 5.31 shows the measured expansions of the prism that were exposed to ASR
conditions for 3 weeks prior to treatment. The migration specimens had an extra mea-
suring point at week six — that was the moment when the studs were replaced. The mea-
sured expansion of the specimens treated by migration with LiOH from the beginning of
the treatment until week 7 is higher than the expansion of the diffusion specimens. That
behavior was probably caused by the corrosion of the studs. When the studs were re-
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moved, there was, indeed, accumulation of corrosion products at the bottom of some of
them, which probably resulted in higher measured expansion. It is interesting to notice
that the specimens treated with LiOH had much higher expansion during that period
and, as seen in Figure 5.16, those specimens also had highest currents. The higher the
current, the more corrosion occurred and the more corrosion products were formed. In
addition, those were the specimens that had the most cracks. After the replacement of
the studs, the expansion rate decreased, until the end of the treatment.

The post-treatment behavior of the concrete prisms exposed to ASR curing condi-
tions for 10 weeks is shown in Figure 5.32. As previously mentioned, it is expected that
the post-treatment behavior is free from the artifacts caused by the replacement of the
studs. The specimens treated by migration with LiOH had some shrinkage after the
treatment and assumed a somewhat constant negative expansion level. The specimens
treated by migration with Ca(OH), had varying expansion levels that seem to oscillate
in a constant range. The standard deviations of these specimens are high and, even
though their average post-treatment expansion is lower than the average expansions ob-
served in diffusion specimens, they are statistically similar. On the other hand, the speci-
mens treated by diffusion with LiOH had initially increasing expansion and, surprisingly,
reached almost constant levels after week 15. The control specimens treated by diffusion
with Ca(OH); had increasing post-treatment expansion until the end of the experiment,
with higher expansion than the specimens treated by migration with LiOH. Interestingly,
the specimens treated by diffusion with both LiOH and Ca(OH), had similar expansion
levels after week 25. It is worth noting that the expansion values of specimens treated by
migration had higher variability than the values observed for diffusion specimens. The
higher variability is probably caused by the differences in passing charge between repli-
cates during treatment. Different passing charges result in different levels of transport of
lithium, sodium and potassium, which, consequently, may affect expansion values.

In the case of the 3-week specimens, as their studs were replaced during the treat-
ment, expansion values measured after the end of the treatment are likely to be af-
fected by the artifacts caused by the stud replacement. Therefore, in this case, the post-
treatment expansion refers to the expansion observed after week 13 (i.e. seven weeks
after the replacement of the studs) and it is shown in Figure 5.33. The specimens treated
by migration with LiOH had expansion values that oscillated around the initial value
(i.e. the value observed at week 13) and stabilized towards the end of the experiment
at that level. The specimens treated by migration with Ca(OH), had initially a decrease
in expansion followed by an increase and finally stabilizing at levels close to what was
initially observed (at week 13). The diffusion specimens, on the other hand, showed in-
creasing expansion until the end of the experiment. The specimens treated by diffusion
and LiOH had the highest post treatment expansion values. This is probably due to the
fact that the LiOH solution was very alkaline and it is likely to have increased the pH of
the pore solution as hydroxyl ions diffused into the specimen. At the same time, lithium
ions also diffused into the specimen, but at lower rate, as lithium ions have lower mo-
bility than hydroxyl ions. The increase in alkalinity of the pore solution is likely to have
increased the dissolution of the reactive silica and accelerated the reaction. Interest-
ingly, the 10-week specimens treated by diffusion with LiOH had different behavior. On
the other hand, both 3 and 10-week prisms treated by diffusion with Ca(OH), had similar
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Figure 5.32: Post-treatment expansive behavior of the specimens exposed to ASR accelerating conditions for
B 10 weeks prior to treatment.
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Figure 5.33: Post-treatment expansive behavior of the specimens exposed to ASR accelerating conditions for 3
weeks prior to treatment.

Overall, the migration treatment with LiOH led to lower post-treatment expansions
than the ones observed for the control cases (i.e. diffusion with Ca(OH),). Diffusion
treatment with LiOH resulted in expansive behavior similar (in the case of 10-week spec-
imens) or worse (for the 3-week specimens) than what was observed in the control cases.
The migration treatment with Ca(OH), led to average post-treatment expansions lower
than the control, probably due to the removal of sodium and potassium ions from the
pore solution. However, due to the high variability amongst replicates, the results from
the migration treatment with Ca(OH); are inconclusive.

The results show that lithium migration successfully reduced post-treatment ASR ex-
pansion, when compared to the control cases. Nevertheless, these results need to be
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considered with caution. The mechanism by which lithium reduces ASR expansion in
hardened concrete is still unknown. However, in the case of the addition of lithium-
cased admixtures to fresh concrete mixtures, the type of reactive aggregate determines
the dosage necessary to prevent ASR expansion. Therefore, it is possible that concretes
with different types of reactive aggregate react differently to the migration treatment.

5.4. MAIN FINDINGS

ABLES 5.7 and 5.8 present the main electrical results obtained from the experiments
with cylindrical and prismatic specimens, respectively. Table 5.9 shows the final
post-treatment expansion values of prismatic specimens.

Table 5.7: Summary of the main results from migration experiments with cylindrical specimens.

Average mean

Average charge (kC)

current density (A/m?)
LiOH 4.9 M 3 w. 3.7£0.1 69 +2
LiOH 4.9 M 10 w. 2.6+£0.2 48 +5
Initial resistivity Final resistivity Resistivity after 24 h
(Q.m) (Q.m) (©.m)
LiOH 4.9 M 3 w. 95+2 120 £3 124 +£3
LiOH 4.9 M 10 w. 145+ 8 195 £ 25 197 £ 23

Final anolyte lithium
concentration (mol/1)

Average specimen lithium
content (% wt. of cement)

LiIOH4.9M 3 w. 4.375 £ 0.055 0.235 + 0.004
LiOH 4.9 M 10 w. 4.535 £+ 0.025 0.199 + 0.056
Final catholyte lithium Final catholyte sodium Final catholyte potassium
concentration (mol/l) concentration (mol/l) concentration (mol/l)
LiIOH4.9M 3 w. 0.005 + 0.001 0.210 £ 0.008 0.035 + 0.003
LiOH 4.9 M 10 w. 0.004 + 0.002 0.175 £ 0.007 0.023 + 0.002
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Table 5.8: Summary of the main results from migration and diffusion experiments with prismatic specimens.

Average mean

current density (A/m?) Average charge (kC)
LiIOH4.9M 3 w. 5.0+ 0.4 LIOH4.9M 3 w. 212+18
Ca(OH); sat. 3w. 2.7+0.3 Ca(OH), sat. 3w. 116 + 12
LIOH4.9M 10 w. 3.3+0.5 LIOH4.9M 10 w. 166 + 24
Ca(OH); sat. 10 w. 25+0.2 Ca(OH);,sat. 10 w. 124 +9

Initial resistivity

Final resistivity

(Q.m) (©.m)
LiOH 4.9 M/ Ca(OH), 3 w. 105+ 10 LiOH 4.9 M 40V 3 w. 123 + 22
LiOH 4.9 M/ Ca(OH), 10 w. 146 £ 7 Ca(OH); sat. 40 V3 w. 257+9
LiOH 4.9 M 40V 10 w. 169 + 26
Resistivity after 24 h
esistivity after Ca(OH); sat 40V 10 w. 255 +9
(Q.m)
LiOH 4.9 M 40V 10 w. 168 + 23 LiOH 4.9 M 0V 3 w. 79+ 18
Ca(OH); sat. 40V 10 w. 243 + 10 Ca(OH), sat. OV 3w. 103 +5
LiIOH 4.9 M 0V 10 w. 107+ 6
Ca(OH), sat. OV 10 w. 111+6
Final anolyte lithium Final catholyte lithium
concentration (mol/1) concentration (mol/l)
LiOH 4.9 M 40V 10 w. 4411 +0.031 LiOH 4.9 M 40V 10 w. 0.0012 + 0.0010
LIOH4.9M 0V 10 w. 4.845 + 0.034 LiIOH 4.9 M 0V 10 w. no Li detected
Final catholyte sodium Final catholyte potassium
concentration (mol/1) concentration (mol/1)
LiOH 4.9 M 40V 10 w. 0.2315 + 0.0435 LiOH 4.9 M 40V 10 w. 0.0287 + 0.0050
Ca(OH); sat. 40V 10 w. 0.1937 + 0.0074 Ca(OH); sat. 40V 10 w. 0.0210 + 0.0011
LIOH4.9M 0V 10 w. 0.0037 + 0.0005 LiIOH4.9M 0V 10 w. 0.0004 + 0.0001

Ca(OH), sat. OV 10 w.

0.0040 £ 0.0007

Ca(OH), sat. OV 10 w.

0.0004 + 0.0001

Table 5.9: Final post-treatment expansion of prismatic specimens.

Time in ASR reactor

prior to treatment Specimen Post-treatment expansion (%)
LiOH40V 0.000+ 0.005
3 weeks Ca(OH); 40V 0.001 + 0.009
LiOH oV 0.015 + 0.008
Ca(OH), 0V 0.008 + 0.003
LiOH 40V -0.003+ 0.006
10 weeks Ca(OH); 40V 0.004 + 0.007
LiOH oV 0.008 + 0.001
Ca(OH), 0V 0.009 + 0.000
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5.5. CONCLUSIONS

N this chapter, lithium migration into ASR affected concrete specimens was evaluated.

The effect of the expansion level on ionic transport was investigated. ASR reactive
concrete prisms were cast, placed under ASR accelerating conditions for 3 and 10 weeks,
and treated by migration with LiOH as anolyte. The use of Ca(OH), solution as anolyte
was also studied, in order to evaluate the effect of alkali removal on expansion. Extra
sets of specimens were treated by diffusion (no current), with the same solutions as used
during migration.

The conclusions are as follows:

e The initial (i.e. at the beginning of migration tests) resistivity values of the spec-
imens exposed to ASR accelerating conditions for 3 weeks were lower than ones
from the specimens exposed for 10 weeks, contrary to what was expected. This
could be related to different hydration degrees or, more likely, to changes of the
pore solution composition with time. Usually, ASR expansion leads to the forma-
tion of cracks. As expansion progresses, more and wider cracks are formed and,
thus, more paths for ionic transport become available [25],[26]. Ionic migration
takes place in aqueous solutions - therefore, the more saturated the crack is, more
ions can be transported [16]. Even though cracks formed by ASR might not be ini-
tially fully saturated, they are likely to become so during treatment, when in con-
tact with the electrolyte solutions. In this way, those cracks become extra paths for
ionic migration.

Nevertheless, in this work, the specimens did not present visible cracking before
treatment, regardless of the expansion level. Even though microcracking may have
taken place, it was not enough to increase ionic transport (i.e. decrease resistivity).
The difference in resistivity values influenced the lithium migration levels. The 10-
week specimens presented lower levels of lithium. Therefore, the expansion level
did not positively influence lithium migration as, in the conditions studied, it had
not caused the formation of significant cracks.

* The prismatic specimens treated by migration with LiOH as anolyte had higher
current densities (and, consequently, higher passing charges) than the ones treated
with Ca(OH),. This can be due to the fact that LiOH 4.9 M solution is more concen-
trated than the saturated Ca(OH),. In addition, the migration specimens treated
with Ca(OH), had higher increase in resistivity measured after 24 h without cur-
rent than the specimens treated with LiOH. It is likely that non-reversible changes
in pore structure and/or pore solution took place and affected more the specimens
treated with Ca(OH),.

* The 10-week specimens treated by migration with LiOH had more sodium and
potassium removed from their pore solutions than the specimens treated with
Ca(OH),, as expected. However, it is unlikely that all sodium and potassium ions
were removed, regardless the type of anolyte used. Limited amounts of lithium
arrived in the catholyte after 21 days of treatment.

e Regarding the treatment by diffusion of prismatic specimens, low levels of sodium
and potassium were removed from the pore solution of the 10-week specimens,
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as expected. Some lithium ions left the LiOH solutions into the specimens but did
notreach the opposite chamber. As expected, the use of an electrical field provided
much higher rate of ionic transport.

Specimens treated by migration with LiOH had lower post-treatment expansions
than the control specimens (treated by diffusion with Ca(OH),), regardless of the
time in the ASR reactor before treatment. The diffusion treatment with LiOH re-
sulted in expansions statistically similar (for 10-week specimens) or higher (for
3-week specimens) than the ones observed for the control specimens. Finally, the
migration treatment with Ca(OH), led to inconclusive results, due to the high vari-
ability of the post-treatment expansion between replicates. This indicates that
alkali removal alone is not responsible for controlling ASR expansion. Based on
these results, lithium migration (with alkali removal as a side effect) was effective
in reducing post-treatment ASR expansion, when comparing to the control cases.
However, these results need to be considered with caution. The mechanisms by
which lithium reduces ASR expansion in hardened concrete are still not under-
stood and the effect of the treatment may vary according to the type of reactive
aggregate in the concrete.
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6. CONCLUDING REMARKS

6.1. GENERAL CONCLUSIONS

I N this section, the main findings of the present work are summarized.

* The concentration of the lithium solution used as anolyte, rather than the type of

lithium salt in it, played a role on lithium content in the specimen after migration.

In Chapter 3, migration experiments in two-chamber set-ups (with external elec-
trodes) were conducted with anolyte solutions from different lithium salts at var-
ious concentrations. During those tests, it was possible to observe that the con-
centration of the lithium solution used as anolyte affected the passing charge and
lithium content in the specimens, regardless of the lithium salt in it. More concen-
trated solutions led to higher levels of lithium ions in the specimens. Therefore,
the use of highly soluble lithium compounds resulted in more effective transport.

Longer periods of lithium migration did not result in much higher final lithium
content in the specimens.

In Chapter 3, longer migration tests were performed in two-chamber set-ups, with
external electrodes. Results showed that a twofold increase in the duration of
lithium migration tests had little influence on the final lithium content in the spec-
imens, under the tested conditions. This indicates that the efficiency of lithium
migration decreased with time, probably due to the decreasing lithium content in
the anolyte solutions during testing.

When using embedded cathode during lithium migration, sodium and potassium
ions accumulated in the region close to the cathode and very few lithium ions reached
that region.

Chapter 3 also described migration experiments in which the cathode was an em-
bedded titanium mesh in each specimen. In this case, only one chamber received
the anolyte solution (and an external anode) while the catholyte was the speci-
mens’ pore solution. Results show that alkali ions accumulated in the region close
to the cathode. In addition, very few lithium ions were detected in that region.
This is a potentially dangerous side effect, regarding the treatment of ASR affected
concrete. The accumulation of alkalis leads to the accumulation of hydroxyls ions
(due to electroneutrality), which may accelerate silica dissolution and progression
of the reaction, especially if not enough lithium ions reach the area. These effects
are not observed when the cathode is placed externally to the specimen, as the
external cathode allows the removal of alkali ions.

Numerical modeling of multi-ionic transport in concrete (mortar) provided further
understanding of mechanisms that occur during lithium migration experiments.

In Chapter 4, a mathematical model was presented for multi-ionic transport in
concrete (mortar) and it was implemented for experiments presented in Chapter
3. Differences between model and experimental results highlighted mechanisms
that may have occurred during testing and were not considered in the model,
such as the possible alkali attack that might have taken place on the surface of
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the specimens. In addition, the model predicted well sodium and potassium con-
centrations in the catholyte solutions, as well the total average lithium content in
the specimen. Finally, the model predicted that it is necessary for all sodium and
potassium to be removed from the pore solution before lithium ions arrive in the
catholyte.

* Longer exposure time to ASR accelerating conditions prior to migration treatment
led to lower levels of lithium transport into the specimen.

In Chapter 5, contrary to what was expected from the literature, the resistivity val-
ues of specimens exposed to ASR accelerating conditions for three weeks were
lower than the resisitvities of specimens exposed for ten weeks. This was likely
caused by changes in the pore solution during ASR development. Even though mi-
crocracking might have occurred, the specimens did not present visible cracking,
regardless of the expansion level. The possibly formed cracks were not enough
to decrease the resistivity and boost lithium transport into the specimens. As a
result, the specimens exposed to ASR accelerating conditions for ten weeks had
lower lithium content than the ones exposed for three weeks.

e Lithium migration successfully reduced post-treatment expansion due to ASR

In Chapter 5, it was observed that specimens treated by migration with LiOH as

anolyte had lower post-treatment expansion levels than specimens treated by dif-

fusion with Ca(OH), solution. This was observed in specimens exposed to ASR

accelerating conditions for both three and ten weeks. On the other hand, the

diffusion treatment with LiOH led to expansions similar or higher than the ones

observed for the specimens treated by diffusion with Ca(OH),, depending on the

pre-treatment time in an ASR reactor. Finally, the results from the migration treat-

ments with Ca(OH); are inconclusive, due to the variability of the post-treatment

expansion between replicates. Nevertheless, this indicates that alkali removal alone
is not effectively responsible for controlling ASR expansion.

6.2. RECOMMENDATIONS FOR FURTHER RESEARCH

HIS thesis aimed to investigate the use of lithium migration to mitigate deleterious
ASR expansion in existing concrete structures. However, due to limited time, some
aspects were not studied. This section presents suggestion for future research.

e Treating by lithium migration large-scale specimens with removable cathodes.

In the literature, during the treatment of existing structures or large-scale speci-
mens, the rebar was used as cathode. The distance between electrodes and the
accumulation of alkali ions around the reinforcement are likely to limit lithium
migration. Therefore, the installation of removable external electrodes would al-
low the treatment of smaller areas between electrodes and the removal of sodium
and potassium ions.
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¢ Investigating the mechanisms by which lithium mitigates (or reduces) deleterious
ASR expansion in hardened concrete.

Much effort has been placed on driving lithium ions into existing ASR affected
concrete. However, the mechanism by which lithium mitigates ASR expansion in
already existing concrete structures is still unknown. It is still necessary to fully
understand the effects of lithium on already formed gel and to evaluate how much
lithium is necessary to stop or reduce further expansion.

 Further work on modeling of lithium transport due to an electric field in concrete
and lithium binding.

The mathematical model presented in Chapter 4 estimated the average amount
of lithium in the specimen well. However, the shape of the concentration profile
predicted by the model is different from what was experimentally observed. This
could have been due to assumptions made in the modeling, such as linear lithium
binding. Further research on modeling lithium transport in concrete due to an
electric field and on lithium binding is necessary.

¢ Testing the effects of lithium migration on ASR expansion of existing concrete com-
posed by different types of reactive aggregates.

When using lithium compounds as admixtures to prevent ASR expansion in fresh
mixtures, different aggregates require different dosages and even different lithium
compounds to effectively prevent expansion. This could be true in the case of
treatment of existing concrete by lithium migration. Therefore, the effect of lithium
migration on the expansion of concretes with different types of reactive aggregate
should be investigated.
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HE coarse aggregate used in this thesis was an Icelandic gravel constituted by vol-
T canic rock with alkali reactive components. Some aggregate particles were analyzed
with polarized light microscopy in order to identify the minerals present in them. Two
thin sections were analyzed, each with seven and six particles. Optical photomicro-
graphs from different particles are presented below.

Figure A.1: Thin section 1 - Particle A. Available phases: Plagioclasse, montmorillonite and olivine microliths;
maybe some glass in the matrix. (a) Plane polarized light and (b) cross polarized light photomicrographs. Field
of view: 1.50mm

(b)

Figure A.2: Thin section 1 - Particle B. Available phases: rare plagioclase phenocrysts; plagioclase and opaque
phases (most probaby Fe and/or Fe-Ti oxides) as microliths and glass present in the matrix and as large inclu-
sions. Resorption of plagioclase to glass. (a) Plane polarized light and (b) cross polarized light photomicro-
graphs. Field of view: 1.50mm
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(b)

Figure A.3: Thin section 1 - Particle C. Available phases: plagioclase, opaque phases (most probaby Fe and/or
Fe-Ti oxides) and olivine microliths; veins and ocelli with chalcedony, quartz, white mica and some unidenti-
fied minerals. (a) Plane polarized light and (b) cross polarized light photomicrographs. Field of view: 1.50mm

(@) (b)

Figure A.4: Thin section 1 - Particle D. Available phases: plagioclase and olivine phenocrysts; glass present in
the matrix and as inclusions.(a) Plane polarized light and (b) cross polarized light photomicrographs. Field of
view: 1.50mm

(@) (b)

Figure A.5: Thin section 1 - Particle E. Available phases: plagioclase phenocrysts; plagioclase, olivine and abun-
dant opaque phases microliths; very fine grained matrix; quartz present in ocelli. (a) Plane polarized light and
(b) cross polarized light photomicrographs. Field of view: 1.50mm
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(b)

Figure A.6: Thin section 1 - Particle E Available phases: plagioclase and olivine microliths. (a) Plane polarized
light and (b) cross polarized light photomicrographs. Field of view: 1.50mm

(b)

Figure A.7: Thin section 1 - Particle G. Available phases: some plagioclase phenocrysts; plagioclase, olivine and
opaque phases microliths. (a) Plane polarized light and (b) cross polarized light photomicrographs. Field of
view: 1.50mm

(@) (b)

Figure A.8: Thin section 2 - Particle A. Available phases: plagioclase phenocrysts; plagioclase, olivine and
opaque phases microliths; glass as inclusions. Resorption of plagioclase to glass. (a) Plane polarized light
and (b) cross polarized light photomicrographs. Field of view: 1.50mm
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Figure A.9: Thin section 2 - Particle B. Available phases: plagioclase and olivine phenocrysts; glass present in
the matrix and as inclusions. (a) Plane polarized light and (b) cross polarized light photomicrographs. Field of
view: 1.50mm

Figure A.10: Thin section 2 - Particle C. Available phases: plagioclase and olivine phenocrysts; olivine, plagio-
clase and opaque phases microliths. (a) Plane polarized light and (b) cross polarized light photomicrographs.
Field of view: 1.50mm

(@) (b)

Figure A.11: Thin section 2 - Particle D. Available phases: olivine phenocrysts; olivine and opaque phases as
microliths; maybe glass present in the matrix.(a) Plane polarized light and (b) cross polarized light photomi-
crographs. Field of view: 1.50mm
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(@ (b)

Figure A.12: Thin section 2 - Particle E. Available phases: plagioclase and altered olivine phenocrysts; plagio-
clase, opaque phases and olinive microliths.(a) Plane polarized light and (b) cross polarized light photomicro-
graphs. Field of view: 1.50mm

(b)

Figure A.13: Thin section 2 - Particle E Available phases: opaque phases and plagioclase as phenocrysts and
microliths; quartz in ocelli. (a) Plane polarized light and (b) cross polarized light photomicrographs. Field of
view: 1.50mm
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ABLES B.1 and B.2 present the measured expansion and post-treatment expansion
T values for the specimens placed in ASR reactor for 10 weeks before treatment. Tables,
B.3 and B.4 show the measured expansion and post-treatment expansion values for the
3-week specimens.

Table B.1: Measured expansion of the specimens exposed to ASR accelerating conditions 10 weeks prior to
treatment.

LiOH 40V Ca(OH), 40V LiOH 0V Ca(OH),; 0V
Time  Av.Exp. Stddev. Av. Exp. Stddev. Av. Exp. Stddev. Av.Exp. Stddew
(weeks) (%) (%) (%) (%) (%) (%) (%) (%)
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
5 0.010 0.003 0.014 0.003 0.014 0.004 0.016 0.003
10 0.046 0.015 0.033 0.004 0.027 0.004 0.026 0.005
14 0.058 0.011 0.042 0.008 0.032 0.003 0.036 0.007
19 0.058 0.005 0.047 0.003 0.035 0.004 0.036 0.007
24 0.057 0.006 0.048 0.003 0.036 0.004 0.038 0.008
30 0.056 0.006 0.045 0.003 0.039 0.002 0.041 0.007
35 0.055 0.005 0.046 0.002 0.039 0.002 0.042 0.008
40 0.055 0.004 0.044 0.001 0.039 0.003 0.042 0.007
45 0.056 0.005 0.048 0.001 0.039 0.002 0.043 0.008
50 0.055 0.006 0.048 0.002 0.039 0.003 0.044 0.008
57 0.055 0.005 0.045 0.002 0.039 0.003 0.045 0.007

Table B.2: Post-treatment expansion of specimens exposed to ASR accelerating conditions for 10 weeks before
treatment.

LiOH 40V Ca(OH), 40V LiOH oV Ca(OH),; 0V
Time  Av.Exp. Stddev. Av. Exp. Stddev. Av. Exp. Stddev. Av.Exp. Stddew
(weeks) (%) (%) (%) (%) (%) (%) (%) (%)
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
5 0.000 0.006 0.005 0.005 0.003 0.001 0.001 0.000
10 0.000 0.005 0.006 0.005 0.005 0.001 0.003 0.001
16 -0.002 0.005 0.004 0.005 0.007 0.001 0.005 0.001
21 -0.003 0.006 0.004 0.006 0.007 0.002 0.006 0.002
26 -0.003 0.007 0.003 0.007 0.007 0.002 0.006 0.001
31 -0.001 0.007 0.006 0.007 0.008 0.001 0.008 0.002
36 -0.003 0.005 0.007 0.007 0.007 0.001 0.008 0.001

43 -0.003 0.006 0.004 0.007 0.008 0.001 0.009 0.000
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Table B.3: Measured expansion of the specimens exposed to ASR accelerating conditions 3 weeks prior to

treatment.
LiOH 40V Ca(OH); 40V LiOH 0V Ca(OH); OV E

Time  Av.Exp. Stddev. Awv.Exp. Stddev. Av. Exp. Stddev. Av.Exp. Stddew

(weeks) (%) (%) (%) (%) (%) (%) (%) (%)

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
3 0.016 0.001 0.016 0.002 0.023 0.004 0.015 0.004
6 0.114 0.012 0.029 0.011 - - - -

7 0.134 0.009 0.037 0.009 0.033 0.002 0.022 0.006
13 0.168 0.025 0.083 0.021 0.038 0.001 0.025 0.006
18 0.171 0.026 0.081 0.012 0.046 0.001 0.026 0.006
20 0.166 0.024 0.082 0.013 0.046 0.000 0.026 0.006
25 0.164 0.029 0.081 0.009 0.047 0.000 0.025 0.006
30 0.165 0.029 0.082 0.009 0.047 0.001 0.028 0.005
35 0.166 0.029 0.083 0.009 0.047 0.001 0.027 0.006
40 0.168 0.029 0.080 0.008 0.048 0.001 0.027 0.005
45 0.169 0.028 0.083 0.010 0.053 0.001 0.029 0.004
51 0.168 0.029 0.085 0.014 0.051 0.000 0.032 0.005
56 0.168 0.029 0.085 0.012 0.053 0.000 0.032 0.005

Table B.4: Post-treatment expansion of specimens exposed to ASR accelerating conditions for 3 weeks before
treatment.

LiOH40V Ca(OH), 40V LiOH oV Ca(OH), 0V
Time  Av.Exp. Stddev. Av.Exp. Stddev. Av. Exp. Stddev. Av.Exp. Stddew
(weeks) (%) (%) (%) (%) (%) (%) (%) (%)
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
5 0.003 0.002 -0.007 0.008 0.008 0.001 0.002 0.002
7 -0.002 0.000 -0.004 0.006 0.008 0.000 0.001 0.002
12 -0.003 0.004 -0.008 0.012 0.009 0.000 0.000 0.001
17 -0.002 0.004 -0.007 0.012 0.009 0.001 0.004 0.002
22 -0.002 0.004 -0.005 0.013 0.009 0.001 0.003 0.002
27 0.001 0.004 -0.006 0.012 0.010 0.001 0.002 0.002
32 0.002 0.003 -0.001 0.011 0.015 0.001 0.004 0.003
38 0.000 0.005 0.001 0.007 0.013 0.001 0.007 0.002

43 0.000 0.005 0.001 0.009 0.015 0.000 0.008 0.003
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SUMMARY

Alkali-silica reaction (ASR) is a deterioration process that affects the durability of con-
crete structures worldwide. During the reaction, hydroxyl and alkali ions present in
the pore solution react with reactive silica from the aggregate, forming a hygroscopic
ASR gel. Alternatively, the silica structure is attacked by hydroxyl ions and the degraded
structure acts as a hygroscopic silica gel. Either way, the gel (or gel-like structure) swells,
which may cause expansion and cracking of the concrete element. It is a slow reaction —
it usually takes from 5 to 15 years for its symptoms to be noted. Therefore, even though
preventive measures have been known for decades, it is still possible to have newly diag-
nosed cases.

Methods to prevent ASR development in new structures have been successfully ap-
plied for decades. Nevertheless, when ASR is detected in existing structures, the cur-
rently available intervention options to stop further ASR expansion are far more lim-
ited. Current procedures, such as limiting the access of external water by the application
of sealants, have limitations and their effectiveness has shown to be variable. In this
framework, the development of effective intervention methods for ASR in existing con-
crete structures is still necessary and the application of lithium compounds has been
proposed as a possible mitigation method.

For decades, the addition of lithium based admixtures has been known to success-
fully reduce or prevent deleterious ASR expansion in new concrete structures. Numer-
ous works have reported the beneficial influence of various lithium compounds (such
as LiNOg3, LiOH and others) on the expansive behavior of concretes and mortars com-
posed with different types of reactive aggregates. In new concrete structures, lithium
compounds can be incorporated to the fresh mixture. In the case of existing structures,
however, such incorporation is no longer possible and lithium ions need to be trans-
ported into the concrete.

Research has been done on potential lithium-based treatment methods, such as top-
ical application and vacuum impregnation, and results have shown that, in those cases,
the penetration depth was limited. Some experimental studies compared different tech-
niques such as immersion, vacuum impregnation, wet-dry cycles and electrochemical
migration, and the latter has shown to be the most suitable to drive lithium ions into
concrete, providing deeper penetration and higher concentration.

Electrochemical lithium migration is a technique that uses an electric field to trans-
port lithium into concrete. Under the action of the electric field, positive ions migrate
towards the negative electrode (cathode) and negative ions move in the opposite direc-
tion. The same principle is applied in treatments such as electrochemical chloride ex-
traction (ECE). The use of electrochemical lithium migration as a treatment against ASR
has been investigated by several authors. However, there is no agreement on its effec-
tiveness against ASR expansion.
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This thesis aims to contribute with further insights on the feasibility of lithium mi-
gration as a treatment against ASR. For that, the basics of lithium migration oriented
towards application and its possible effects on ASR affected concrete were investigated.

The influence of different parameters during lithium migration was evaluated with
standard mortar specimens in two-chamber migration set-ups (with external electrodes).
The influence of the type of lithium compound and concentration used in the anolyte
solution was studied. Results pointed out that the concentration of the solution, rather
than the type of lithium salt, played a role in the experiments. The anolytes with the
highest concentrations provided the highest levels of lithium in the specimens. The ef-
fect of the duration of the experiments was also investigated. Interestingly, under the in-
vestigated conditions, longer testing periods did not lead to much higher lithium trans-
port.

During electrochemical treatments such as ECE, the reinforcement is often used as
cathode. Therefore, the use of an embedded cathode during lithium migration was also
evaluated. After testing, it was observed that this type of configuration led to the accu-
mulation of alkalis in the region close to the embedded cathode and not many lithium
ions were able to reach that area. If a ASR affected concrete structure would be treated
with this configuration, the accumulation could lead to further ASR development (as
long as there is still reactive silica, moisture and calcium ions). The alkali accumulation
was not observed when the cathode was placed externally to the specimens. In those
cases, sodium and potassium were removed from the pore solution.

Numerical models are useful tools which may provide further understanding of the
mechanisms during an experiment. In this thesis, a mathematical model for multi-ionic
transport in concrete under the effect of an electric field was presented. The model was
numerically implemented for some of the migration experiments with mortar speci-
mens. When comparing to the experimental results, the model predicted well sodium
and potassium concentrations in the catholyte as well the final average lithium con-
centration in the specimens. The model indicated that the removal of all sodium and
potassium ions from the pore solution was necessary before lithium ions could reach
the catholyte chamber.

The influence of different expansion levels (and possibly different cracking levels)
on lithium migration was investigated. ASR-reactive specimens were cast and placed
under ASR accelerating conditions (60°C and R.H. 100%) for three or ten weeks prior to
migration testing. In this work, cracks were not visually observed on the surface of the
specimens, regardless of the expansion level. In fact, the resistivity of the specimens in-
creased with the pre-testing time. The increase in resistivity led to a decrease in passing
currents. Therefore, in this work, the specimens with the highest initial expansion had
the lowest final lithium concentrations.

Finally, the effects of different treatments on ASR expansion were analyzed. For that,
ASR-reactive specimens were placed under ASR accelerating conditions prior to testing.
In two-chamber set-ups, the specimens were submitted to migration treatments with
LiOH or Ca(OH), solutions as anolyte, or to diffusion with the same solutions. After
treatment, the specimens were placed again in the ASR reactor and their expansions
were monitored. Overall, the lithium migration treatment led to lower expansion values
than the other treatments.
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Alkali-silica reactie (ASR) is een aantastingsproces dat wereldwijd de duurzaamheid van
betonconstructies beinvloedt. Gedurende de reactie reageren hydroxyl en alkali-ionen
in het poriewater met reactieve silica uit het toeslagmateriaal. Daaruit ontstaat een hy-
groscopische ASR gel. Ook kan de silicastructuur worden aangetast door hydroxylionen
en fungeert de aangetaste structuur als een hygroscopische silica gel. In beide gevallen
zwelt de gel (of gel-achtige structuur), wat kan resulteren in uitzetting en scheuren in
betonelementen. Het is een trage reactie — het duurt normaliter 5 tot 15 jaar voor de
symptomen worden opgemerkt. Daarom is het nog steeds mogelijk dat er nieuwe geval-
len worden gediagnosticeerd, ondanks dat er al decennialang preventieve maatregelen
bekend zijn.

Methodes om ASR ontwikkeling in nieuwe constructies te voorkomen, worden al de-
cennialang met succes toegepast. Echter, wanneer ASR wordt gevonden in bestaande
constructies dan zijn de momenteel beschikbare interventiemogelijkheden om verdere
ASR expansie te stoppen veel beperkter. Huidige procedures, zoals het beperken van het
binnendringen van water door het aanbrengen van afdichtingsmiddelen, hebben beper-
kingen en hun doeltreffendheid blijkt verschillend te zijn. In dit kader is de ontwikkeling
van effectieve interventiemethoden voor ASR in bestaande betonconstructies nog steeds
noodzakelijk en het aanbrengen van Lithium verbindingen is voorgesteld als een moge-
lijke methode om ASR tegen te gaan.

Decennialang is het gebruik van op lithium gebaseerde hulpstoffen ter voorkoming
of vermindering van schadelijke ASR expansie in nieuwe betonconstructies bekend. Veel
onderzoeken vermelden een gunstige invloed van verschillende lithiumverbindingen
(zoals LiNO3, LiOH en andere) op de expansie van beton en mortel samengesteld met
verschillende reactieve toeslagmaterialen. In nieuwe betonconstructies kan een lithi-
umverbinding worden toegevoegd aan het verse betonmengsel. In het geval van be-
staande constructies is deze toevoeging niet meer mogelijk en dienen de lithiumionen
op een andere manier in beton te worden ingebracht.

Er is onderzoek gedaan naar mogelijke lithium-gebaseerde behandelingsmethodes,
zoals lokale toepassing en vaculimimpregnatie. De resultaten laten zien dat in die ge-
vallen de indringdiepte beperkt is. Sommige experimentele studies vergeleken verschil-
lende technieken zoals onderdompeling, vacuiimimpregnatie, nat-droog cycli en elek-
trochemische migratie. Hieruit blijkt dat de laatste methode het meest geschikt is om
lithium te introduceren in beton; deze geeft grotere indringingsdiepte en een hogere li-
thiumconcentratie.

Elektrochemische lithiummigratie is een techniek waarbij een elektrisch veld wordt
gebruikt om lithium in beton te transporteren. Onder invloed van het elektrische veld
migreren positieve ionen naar de negatieve elektrode (kathode) en bewegen negatieve
ionen in de omgekeerde richting. Hetzelfde principe wordt toegepast in behandelingen
zoals elektrochemische chloride-extractie (ECE). Het gebruik van elektrochemische li-
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thiummigratie als maatregel tegen ASR is onderzocht door verschillende auteurs. Er is
echter verschil van mening over de effectiviteit ervan tegen ASR expansie.

Dit proefschrift heeft als doel een bijdrage te leveren aan beter inzicht in de moge-
lijkheid van lithiummigratie als behandeling tegen ASR. Daarom zijn de principes van
het toepassen van lithiummigratie en de mogelijke effecten op ASR-aangetast beton on-
derzocht.

De invloed van verschillende parameters op lithiummigratie werd geanalyseerd met
standaard mortelproefstukken in een tweecompartimenten migratie-opstelling (met ex-
terne elektroden). De invloed van het type lithiumzout en de gebruikte concentratie van
de anolytoplossing zijn bestudeerd. De resultaten laten zien dat vooral de concentratie
van de oplossing een rol speelt, veel meer dan het type lithiumzout. De anolytes met de
hoogste concentraties gaven de hoogste hoeveelheden van lithium in de proefstukken.
Het effect van de duur van de experimenten is ook onderzocht. Interessant is dat, in
alle onderzochte omstandigheden, langere test periodes niet leidden tot een veel hoger
lithiumtransport.

Gedurende elektrochemische behandelingen, zoals (ECE), wordt de wapening vaak
gebruikt als kathode. Daarom is het gebruik van een ingebedde kathode tijdens lithi-
ummigratie ook geévalueerd. Na het testen werd waargenomen dat een dergelijke con-
figuratie leidt tot de accumulatie van alkalién in de zone dichtbij de ingebedde kathode,
en zijn er weinig lithiumionen die dit gebied kunnen bereiken. Als een door ASR aange-
taste betonconstructie wordt behandeld met deze methode, kan de accumulatie leiden
tot verdere ASR ontwikkeling (indien er nog steeds reactieve silica, vocht en calciumio-
nen zijn). De alkali-accumulatie werd niet waargenomen bij de proefstukken met een
extern geplaatste kathode. In die gevallen waren natrium en kalium verwijderd uit de
porie-oplossing.

Numerieke modellen zijn nuttige hulpmiddelen om mechanismen beter te begrij-
pen. In dit proefschrift wordt een wiskundig model gepresenteerd voor multi-ionen
transport in beton onder invloed van een elektrisch veld. Het numerieke model is toe-
gepast voor een aantal van de migratie-experimenten met mortelproefstukken. Bij het
vergelijken van de experimentele resultaten, bleek dat het model zowel de natrium en
kalium concentraties in de katholyten als de uiteindelijke gemiddelde lithiumconcen-
tratie in de proefstukken goed voorspelde. Het model geeft aan dat verwijdering van
natrium en kaliumionen uit de porie-oplossing nodig is alvorens de lithiumionen het
katholyt-compartiment kunnen bereiken

De invloed van verschillende expansieniveaus (en eventueel verschillende scheur-
niveaus) op lithium migratie is onderzocht. Daarvoor werden ASR- reactieve proefstuk-
ken onder ASR bevorderende omstandigheden geplaatst (60 °C en R.V. 100%), gedurende
drie of tien weken voorafgaand aan de migratiebehandeling. In dit onderzoek werden er
visueel geen scheuren geconstateerd aan het oppervlak van de proefstukken, ongeacht
het expansieniveau. De stijging in de elektrische weerstand leidde tot een afname van
de stroom. Daarom hebben, in deze studie, de proefstukken met de hoogste initiéle ex-
pansie de laagste uiteindelijke lithiumconcentraties.

Tenslotte werden de effecten van verschillende maatregelen tegen ASR expansie ge-
analyseerd. Hiervoor werden ASR-reactieve proefstukken onder ASR bevorderende om-
standigheden geplaatst voorafgaand aan de proeven. In de tweecompartimenten opstel-
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lingen werden de proefstukken onderworpen aan migratiebehandelingen met LiOH of
Ca(OH), oplossingen als anolyt of diffusies met dezelfde oplossingen. Na de behande-
ling werden de proefstukken opnieuw geplaatst in de ASR reactor en werd de expansie
gemeten. Als algemene conclusie kan worden gezegd dat de lithiummigratie behande-
ling tot lagere expansiewaarden leidde dan de andere maatregelen.
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