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Abstract

Alkali-Silica Reaction (ASR) is one of the most harmful distress mechanisms affecting the durability and
serviceability of concrete infrastructure worldwide. Over the past decades, several engineers and
researchers around the globe have tried to develop preventive measures in the laboratory and in the
field to avoid, cease or at least mitigate ASR development rate and damage. It has been shown that
ASR-induced expansion and distress could be reduced or delayed by the appropriate use of
supplementary cementing materials (SCMs). Moreover, it has been verified that some products, such
as crystalline admixtures were able to enhance concrete’s healing properties, thus presenting an
interesting “physical” solution for durability-related distress due to ASR. In this context, this paper aims
to evaluate different concrete mixes presenting two different types of highly reactive aggregates
(i.e. Springhill Coarse and Texas fine aggregate), incorporating a wide range of binder compositions
(i.e. GU-type cement, silica fume, fly ash, slag and Metakaolin) and using distinct types of chemical
admixtures, such as crystalline self-healing and lithium nitrate. The samples were fabricated, exposed
to ASR development and monitored over time. Mechanical (i.e. compressive and shear strength,
modulus of elasticity and stiffness damage test) and microscopic (damage rating index) techniques were
then selected for further analysis on the performance of the distinct mixtures appraised. Comparisons
among the results found are made and further discussions and recommendations on the reliability of
adopting self-healing products modified with SCMs to suppress ASR are conducted.

Keywords: alkali-silica reaction; the durability of concrete; supplementary cementing materials; self-
healing concrete

1. INTRODUCTION

Alkali-Silica Reaction (ASR) is one of the most harmful distress mechanisms affecting the durability and
serviceability of concrete infrastructure worldwide. ASR is conventionally defined as a chemical reaction
between the alkali hydroxides (i.e. Na+, K+ and OH-) dissolved in the concrete pore solution and some
reactive mineral phases containing reactive silica forms present in the aggregates used in the mixture
[1-5]. ASR generates a gel that swells in the presence of water, causing volumetric expansion and
distress in the affected material. Moreover, ASR microscopic/macroscopic distress degree and features
depend upon the type (i.e. fine and coarse aggregate) and reactivity of the aggregates used, the amount
of alkalis of the concrete, the temperature and relative humidity of the environment along with the
exposure and confinement (i.e. reinforcement ratio, etc.) conditions of a given structure/structural
member [4,6—11].

Over the years, several approaches and recommendations, including a comprehensive variety of
laboratory test procedures, have been developed around the world to assess the potential alkali-
reactivity of concrete aggregates and the efficiency of preventive measures (i.e. control of the cement
& concrete alkali content, use of supplementary cementing materials - SCMs, etc.) [5,6]. SCMs are
known to control ASR expansion mainly by their capacity of reducing the alkalinity of the pore solution
by binding alkalis in the hydration products [5], which can be partially justified by the alkali dilution in
concrete as a result of the partial replacement of cement by SCMs with lower alkali content [12].
Moreover, it has been reported that the ability of SCMs to bind alkalis seems to be strongly related to
the CaO/SiO; ratio of the SCMs; i.e. the higher this ratio, the lower its binding capacity [13]. Furthermore,
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SCMs with a high (reactive) silica content and a low amount of CaO and alkalis will be the most effective
in terms of lowering the pore solution alkalinity and preventing expansion due to ASR [12-16].

1.1 Preventive measures of ASR

The main source of alkalis in concrete is Portland cement (PC). Therefore, the total alkali loading in
concrete is obtained through the quantification of the PC alkali content (expressed as Na20eq.) times the
PC content of the mixture. Preventive measures, including limiting the alkali content in concrete, may
be used to decrease the likelihood of ASR. Amongst those, the use of supplementary cementing
materials (SCMs) such as fly ash (FA) [14,16—18], granulated blast-furnace slag (BFS) [12,19,20], silica
fume (SF) [21-25] and metakaolin [17,26,27], besides the use of chemical admixtures [27-31] have
been widely studied. SCMs are able to control ASR-induced development by reducing the amount of
alkalis available in the system, limiting thus their availability to react with the aggregates [1,13,18].
Furthermore, it has been found that the ability of SCMs to bind alkalis seems to be strongly related to
the CaO/SiOz ratio of the SCMs [13]. SCMs that present a low calcium content and high in silica are
more effective in reducing the pore solution alkalinity, and thereby ASR expansion.

Chemically, SCMs are able to dilute the alkalis available from the clinker, decrease the pH of the material
by consuming Ca(OH)2 from the pore solution [1,13,18]. The formation of “new” C-S-H due to SCMs
reaction has a greater capacity to entrap alkalis and reduce even more the pH. Furthermore, these
materials are able to change concrete microstructure, interfering with the pore size distribution and their
interconnectivity among the cementing matrix. This effect reduces the mobility of ions and possibly slows
the reaction rate. It also makes the concrete less permeable to external moisture and alkalis
[12,13,17,18,32,33]. Some authors revealed that alkali-silica reaction is very similar to pozzolanic
reactions preceding to ASR [13,34]. The reactive silica present in finely-ground SCMs reacts rapidly
with the alkali hydroxides from the pore solution forming an alkali-silica gel containing small amounts of
calcium.

The use of chemical admixtures to reduce ASR-induced expansion and damage or at least to delay the
process has been widely adopted since the 1950s. Among several products, lithium compounds have
shown a good response in modifying the reaction kinetics as per [27-31]. The first publication referring
to this subject is dated from 1951 by McCoy and Caldwell, in which the authors studied over 100 different
chemical compounds using ASTM C 227 to control the ASR. The authors concluded that lithium
compounds were able to reduce the expansion at 8 weeks of exposure at 38 °C and 100% RH. After
some studies to understand how lithium compounds were able to mitigate ASR [30,31], it has been
explained that the metastable silica in the aggregates might react with Li-ions modifying the chemical
structure of the alkali-silica gel [35,36]. Later, Bulteel et al. [37] and Leemann et al. [38] claimed that Li
ions are capable of reducing the solubility and dissolution rate of silica. Finally, three lithium
compositions have shown very good results: lithium hydroxide, lithium carbonate and lithium nitrate. The
third compound, LiNOs among the others has shown better results in controlling ASR. Lithium nitrate
stands out for good solubility and slightly alters the pH of the pore solution of the concrete [29-31].

1.2 Improvement of the healing properties of concrete.

It has been verified that some products (i.e. using different types of bacteria, etc.) were able to provide
concrete with self-healing properties, which may present a very interesting “physical” solution for
durability-related distress in concrete [39-44]. Self-healing is the process through which a material is
able to recover its properties, after having suffered some damage coming from a mechanical or
durability-based source, with little or no external aid [41-44]. Self-healing in concrete is caused by the
following two main mechanisms [39—44]: natural healing (NH) and artificial healing (AH). NH is
comprised of the following processes: calcium carbonate (CaCOs3) formation (the so-called carbonation),
along with continued hydration upon moisture contact, swelling of cement matrix and sedimentation of
debris. Conversely, AH is an engineering-made healing process designed to improve the healing
properties of concrete. Al can be further divided into ‘passive’ (requires no human intervention, such as
crystalline admixtures) or ‘active’ modes (requires some human aid) [40].

One of the smartest materials used for self-healing applications in concrete is the so-called crystalline
admixtures (CA); it is one of the types of permeability-reducing admixtures with hydrophilic nature that
reacts easily with water. Authors [42,45] have found that concrete mixtures treated with CA were able
to reduce almost 50% of the water penetration depth, enhance the resistance to chloride penetration
and recover mechanical properties such as flexural deformation and stiffness. The latter indicates that,
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maybe, the use of crystalline admixture might enhance the capacity to mitigate ASR-induced
development.

2. SCOPE OF THE WORK

As stated above, a number of techniques, supplementary cementing materials and chemical admixtures
have been used in the past aiming to assess and mitigate the initiation and development of ASR in the
field. However, there is very few research (if any) on the use of self-healing products combined and or
modified with SCMs; hence, forming a binary chemical-physical treatment and leaving room for major
developments in this area. The current research aims to evaluate the combination of different types of
SCMs and crystalline admixtures for preventing and/or mitigating (i.e. physically, chemically or both)
concrete deterioration caused by ASR in its initial, moderate and advanced phases.

3. MATERIALS AND METHODS

3.1 Materials and mixture proportions

Sixteen different concrete mixtures incorporating two distinct highly reactive aggregate types and
natures were fabricated. Moreover, four different types of supplementary cementing materials (i.e. blast
furnace slag-Sg, fly ash-FA class F, silica fume-SF and metakaolin-MK) and three different admixtures
(i.e. lithium nitrate and two commercially available hydrophilic permeability reducing so-called crystalline
admixture - CA) were selected for the research. Moreover, it was not used any type of superplasticizer
in this research. The coarse aggregates ranged from 5 to 20 mm in size. Non-reactive fine (NF) and
coarse (NC) aggregates were also used in combination with two reactive aggregates (SPH and Tx) for
concrete manufacturing. Table 3.1 provides information on the different aggregates used in this study.
Table 3.2 provides information about the chemical composition of the different binder materials used in
this study. All sixteen concrete mixtures were mix-proportioned as per ASTM C 1293 to present the
same amount of “reactive aggregates” in volume so that one could compare similar systems (Table 3.3)
with different aggregate types and strengths.

Table 3.1: Reactive (R) and non-reactive (NR) aggregates used in the research.

Aggregate Reactivity Rock Type Specific gravity | Absorption (%) | AMBT? (%)
Coarse | NC NR High-purity fine-grained limestone 2.79 0.42 0.00
SPH R Crushed Greywacke 2.73 0.71 0.33
Fine NF NR Natural derived from granite 2.67 0.82 0.08
Polymictic sand (granitic, mixed
Tx R volcanic, quartzite, chert, quartz) 2.63 0.91 0.86

2 Results at 14 days of curing of the accelerated mortar bar testing (ASTM C 1260) carried out on the aggregates
selected.

Table 3.2: Chemical composition of the Binder materials.

Cement Slag Fly Ash SF MK

Cao 61.93 37.31 10.28 0.62 0.12
SiO2 20.1 36.64 56.30 92.85 52.48
Al203 5.02 11.14 23.26 0.05 44.34
Fe203 3.80 0.391 3.573 0.12 0.61
SOs 4.38 0.366 0.193 0.07 0.03
MgO 242 12.15 1.07 0.19 0.08
Naz0 eq. 0.91 0.63 2.92 0.52 0.38
LOI 2.91 0.00 0.98 5.05 0.69
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Table 3.3: Concrete mixtures cast with different aggregates using the same volumetric amount of
reactive aggregates.

w/cm = 0.45 Aggregates (kg/m?) Admixtures (kg/m3) SCMs (kg/m?3)

Mixture (\Qg‘;‘:ﬁ% ?I%Trﬁg‘)t NF | Tx | NC | SPH | cA1 cA2 | sg | FA | sF | MK
or 189 420 |83 | - | - | 938 - - N
SPHLTM* | 189 420 | 836 | - | - | 938 - : N I B I
SPHCA1 | 189 420 |83 | - | - |98 | 8 : N I B I
SPHCA2 | 189 420 | 836 | - | - | 938 - 8 N R
SPH Sg 189 210 | 761 | - | - | 938 | 8 - 210 - | - | -
SPHFA | 189 204 | 776 | - | - | 938 | 8 : C e | - | -
SPH SF 189 376 |82 | - | - |98 | 8 - AN N VI
SPHMK | 189 357 | 823 | - | - |98 | 8 - - - es
Tx Control 189 420 - 765 | 1019 - - - - - - -
TXLTM* | 189 420 | - | 7651019 | - - - N I R I
Tx CA1 189 420 | - | 765 | 1019 | - 8 - N R
Tx CA2 189 420 | - | 765 | 1019 | - - 8 AN N R
Tx Sg 189 210 | - | 765 | 1005 | - 8 - 210 - | - | -
Tx FA 189 394 | - |765| 957 | - 8 - S 2e | - | -
Tx SF 189 376 | - | 765 | 1003 | - 8 - AN N VI
Tx MK 189 357 | - | 765 | 1006 | - 8 3 S N I P

* LTM — Lithium Nitrate (LiNOs) admixture — the ratio Li/Na was kept constant as 0.74

3.2 Manufacture of the concrete specimens

Thirty-six cylinders, 100 x 200 mm in size, were fabricated for each of the sixteen concrete mixtures in
the laboratory. After 24 h, the samples were demoulded and stored in a moist curing room for another
24 h. Then, small holes (5 mm in diameter by 15 mm deep) were drilled at the two flat ends of the
samples, in which steel gauge studs were glued in place with a fast-setting cement slurry, for longitudinal
expansion measurements. Next, the samples were left to harden over 5 days before the “0” reading was
taken; all the samples were finally placed in sealed plastic buckets lined with a damp cloth and stored
at 38 °C and 100% R.H.

The cylinders were monitored for length variations at 45 and 90 days of exposure (this research is still
being developed until the samples reach 24 months as per CSA A23.2-14A / ASTM C1293). As per
ASTM C 1293, the buckets were cooled down to 23 °C for 16 + 4 h prior to the periodic measurements.
Then, the cylinders were wrapped in plastic film and kept under 12 °C to inhibit further AAR deterioration
until all shear tests were conducted (due to testing capacity issues).

3.3 Assessment of the ASR development in the concrete

3.3.1 Stiffness Damage Test (SDT)

Three cylinders of each concrete mixture at 90 days of exposure were subjected to five cycles of
loading/unloading at a controlled loading rate of 0.10 MPa/s. The SDT procedure was performed
following Sanchez et al. publications [3,46,47], i.e. using a loading level corresponding to 40% of the
28-day concrete strength. To characterize all mixtures at 28 days compressive strength, samples were
wrapped and placed at 12 °C, since some of the specimens contained highly reactive aggregates and
ASTM C 39 method could not be followed as they could develop some ASR. The cylinders were
maintained at 12 °C for a 47-day period, according to the maturity concept as per ASTM C 1074.

3.3.2 Damage Rating Index (DRI)

A semi-quantitative petrographic analysis, using the DRI, was performed on one specimen from each
concrete mixture at 90 days of exposure, according to the method described by Sanchez [3,9]. The DRI
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final number presented in this work is the normalized 100 cm2 value obtained over polished concrete
specimens.

3.3.3 Compressive Strength Test

Compressive strength was measured through two different approaches with different and specific goals.
First, as previously mentioned, the 28 days compressive strength of all mixtures was obtained throuhg
the use of the maturity concept as per ASTM C 107 to reach their mechanical capacity values. The
second compressive strength measurements were carried out on three cylinders used for stiffness
damage testing, with the aim of verifying the compressive strength loss of the material as a function of
AAR development. This procedure was adopted and considered valid after Sanchez et al. [3,9]
confirmed the largely non-destructive character of the SDT.

3.3.4 Direct Shear Test

The direct shear test was performed according to the method and setup proposed by Barr and Hasso
[48] and adapted by De Souza et al. [11]. The same approach considering the maturity concept was
used to characterize the “zero” reading for all concrete mixtures at the equivalent 28 days. At 90 days
of exposure, three samples of each concrete mixture were selected for analysis; however, differently
from the compressive strength tests, the SDT was not performed on the samples prior to the shear test.
Before testing, all samples were carefully ground so that a circumferential notch was created [11,48].
The notch depth was adopted as about 20 mm + 3 mm to ensure a shear-type failure without leaving a
too-small area of the sample to be tested.

4. RESULTS AND DISCUSSION

4.1 ASR Kinetics

In this section, ASR expansion kinetics and amplitude results are presented for all sixteen mixtures
fabricated in the laboratory, Figure 4.1 presents the average expansion values of each of them. A wide
range of expansion kinetics and amplitudes were obtained as a function of the mixtures tested. In
general, the mixtures containing the reactive Tx sand presented faster reactivity than those incorporating
reactive SPH coarse aggregates. Disregarding the control groups (SPH and Tx - which displayed the
greatest expansions), the groups containing only crystalline admixtures presented faster reactivity,
reaching 0.10% (CA1) and 0.13% (CA2) for mixtures containing the reactive SPH. Moreover, involving
the extremely reactive T, it was found that CA1 reaches 0.27% of expansion at 90 days of exposure
while CA2 reached 0.30%. Comparing the different aggregates used (SPH and Tx), CA1 and CA2 had
a significant variation in ASR reaction kinetics after 45 days of exposure, since the slope of the curve
(i.e. expansion rate) significantly decreased for mixtures incorporating the SPH reactive aggregate.
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Figure 4.1: Expansion of ASR-affected concrete specimens.
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The use of supplementary cementing materials (SCMs) in combination with CA1 was able to significantly
change ASR kinetics. The concrete cylinders containing CA1 and Slag at 50% replacement presented
0.06% expansion in the presence of the SPH and 0.13% expansion with the Tx aggregate after 90 days.
These values are 73% and 61% lower (SPH and Tx, respectively) than those obtained by the control
groups. The samples containing CA1 and 30% of Fly Ash showed 0.02% expansion for SPH and 0.11%
expansion with Tx. Shrinkage was often observed at early ages when using high levels of FA, which
was seen in SPH samples until 45 days of curing. The same behaviour was also observed for Silica
Fume and Metakaolin samples. Both highly reactive SCMs, silica fume and metakaolin have shown a
quite efficient behaviour to mitigate ASR. Replacing 10.5% of PC by silica fume decreases the
expansion at 90 days of curing to 0.02% and 0.03% (SPH and Tx, respectively). Metakaolin, at least up
to date, has displayed the best results, 0.003% and 0.02%, which are 99% and 92% smaller than the
control group (for SPH and Tx, respectively).

4.2 Mechanical Properties Assessment

This section evaluates the reductions in modulus of elasticity, shear strength and compressive strength
of the various concrete mixtures investigated in this work. The data presented here are the variation
ratio of values obtained at each selected “free” expansion level against the values obtained on sound
concrete specimens (Figure 4.2). The direct shear test as per De Souza et al. [11] was assessed and
the modulus of elasticity was obtained through the SDT method as per Sanchez et al. [3,46,47]. In the
plots, 0.0 values mean 0% loss whereas 1.00 values mean 100% reduction. Control samples (Control
SPH and Tx) showed the highest mechanical properties losses, followed by the mixtures CA1, CA2 and
Slag. Conversely, mixtures containing Silica and Metakaolin yielded the lowest reductions, including the
enhancement of some of their properties.

SPH - Greywacke Coarse Tx - Polymictic Fine
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0.45 045 |
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Figure 4.2: Variation ratio among the mechanical properties (Compressive and Shear Strength and
Modulus of Elasticity) of ASR-affected concrete specimens.

In general, compressive strength (CS) was found to decrease in a somewhat modest way in comparison
with the other mechanical properties tested. For samples with low expansion levels (i.e. Silica Fume,
Metakaolin and Fly Ash for SPH aggregate), the compressive strength ranged from -6% to -2% due to
the fact that these samples displayed an increase in CS after 90 days of curing. The CS of Lithium
samples, also with low expansion levels, were found as 1%, which can be just a small variation on the
test procedure and not exactly related to ASR. Otherwise, samples that presented the highest expansion
levels (i.e. Control SPH and Tx, CA1 and CA2) up to date, were found to display CS losses of 18% and
20% for Control SPH and Tx, respectively, 9% and 11% for CA2 SPH and Tx, and, 3% and 8% for CA1
SPH and Tx.

The direct shear strength (DSS) results are also evaluated in Figure 4.2. It is observed that all mixtures
present a shear strength decrease as a function of ASR induced expansion. The shear reduction is
expected to take place due to “shear friction or aggregate interlock loss” caused by ASR-induced
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development; the latter seems to be dependent on the aggregate’s type (i.e. fine vs coarse aggregate).
In samples incorporating Tx aggregate, the shear strength losses were more sensitive, showing
similarities with the variations in the modulus of elasticity (ME). Those losses in DSS were even higher
than in ME (i.e. Control, Lithium, CA1, CA2, Slag and Fly Ash). The Tx Control samples have shown
45% of DSS loss, which was the higher value obtained. Yet, CA2 and CA1 incorporating Tx have also
presented important losses in DSS (42% and 36%, respectively). Direct shear reductions seem to be
more important when the matrix starts to have a higher amount of cracks as a result of the higher
expansion levels, facilitating the propagation of cracks during the test.

The modulus of elasticity loss plot ranges from -3% (gain in ME, Metakaolin SPH samples) to 43%
(Control Tx). In general, the higher the expansion level, the higher the losses in ME. As well known in
the literature [8,49-53] for conventional concrete, the modulus of elasticity is largely governed by the
mechanical properties of the aggregates, especially the coarse aggregate. Therefore, this phenomenon
is likely responsible for the significant decrease in ME of ASR-affected mixtures. As well as for DSS
results, ME seemed to be dependent on the aggregate’s type (i.e. fine vs coarse aggregate); samples
incorporating the highly reactive Tx obtained higher ME losses.

Fig. 2 illustrates the SDI results obtained through the stiffness damage test (SDT), in accordance with
Sanchez et al. [3,46,47], for all sixteen mixtures tested in this study. SDI values were found to range
from about 0.01 (Fly Ash with 0.02% of expansion) to 0.23 (Control with 0.22% of expansion) for SPH
reactive Coarse aggregate, and from about 0.02 (Lithium with 0.03% of expansion) to 0.24 (Control and
CA2 with 0.33% and 0.30% of expansion, respectively) for Tx reactive fine aggregate. The development
of cracks within the aggregate particles and the propagation through the cement paste leads to an
extension of inner damage in the affected concrete. Therefore, these cracks while being closed over a
compressive and cyclic test, release a significant amount of energy, which results in the fast SDI values
rise. Moreover, mixtures incorporating Tx were found to dissipate more energy, since those samples
have presented up to the date the highest expansion levels. Additionally, SCMs seems to improve the
quality of the ITZ, thus, reducing SDI values, comparing the same expansion levels reached by SCMs
sample with those observed by Sanchez et al. [4] and obtained with non-SCMs systems.
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Figure 4.3: Stiffness damage indices for the ASR-affected concrete specimens.

4.3 Microscopy Assessment

Figure 4.4 presents the microscopic damage features and DRI numbers obtained from the ASR-affected
concrete specimens. Globally, it is possible to see that all the DRI numbers obtained for the different
mixtures and aggregate types increase as a function of the specimens' expansions. Greater DRI
numbers were found in control specimens (912 for Tx Control and 723 for SPH Control) and followed
by CA2 and CA1. The data obtained with the DRI are in agreement with the shear strength, modulus of
elasticity and SDI results. Furthermore, the samples SF and MK, and, those with lithium-based systems
obtained the lowest values, rangung between 137 and 160 on DRI numbers. Considering the
aggregate’s type (i.e. fine vs coarse aggregate), the results obtained were quite close; however, it is
clear that the incorporation of Tx leads to a higher density of cracks in the cement paste.
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Figure 4.4: Damage Rating Index for the ASR-affected concrete specimens.

Besides the enhancement of the microstructure due to the natural healing process, the propagation of
cracks due to ASR development was clearly modified by the artificial healing process generated by CA.
As discussed in the literature [2,8,9,40], in affected samples at low expansion levels (e.g. 0.05-0.07%),
cracks can be mainly found inside the aggregate particles and it is unlikely to find cracks in the cement
paste extending from the aggregates. Moreover, until the point that the internal crack of the aggregates
reaches the cement paste, it is unlike that CA admixtures start healing those cracks. In other words, a
minimum influence on ASR-induced kinetics is observed. However, at moderate expansion levels (e.g.
0.10-0.12%), the cracks keep growing within the aggregates (in length and width), and extend to the
cement paste. Therefore, crystalline admixtures (CA1 and CA2) can start healing the formed cracks in
the cement paste, which may is responsible for the changes in the kinetics observed in Figure 4.1.
Otherwise, the same behaviour is not seen for Tx reactive fine aggregates. This can be explained by
the faster kinetics and crack development of this highly reactive aggregate, which does not give enough
time for the healing progress to take place.

The use of SCMs changes the microstructure of the matrix, interfering in the porosity of the hydrated
cement paste and also, in the pores sizes, distribution and interconnectivity [53]. Regardless of the
SCM’s type (cementing or pozzolanic), besides the physical effect on the cement matrix, they also are
able to form more C-S-H particles, decreasing the amount of portlandite in the pore solution, along with
the pH. The use of SCMs in combination with CA1 was able to significantly change ASR-induced kinetics
and damage. The CaO/SiO2 ratio of the binder composition, which changes accordingly with the
chemical composition of each SCM, is one of the most important parameters to be selected to suppress
ASR. The most reactive SCMs used (i.e. Silica Fume and Metakaolin) were are to consume a significant
amount of portlandite during their pozzolanic reactivity, changing the viscosity and swelling properties
of the ASR-gel and, also, reducing the pH of the material. Moreover, the use of metakaolin shows that
aluminum seems to play an important role to mitigate ASR; the presence of aluminum in the pore
solution leads to a slower SiO2 dissolution and reaction products formation when compared to control
mixes [27].

5. CONCLUSIONS

The primary objective of this research program was to evaluate different concrete mixes presenting two
different types of reactive aggregates (i.e. Greywacke Coarse and Polymictic Fine aggregates),
incorporating a wide range of binder compositions (i.e. GU cement, metakaolin, silica fume, fly ash and
slag) and using different types of admixtures (i.e. crystalline, water repellent and lithium-based
products). From the results obtained in this study (up to 3 months of exposure), the following conclusions
may be drawn:

e At least for the time-based evaluations, it seems that ASR kinetics, mechanical properties and
microscopic changes are dependent on the aggregate’s type (i.e. fine vs coarse aggregate).
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Samples incorporating the highly reactive Tx sand were more damaged after 90 days of curing
than SPH samples. Moreover, samples containing Tx have developed more cracks in the
cement paste in shorter periods of time due to their faster ASR-induced kinetics;

The use of crystalline admixtures (CA) was able to change the kinetics and distress caused by
ASR, for both reactive aggregates used. It is believed that the CAs can start healing ASR
deterioration only when the cracks reach the cement paste. This interesting behaviour can be
drawn due to the significative change on ASR-induced kinetics of SPH mixtures after the point
where cracks are expected to reach the cement paste;

The combined use of different types of SCMs and crystalline admixtures was highly effective to
mitigate ASR. However, the chemical composition of the SCMs plays an important role in the
data collected;

The use of Silica Fume and Metakaolin in combination with crystalline admixtures has yielded
the best results so far, even better than the samples containing Lithium in the proportion of 0.74
Li/Na. Moreover, it has been found that the use of Metakaolin that presents an important amount
of aluminum, seems to play an important role to mitigate ASR, since it leads to a slower SiO2
dissolution;

This research is current in progress. Different and more interesting and conclusive results will
be obtained along the next months. Yet, up to date, it is clear that the combination of SCMs and
crystalline admixtures are promising to mitigate ASR-induced development.
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