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Abstract: The best known and effective methods for the reduction of the negative effects of an alkali—
silica reaction in concrete include the application of mineral additives with an increased aluminium
content and reduced share of calcium, as well as chemical admixtures in the form of lithium com-
pounds. Because both aluminium and lithium ions increase the stability of reactive silica in the sys-
tem with alkalis, it is possible to presume that the application of both corrosion inhibitors together
will provide a synergistic effect in the ASR limitation. The paper presents the results of studies on
the influence of combined application of metakaolin and lithium nitrate on the course of corrosion
caused by the reaction of opal aggregate with alkalis. The potential synergistic effect was studied
for the recommended amount of lithium nitrate, i.e., the Li/(Na + K) = 0.74 molar ratio and 5%, 10%,
15%, and 20% of cement mass replacements with metakaolin. The effectiveness of the applied solu-
tion was studied by measurements of mortars expansion in an accelerated test, by microstructure
observations, and by determination of the ASR gels composition by means of SEM-EDS. The influ-
ence of metakaolin and the chemical admixture on the compressive and flexural strengths of mortars
after 28 and 90 days of hardening were also analysed. The results of the studies revealed a synergis-
tic effect for mixtures containing metakaolin at 15% and 20% cement replacement and lithium nitrate
admixture in alkali-silica reaction expansion tests. It was found that corrosion processes in mortars
with 5 and 10% levels of metakaolin became more severe after adding a lithium admixture to mor-
tars with metakaolin only. The obtained results were confirmed by observations of the mortars’
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To reduce the risk of ASR occurrence, it is necessary to reduce or eliminate one of the
factors that initiate it. The application of aggregates, which do not contain metastable
forms of silica, eliminates the problem of alkaline corrosion entirely, but it is frequently
difficult due to their limited availability. To prevent harmful expansion, being a measur-
able effect of ASR, it is recommended to use cements of reduced alkalis content. Stanton
[1] showed that the reduction of alkalis content in cement below 0.6% is sufficient, while
Obersholster proved that the dangerous expansion of concretes also occurs at lower alka-
lis contents in concrete [11]. In addition, the sources of alkalis in concrete, apart from ce-
ment, can also include aggregate, mineral additives, mixing water, and external sources,
e.g., de-icing salts. As it is not clear what amount of alkalis from external sources is avail-
able for the ASR reaction, in the case of infrastructure elements, where medium or highly
reactive aggregates were used, the reduction of the amount of alkalis in cement only and
exclusively should not be treated as a sufficient method for protection against harmful
ASR [12].

The use of mineral additives is mentioned, among other methods, for the reduction
of ASR effects. The effectiveness of mineral additives in the reduction of destructive reac-
tion of aggregate with alkalis depends on its activity, mineralogical composition of aggre-
gate, alkalis content in cement, and amount of additive [13]. That means that, with a
greater threat of destruction caused by the ASR, larger amounts of SCM should be used.
As itis shown by numerous studies, the effectiveness of mineral additives goes down with
a decreasing SiO2 content and an increasing CaO content in the additive, as well as with
an increased alkalis content [14-18]. Therefore, metakaolin, fly ash with a small calcium
content, granulated blast-furnace slag, and a silica powder are mentioned among the most
effective. Mineral additives substantially reduce the alkalis content in the solution in con-
crete pores via the reduction of concrete permeability and removal of alkalis from the so-
lution due to their binding by hydration products [15,16,18-21]. It is considered that the
reduction mechanism of destructive ASR is also based on the limitation of availability of
calcium ions from Ca(OH)2, which is consumed in the pozzolanic reaction [18,22]. How-
ever, the recent study shows that decreases of the pore solution pH in systems containing
mineral additives are the reason for expansion reduction, due to the ASR, rather than the
reduced calcium content [18,23].

In the ASR, a great role is assigned to aluminium ions. Mineral additives, which con-
tain aluminium, reduce the expansion due to ASR more effectively, because aluminium
shows the capability to reduce the solubility of reactive silica [24,25]. Aluminium ions
transferring to the solution in pores are absorbed on the surface of silica, causing its pas-
sivation [24,26]. However, it has not been determined whether aluminium ions affect the
composition and properties of ASR gels, thereby reducing their capability to swell.

Additionally, the application of lithium nitrate, in numerous cases, is considered ef-
fective in the elimination of the negative effects of ASR, both at the stage of concrete pro-
duction and in elements, of which the durability was reduced as a result of ASR [27-29].
Although the role of lithium ions in the alkali-aggregate reaction was not clearly deter-
mined, it is assumed that lithium ions increase the silica stability in an alkaline environ-
ment, as well as modify the composition and swelling properties of reaction products
[30,31]. It has been shown that the gels of compact texture and the reduced ratio of Ca/Si
ions create in the presence of lithium ions. In the case of lithium nitrate, it is difficult to
determine a simple relationship between the amount necessary for effective reduction of
expansion due to ASR because of different effectiveness, irrespective of the degree of ag-
gregate reactivity [32]. The effectiveness of lithium may also be reduced if the specific
surface of reactive minerals in the aggregate increases [31]. However a [Li]/[Na + K] molar
ratio of 0.74 for LiNOs can sufficiently suppress the ASR-induced expansion of mor-
tar/concrete containing most reactive aggregates [33-35].

Increasingly, a large numbers of papers have been published in the literature on the
combination of potential ASR inhibitors to make them more effective against ASR. Af-
shinnia reported a synergy of fly ash with glass powder action in ASR mitigation, as
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compared with a smaller effectiveness of the fly ash only, while Shehata and Thomas
showed the effectiveness of silica powder combination with fly ashes of various CaO con-
tents [15,36]. The combination of granulated blast-furnace slag and fly ash with a high
CaO content did not give the effect of strengthening, when comparing the obtained values
with the value of expansion with the application of those two mineral additives sepa-
rately. A slight increase in expansion was also shown with the combination of certain ad-
ditives with each other, such as inter alia metakaolin with Class C fly ashes [37].

Only few studies are available on the effectiveness of simultaneous use of mineral
additives and lithium compounds. The synergistic effect in the reduction of mortars with
highly reactive aggregate expansion was visible with the use of a chemical admixture in
the form of 0.55 M of lithium hydroxide and metakaolin [38]. The application of lithium
nitrate in Li/Na + K = 0.56 molar ratio and replacing 30% of cement with addition of Class
C fly ash (CaO = 27.7%) has proved to be ineffective in the protection of concrete against
destruction, which was shown by Drimalas et al. [39]. The separate application of a min-
eral additive and lithium nitrate effectively reduced the expansion of concrete, with the
reactive hornfels at a safe level. The authors have also shown a harmful effect of the ap-
plied system, resulting in increased expansion. Venkatanarayanan and Rangaraju have
determined relationships between the chemical composition of fly ashes and the amount
of lithium ions, expressed in the form of the [Li]/[Na + K] molar ratio, used to reduce the
expansion of mortars with Spratt aggregate. It was shown that, with increasing contents
of Ca0O, CaOeq, and CaO + MgO + SOs in fly ashes, the amount of lithium required to re-
duce the expansion of mortars grows, while the increasing of SiOz, SiOz2q, and SiO2+ Al2Os
oxides share in fly ashes reduces this amount [40].

The paper presents the results of studies on the effectiveness of simultaneous appli-
cation of lithium nitrate and metakaolin to reduce the effects of alkalis reaction with highly
reactive opal aggregate. Previous studies by the author have shown that lithium nitrate
applied in Li/Na + K = 1.0 molar ratio has shown high effectiveness, and the expansion of
mortars in the accelerated test was reduced by 95% [41]. Additionally, the effectiveness of
metakaolin applied in the amount of 15-20% of cement mass was shown, taking into ac-
count the effect of alkalis dissolution [42]. Because of the possibility of the deterioration of
mortars with metakaolin workability [43—45] and the high costs of lithium admixture, it is
justified to check the effectiveness of the action of smaller amounts of mineral additives
and a limited amount of lithium ions. The effectiveness of metakaolin and lithium nitrate
used alone and in combination were determined by an accelerated test method, according
to a modified procedure of ASTM C1260 standard and ASTM C1567 standard [46,47].
Modification involved adding lithium nitrate to the immersion solution for samples with
lithium nitrate alone and with an addition of lithium nitrate and metakaolin combined.
Microstructures were observed under a scanning electron microscope and compositions
of reaction products were determined.

2. Materials
2.1. Cement

Portland cement CEM 142.5R was used in the tests. Its chemical composition is given
in Table 1.

Table 1. Chemical composition of cement and metakaolin.

Material SiO2 AlOs Fex0s CaO MgO SOs SrO K:O0 NaO TiO2 LOI N.s.p
Cement 19.61 5.43 279 6392 146 317 - 0.90 0.19 045 328  0.65
Metakaolin 55.80  41.06 0.73 0.09 0.10 - 011 092  0.00 0.69 031 -

LOI—loss of ignition, N.s.p -non-soluble parts in HCl and Na2COs.

The alkalis content in cement, expressed in the form of sodium equivalent, calculated
according to the relationship Na20eq = %Na20 + 0.658-%K:0, was 0.78.
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2.2. Metakaolin

Metakaolin (Al2Si207) was obtained by kaolin calcining (T = 750 °C, t =2 h). Table 1
presents the metakaolin composition. The grain size of metakaolin, determined by laser
diffractometry, ranges from 0.18 to 14.6 pm. The median of grain size was determined for
grains of 2.70 pm size [42]. Metakaolin was introduced to mortars, replacing 5-20% of
cement mass. Table 1 presents the chemical composition of metakaolin (wt %).

2.3. Aggregate

Opal aggregate, originating from southern western regions of Poland, was used as a
reactive aggregate. The tested aggregate was analysed from the petrographic point of
view. Petrographic descriptions were made based on macroscopic and microscopic obser-
vations. Microscopic observations in transmitted light were carried out using an OLYM-
PUS BX51 polarisation microscope with a DP12 digital camera (Olympus, Tokyo, Japan).
The studies were performed on standard microscopic preparations (thin plates), 35 x 20
mm in size. The carried out petrographic analysis of opal grains has shown that cristobal-
ite—tridymite opal, CT opal is the basic component of the rock. Narrower zones built of
crystalline proper chalcedony exist between zones built of opal. Small spaces between
chalcedony zones are filled with fine-grained quartz. Opal reactivity is highest at a few
percent of its content and grain size of 0.1 to 1.0 mm [48,49]. Opal with grain sizes of 0.5-
1.0 mm, obtained by mechanical crushing of bigger rock fragments, was used in the tests.
The percentage content of opal aggregate amounted to 6% of the total mass of aggregate.
Non-reactive natural quartz sand, with a grain size of 0.125-4 mm, was used as the re-
maining aggregate for expansion tests. The same quartz sand, but with a grain size of
0.125-2 mm, was used in preparation the specimens for the strength activity test.

2.4. Lithium Nitrate Admixture

Lithium nitrate (LiNOs) was used in the form of a solution, by dissolving the solid
form of analytical purity compound. Lithium nitrate was applied with the mixing water
in the amount of 0.74 of molar ratio of lithium ions to the sum of sodium and potassium
ions from cement.

2.5. Mixture Proportion

Table 2 shows the proportions of materials used to make mortars for the accelerated
mortar bar test and mortar compressive and flexural strength tests. To evaluate ASR ex-
pansion, opal aggregate was used as a reactive aggregate, and non-reactive quartz sand
was used as the remaining aggregate. Only quartz sand was used to evaluate the com-
pressive and flexural strengths. The addition of metakaolin was introduced as a partial
substitute for 5-20% of cement weight. The alkalis content in the binder was supple-
mented with addition of K250, in order to preserve a constant amount of alkalis in the
analysed systems. The w/s coefficient was kept on a constant level of 0.5 in mortars with
a mineral additive, as well as with a mineral additive and chemical admixture, and w/c =
0.47 for the control and with lithium nitrate mortars. For the compressive and flexural
strength test, the w/c= 0.5 for the control and with lithium nitrate mortars. Lithium nitrate
was introduced in the form of a solution, retaining [Li]/[Na + K] ratio equal to 0.74.

Table 2. Relative proportions of material used in preparation of mortar bars.

Sample Code

Cement Content Metakaolin Con-

[Lil/INa+K]  Opal Aggregate [%] Quartz Sand [%] *

[%] tent [%]
OPC 100 0 0 6 94
LiN 100 0 0.74 6 94
MK-5 95 5 0 6 94
MK-10 90 10 0 6 94
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MK-15 85 15 0 6 94
MK-20 80 20 0 6 94
MK-5-LiN 95 5 0.74 6 94
MK-10-LiN 90 10 0.74 6 94
MK-15-LiN 85 15 0.74 6 94
MK-20-LiN 80 20 0.74 6 94

* A total of 100% of quartz sand in mortars used for the strength activity index.

3. Methods
3.1. Compressive and Flexural Strength Tests

The compressive and flexural strengths of the mortars were determined on 4 x 4 x 16
mm specimens. The specimens were made in accordance with the Polish standard PN-EN
196-1 [50]. All specimens from the given series, six in each series, were moulded and
stored for 24h under laboratory conditions. After demoulding, they were stored for 28 and
90 days in water at room temperature.

The strength index was determined as the ratio of the compressive and flexural
strengths of mortars, with the mineral additive to the control mortar after 28 and 90 days,
according to EN 450-1 [51]. Higher activity indices are indicative of higher pozzolanic re-
activity of additives used as partial replacements of cement.

3.2. Accelerated Mortar Bar Test

The aggregate reactivity level and the effectiveness of methods used for ASR mitiga-
tion were determined by measuring of mortars expansion, according to the guidelines of
standards ASTM C1260 [46] and ASTM C1567 [47]. Accelerated ASR test methods are de-
signed to provide an aggressive reaction environment, such as the immersion of mortar
bars in 1M NaOH solution at 80 °C and affect mortars. In addition, mortars that contain
lithium nitrate in their composition were immersed in the solution containing 1M NaOH
and 0,74M LiNO:s in the same molar ratio as in mortars, i.e., 0.74.

Three 25 x 25 x 250 mm bars were made for each of the mortar series under analysis,
in accordance with the requirements of Practice C305 [52]. The reference mortars and
those containing potential corrosion inhibitors after moulding were stored for 24h above
water at a temperature of 20 + 2 °C and next for another 24h in water at 80 °C. After that
time, a “zero’ measurement was made in a Graff-Kaufman apparatus, and then mortar
bars were transferred to immersion solutions for 28 days. Lengths of samples were meas-
ured every day, until day 14 of the test, and then on days 21 and 28. In accordance with
guidelines of standards ASTM C1260 and ASTM C1567, the expansion of mortars after 14
days, smaller than 0.1%, shows a minimum risk of destruction due to ASR, while expan-
sion above 0.2% shows a high destruction risk. Expansion values between 0.1% and 0.2%
show the need to carry out prolonged studies.

3.3. Scanning Microscopy Method

The microstructure of mortars was observed under a scanning electron microscope
after 28 days of test. To this end, from each of analysed mortar series, one sample, with
the dimensions 25 x 25 x 25 mm, was taken from the central part of the bar, and it was cut
next to the size of 25 x 25 x 10 mm. Polished sections were made from the sample by
grinding, followed by polishing on a diamond suspension. The studies were performed
using a BSE detector under a scanning electron microscope coupled with an X-ray ana-
lyser in the micro-area (NOVA NANO SEM200 and Quanta FEG 205, FEI Company, Hills-
boro, OR, USA). Chemical composition of ASR products from EDX analysis were based
on averaged measurements taken from at least three locations within close proximity of
each other.
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4. Results and Discussion
4.1. Compresive and Flexural Strength Activity Index

The effect of metakaolin, lithium admixture, and the combined use of metakaolin and
lithium nitrate on the strength characteristics of mortars was evaluated by determining
the compressive and flexural strength indices of mortars after 28 and 90 days of harden-
ing. The results of the analyses are shown in Figures 1 and 2.
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Figure 1. Strength activity index of mortars containing metakaolin and lithium nitrate at 28 days.
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Figure 2. Strength activity index of mortars containing metakaolin and lithium nitrate at 90 days.

As indicated in Figure 1, in mortars in which metakaolin was used as a partial re-
placement of cement, the mortar compressive strength improved, relative to the control
mortars. At 28 days, the strength activity index was 107.3% for 10% metakaolin (MK-10)
and 117.5% for 20% metakaolin (MK-20). In mortars with lithium nitrate (LiN) and the
combined use of metakaolin and lithium nitrate, lower values of 28-days strength activity
index were recorded. In the LiN series mortars, there was a reduction in the activity index
to 86.4%. There was an approximate 10% decrease in the strength index for mortars with
5% metakaolin and lithium nitrate (MK-10-LiN) and a slight 4.2% increase in the activity
index for 20% metakaolin and lithium nitrate (MK-20-LiN), compared to the controlmor-
tars (OPC). The results indicate that lithium nitrate reduces the compressive strength of
mortars, regardless of whether it is added separately as a mortar component or with a



Materials 2023, 16, 382

7 of 17

mineral additive. The strength of mortars cured for 90 days increased in all the series, as
shown in Figure 2. In each case, the compressive strength increased significantly, relative
to the 28-day strength, in mortars with 15% metakaolin (MK-15). Similar to the case of the
28-index, there was a reduction in the 90-day index in mortars with lithium nitrate (LiN)
and metakaolin and lithium nitrate combined, compared to mortars with the mineral ad-
ditive alone. For example, for mortars in the MK-15-LiN series, the value of the strength
index decreased by about 17%, compared to MK-15 mortars, i.e., from 118.8% to 101.7%.
This indicates that lithium nitrate lowers the compressive strength of mortars containing
metakaolin added as a partial replacement of cement, also after 90 days of curing.

Compared to the reference mortar, there was an increase in the flexural strength of
the samples with metakaolin both at 28 and 90 days. The strength results obtained were
in line with literature data, indicating an improvement in the strength parameters of mor-
tars with the addition of metakaolin [53-55]. However, the value of the 28-day strength
activity index of mortars with lithium nitrate was 92.8%, which was lower than that of the
control sample. In mortars with the combined use of metakaolin and lithium nitrate, the
activity indices exceeded the values determined for control samples and were comparable
to those calculated for mortars made with metakaolin alone. The strength activity index
decreased only in mortars of the MK-10 and MK-10-LiN series from 114.9% to 105.7% at
28 days and from 111.8% to 104.2% at 90 days to the detriment of MK-10-LiN samples.

4.2. Expansion of Mortars

Figures 3 and 4 present the results of linear changes of mortars with metakaolin and
lithium nitrate, as well as with the combined application of metakaolin and lithium ni-
trate, analysed by the accelerated method in accordance with ASTM C1260 and ASTM
C1567. In Figures 3 and 4, the red lines represent the limit values of the expansion, indi-
cating the presence of corrosion, according to the guidelines of standards ASTM C1260
and ASTM C1567.

1.00

—%— QOPC

Expansion [%)]

Time [days]

Figure 3. Linear changes of mortars with metakaolin in the accelerated method.
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Figure 4. Linear changes of mortars with metakaolin and lithium nitrate in the accelerated
method.

Mortars with opal aggregate reached high expansion values after 14 and 28 days.
Both the applied chemical admixture and metakaolin reduced the mortars expansion;
however, they differed in effectiveness. The mortars expansion diminished with a grow-
ing amount of metakaolin, substituting for the Portland cement. The degree of aggregate
reaction in mortars with metakaolin slowed down in the initial days of the test and de-
pended on the percentage addition of the mineral additive. The reduction of expansion to
a level that does not cause its degradation was observed for 20% substitution of me-
takaolin for cement. For samples with 10% content of metakaolin, a significant expansion
growth was observed after 14 days. Lithium nitrate proved to be least effective, elongating
the period of exceeding the reactivity limit of aggregate by only 1 day, as against the ref-
erence mortars.

The combined application of metakaolin and lithium nitrate resulted in the reduction
of the expansion value in the analysed period of 14 days, as against the control mortars. It
was shown that, from day 14, the increase in durability of mortars with opal aggregate
occurred at 15% and 20% levels of metakaolin and with the added lithium admixture. In
the case of samples with 5% content of the additive, a decrease of the expansion was rec-
orded after 14 days, resulting from substantial cracking of mortars, causing a one-sided
bend of two out of three bars. Comparing the obtained values of mortars expansion with
linear changes of mortars with only lithium admixture or with metakaolin, it is possible
to state that the effectiveness of simultaneous application of a mineral additive and chem-
ical admixture is limited. Table 3 presents the relative reduction of expansion for the ana-
lysed mortars, as against the control sample (OPC).
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Table 3. Reduction of mortars expansion after 14 and 28 days, as against the control mortar.

Time [Days]

Sample Code 14 Days 28 Days
Expansion Reduction [%]

LiN 30.96 36.94
MK-5 17.81 17.65
MK-10 70.41 62.35
MK-15 75.89 69.41
MK-20 92.33 89.41
MK-5-LiN * 58.36 68.24
MK-10-LiN 76.99 52.94
MK-15-LiN 89.59 83.53
MK-20-LiN 97.26 97.65

* mortar degraded.

As Table 3 shows, the synergistic effect of the simultaneous action of lithium and
metakaolin was visible both for the 14-day and 28-day expansion for each of metakaolin
contents, apart from 28-day expansion of mortars with 10% content of metakaolin and
lithium nitrate. Two of mortar bars, with 5% content of metakaolin and lithium nitrate,
were damaged after day 14 of the test; therefore, the results obtained after day 14 were
lowered. Mortars, in which cement was replaced with 10-20% metakaolin, reached
smaller expansions than the mortars with the lithium admixture. The obtained results
suggest that, in order to achieve the synergy effect, it is necessary to apply minimum 10%
of metakaolin and lithium admixture content. High expansion values of mortars with lith-
ium nitrate and low expansion values of mortars with metakaolin indicate a higher po-
tential of the mineral additive for ASR inhibition. In addition, considering the literature
reports, the substitution of a higher metakaolin share for cement results in the deteriora-
tion of workability, and a combined application of additive and admixture could be con-
sidered favourable [43—-45]. However, it is necessary to notice, that the strengthening effect
is unstable because, in the period between day 14 and 28 of reaction, an increase in the
expansion occurred, exceeding the linear elongation of mortars with the same 10% level
of metakaolin.

It also should be emphasised that the combined application of the chemical admix-
ture and additive could give better results if the alkalis content in the binder was not in-
creased to a constant level. The effect of alkalis dilution in mortar samples would be then
considered, which would also result in increasing the Li/(Na + K) molar ratio in the pore
solution. The composition of the pore solution should be analysed to determine the Li/(Na
+ K) molar ratio. Wang showed that, even at an artificial increasing of the alkalis content
in mortars with fly ash and simultaneous lithium nitrate addition, despite increased Na
and K concentration in the pore solution, the [Li]/[Na + K] ratio was higher than planned.
This improved the inhibitive properties of the used combination of the additive and chem-
ical admixture [56].

4.3. Scanning Electron Microscopy

The microstructure was studied on polished sections of samples to determine the
corrosion degree of reactive aggregate and cement mortar and to locate and determine the
composition of ASR gels. Figure 5 shows the images obtained for the control mortar, i.e.,
without corrosion inhibitors, after 28 days of immersion in 1M NaOH solution. ASR prod-
ucts, which were formed in the volume of a reactive grain, exhibited swelling properties,
resulting in cracking of the grain and surrounding it with cement paste. ASR gels also
accumulated in the interfacial transition zone (ITZ). In the control samples, the destruction
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of the mortars was advanced, which was indicated by a large number of grains reacted
with alkalis and significant expansion of the control mortars.

() (b)

Figure 5. Microstructure images of control mortars: (a) gel in reactive aggregate; (b) gel located in
ITZ. X-ray microanalysis at location 1 — 2 (see Table 4).

Figure 6 shows the microstructure images of mortars with a lithium admixture, as
analysed after 28 days of storage in the NaOH and LiNOs solution. Despite the reduction
of expansion by approx. 37%, a significant degree of reactive grains damage was found.
Large amounts of ASR gels were visible both in the reactive grain and in the cement paste.
Degraded grains of opal aggregate, from which numerous microcracks filled with reaction
products were going away, were a characteristic image. Reactive grains in the BSE image
featured a darker colour, which indicates the existence of compounds of smaller atomic
mass. The thin reaction rim around aggregate was visible. In the analysed system, the
lithium nitrate did not increase the stability of the reactive aggregate.

(a) (b)

Figure 6. Microstructure images of mortars with lithium nitrate in a ratio of [Li]/[Na + K] = 0.74: (a)
ASR gel in opal grain, (b) ASR gel in cement paste. X-ray microanalysis at location 1-3 (see Table 4).

Figures 7 and 8 presents the microstructure images of the mortars, in which cement
was replaced with the addition of 5 and 10% of metakaolin. A smaller number of grains
reacting with alkalis was observed, while the formed ASR gels, similar to in the control
mortars, accumulated within the grain, in the interfacial transition zone, and in the cement
matrix. However, the degree of grains degradation was smaller than in the control mortars
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and depended on the amount of introduced additive. The more metakaolin in the cement
mortar, the smaller the number of reacting opal grains.

mag O | det
500 x_| BSED

(@ (b)

Figure 7. Microstructure images of mortars with 5% of metakaolin: (a) ASR gel in aggregate and
ITZ; (b) ASR gel in cement paste. X-ray microanalysis at location 1 — 3 (see Table 4).

(@ (b)

Figure 8. Microstructure images of mortars with10% of metakaolin: (a) ASR gel in aggregate; (b)
ASR gel in cement paste. X-ray microanalysis at location 1 — 4 (see Table 4).

Figures 9 and 10 presents microstructure images of mortars with a combined addi-
tion of metakaolin and lithium nitrate. In mortars with 5% of metakaolin and lithium ni-
trate addition, a high degree of corrosion processes advancement was recorded, which
confirms the intensified formation of ASR gels located within the grain and cracks prop-
agating to the cement paste matrix. Reactive silica in the opal grain degrades, due to the
influence of aggressive ions, to a greater degree than in the case in mortars with me-
takaolin. Microstructure images are closer to those recorded in mortars with lithium ni-
trate, which shows that the role of lithium nitrate is dominating. In the interfacial transi-
tion zone, compact gel accumulated, which was different from the gels observed in control
mortars and those with metakaolin. Additionally, the microstructure of mortars with 10%
of metakaolin and lithium nitrate shows that the applied system of inhibitors does not
prevent the reaction between the aggregate and alkalis. Nevertheless, the gel visible in the
cement paste formed in smaller amounts than in the control mortars and mortars with
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lithium nitrate. Microstructure images are similar to those observed in mortars with me-
takaolin only.

(@ (b)

Figure 9. Microstructure images of mortars with metakaolin and lithium nitrate in 5% of metakaolin
and [Li/Na + K] = 0.74 samples: (a) ASR gel in aggregate and ITZ; (b) ASR gel in cement paste. X-
ray microanalysis at location 1 — 4 (see Table 4).

(@ (b)

Figure 10. Microstructure images of mortars with metakaolin and lithium nitrate in 10% of me-
takaolin and [Li/Na + K] = 0.74 samples: (a) ASR gel in aggregate; (b) ASR gel in cement paste. X-
ray microanalysis at location 1 — 3 (see Table 4).

Table 4 presents chemical compositions of ASR gels in control mortars and in mortars
with corrosion inhibitors. The composition was determined for gels formed within the
grain, in ITZ, reaction rim around grain, and observed in the matrix of cement paste,
which are indicated in Figs. 5-10.
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Table 4. Composition of potassium-sodium-calcium silicate gels obtained in the EDS analysis.

Chemical Composition .
P Ratio of Mass Percent

Sample Code Point Location [Mass %]

Si Ca Al Na K Ca/Si  (Na+K)/Si

OPC 1 aggregate 64.2 11.4 - 18.2 2.8 0.18 0.33

2 ITZ 66.2 18.1 0.9 11.9 2.5 0.27 0.22

LiN 1 aggregate 76.3 3.5 0 8.6 0 0.05 0.11

2 rim 54.1 27.6 0.5 9.4 0.6 0.51 0.18

3 paste 39.3 344 3.1 5.1 0.4 0.87 0.14

MK-5 1 ITZ 58.0 31.6 0.8 5.5 0.8 0.54 0.11

2 aggregate 75.5 13.9 1.1 4.8 0.6 0.18 0.07

3 paste 51.7 30.9 14 9.0 0.7 0.60 0.19

MK-10 1 aggregate 81.9 3.8 0 8.1 6.2 0.05 0.17

2 aggregate 82.6 4.6 0.7 6.9 4.0 0.06 0.13

3 paste 75.7 7.5 0.8 9.1 2.5 0.10 0.15

4 ITZ 85.5 3.15 0.5 10.4 2.1 0.04 0.15

MK-5 LiN 1 aggregate 94.09 1.65 0.65 2.85 0.77 0.02 0.04

2 ITZ 50.9 29.8 1.7 8.6 0.7 0.59 0.18

3 ITZ 61.8 24.3 2.0 3.6 0.0 0.39 0.06

4 paste 48.8 36.7 3.6 3.1 0.0 0.75 0.06

MK-10 LiN 1 rim 62.1 18.8 0.7 9.8 2.2 0.30 0.19

2 aggregate 75.7 4.2 0.7 12.2 0.7 0.06 0.17

3 paste 72.5 8.5 0.76 10.8 1.9 0.12 0.17

The compositions of the alkali-silica reaction products varied, depending on the re-
action degree and location [57,58]. ASR gels located within the grain had a different com-
position than those observed in the ITZ or in the matrix of the cement paste. The gels that
accumulated in the matrix of cement paste contained more calcium than the gels formed
in the reactive grain. The furthest was the gel located from the reactive grain, with the
higher CaO contents and smaller SiO:2 contents. This resulted in higher Ca/Si ratios in the
reaction products, situated in the matrix of cement paste, rather than in the reactive grain.
With the increasing content of metakaolin in the mortar, the Ca/Si ratio in gels in the ce-
ment paste decreased. In mortars with a 10% level of metakaolin and 10% content of me-
takaolin and lithium, the gels, despite their accumulation in the cement paste, featured
small calcium contents. This is related to a smaller content of calcium ions in the solution
in pores, resulting from the occurrence of pozzolanic reaction between Ca(OH)2 and me-
takaolin.

In the analysed mortars, the ITZ gels had different compositions. The different Ca/Si
ratio in mortars resulted from the fact that the gels accumulated in the contact zone of the
paste, with reactive and non-reactive grains. Gels, which were forming in the contact zone
of the paste and reactive aggregate, or created the reaction rim, contained more calcium.
While the gels that accumulated in the contact zone between non-reactive aggregate and
cement paste showed smaller calcium contents, which was visible, in particular, in the
mortars with 10% level of metakaolin. In the reactive grain in the control mortars, the
formed products showed an increased Ca/Si ratio, as against the gels observed in mortars
with lithium nitrate and in mortars with the addition of lithium nitrate and metakaolin
combined. A high degree of corrosion process advancement in the grain was related to a
local reduction of pore solution pH, which was favourable for the dissolution of calcium
hydroxide. Calcium ions can diffuse to reaction sites and penetrate into reactive grains
[59]. With the presence of mineral additives and lithium nitrate, the gels formed in the
reactive grain had a lower Ca/Si ratio than in control mortars. The obtained results were
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consistent with the literature data, which indicated that products of smaller calcium con-
tent were formed in the presence of both metakaolin and lithium compounds, which re-
duced the swelling properties of ASR gels [60].

The results of analyses presented in Table 4 show that gels in mortars with corrosion
inhibitors feature smaller values of (Na + K)/Si ratio, which results both from a smaller
content of alkalis, mainly sodium, and a higher silica content. This indicates a smaller de-
gree of reactive grain deterioration in mortars with metakaolin and with metakaolin and
lithium nitrate combined against control samples. Based on the obtained compositions of
gels in mortars with metakaolin and with metakaolin and lithium nitrate combined, it is
not possible to clearly show what changes occur after the introduction of a chemical ad-
mixture. Instead, it was shown that, in the presence of lithium nitrate, the opal grains react
with the alkalis, and products of reduced Ca/Si ratio are formed. In mortars with 5% of
metakaolin and lithium nitrate, where the chemical admixture plays a dominating role,
the Ca/Si ratio diminishes in products in grains, as well as the alkalis content. Hence, this
confirms the literature reports indicating a reduced content of calcium ions in ASR gels.
The increased amount of gels in the cement matrix probably resulted from the intensified
dissolution of reactive silica in the grain and may be responsible for the increased expan-
sion of the mortars. Wang recorded an increased concentration of sodium and potassium
ions in the pores of mortars with fly-ash and a lithium admixture as against mortars with-
out corrosion inhibitors, as well as mortars with lithium nitrate only, with a simultaneous
increase in the Li/Na + K ratio [56]. Because of the limited research materials, the phenom-
enon requires further studies, including the determination of changes in the composition
of the solution in mortar pores over time.

5. Conclusions

The main objective of the paper was to show the effectiveness of the simultaneous
application of metakaolin and lithium nitrate admixture in the mitigation of the negative
effects of opal aggregate reactivity. Based on the strength activity index result, the per-
formed expansion tests and analyses of the mortars’ microstructures, together with the
determination of the ASR gels’ compositions, the following has been found.

1.  Partial replacement of cement with metakaolin improves the compressive and flex-
ural strengths of mortars, relative to mortars without the mineral additive. The addi-
tion of metakaolin, combined with lithium nitrate, does not show a synergistic effect.
Lithium nitrate reduces the compressive strength of mortars, as well, if used together
with the mineral additive.

2. Expansion decreased to a safe level within 14 days in the mortars, in which more than
15% of the cement was replaced with metakaolin. In the period extended to 28 days,
only 20% replacement of cement with the metakaolin addition protected the mortar
against ASR-induced deterioration. Lithium nitrate turned out to be the least effec-
tive method for mitigating destructive ASR.

3. The combined use of metakaolin and lithium nitrate was effective, when lithium was
applied together with 15% and 20% of metakaolin in the mortar. Only in these sys-
tems was the synergy between metakaolin and lithium admixture observed. The syn-
ergistic effect in mortars with 10% of metakaolin and lithium nitrate was unstable in
the analysed period of time.

4. Based on the microstructure studies, the degradation level of control mortars, ob-
served as the number of corrosion centres, substantially exceeded that of mortars
with corrosion inhibitors. The degree of corrosion processes was confirmed by the
obtained values of mortar expansion.

5. The image of opal grains degradation in mortars with lithium nitrate differed from
those observed in the control mortars. Despite the observed high progress of grain
corrosion processes, the gels formed inside it showed a lower Ca/Si ratio, as against
the gels in the grains of control mortars.
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6. A lithium admixture plays a dominating role in the mortars with 5% of metakaolin
and lithium nitrate, which was indicated by microstructure images similar to the mi-
crostructure of mortars with the lithium admixture only. The combined application
of both potential corrosion inhibitors was unfavourable in the studied system, which
was also confirmed by the macroscopic degradation of the mortars after 14 days of
reaction.
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