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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 measures in the laboratory and in the field to assess 
the damage caused by ASR. Yet, very few researches have been conducted on the understanding of 
the elastic properties of ASR-gel and it is anticipated that its inner features such as mechanical 
properties might play an important role in induced damage of affected structural components presenting 
distinct exposure conditions and confinement effects. This research presents the results of a multi-level 
assessment of ASR-induced expansion and damage and focuses on the distress caused within distinct 
locations of affected concrete; i.e. aggregate particles, ITZ and cement paste. Moreover, an overall 
characterization of the mechanical properties of ASR-gel is performed through the use of the micro-
indentation technique to better understand ASR-gel features at distinct zones and expansion levels. 
Such assessment allows the development of comprehensive and quantitative data enabling a better 
understanding of the material's deterioration as a function of ASR development. 

Keywords: alkali-silica reaction; the durability of concrete; micro-indentation; overall assessment of 
the damage 

 

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, the microscopic/macroscopic distress degree and features 
of the ASR 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, authors [12–19] have studied the mechanisms 
that may trigger ASR-induced expansion and damage. Overall, ASR development may be summarized 
in three steps: (1) interaction of the alkaline environment and dissolution of the metastable siliceous 
phases from the aggregates; (2) the production of ASR-gel with the increase of alkali concentration 
within the aggregate particles and; (3) osmotic moisture absorption and gel expansion. 

During ASR, an electrical double layer of cations (sodium, potassium and/or calcium) develops at the 
silica surface to offset its negative charge. Later on, the interaction between both phases (amorphous 
silica and alkali layers) will initially form a colloidal suspension and then, the reactive phases of the 
aggregates will start dissolving and precipitating ASR-gel, depending on the availability of the solvent, 
pore solution features, concentration, and structure, and the conditions to which it is exposed [20]. It has 
been found that the formation of the outer layer of cations starts hindering the silica uptake over time. 
However, the diffusion of alkaline ions is barely affected, and thus the chemical reaction continues, 
especially within the aggregate particles [12–19]. Once the increase of ASR-gel volume is constrained, 
the internal pressure increases up to the point where cracks take place within the aggregates [7]. The 
cracks develop in the reactive aggregate particles first at lower expansion levels (i.e.: < 0.05%) and then 
extend into the cement paste as ASR reaction/expansion progresses [3,7,9]. The developed internal 
pressure can be released due to the viscous behaviour of ASR-gel, which may permeate the 
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surrounding porous locations (e.g interfacial transition zone – ITZ) and cement paste. Moreover, 
different features (viscosity and chemistry) of the reaction products are found at different locations; i.e. 
alkali-silica gel (normally crystalline) within the aggregates and calcium-alkali-silica gel (normally 
amorphous) in the surrounding cement paste [15,21–24]. 
As the reaction progresses, calcium ions also diffuse into the silica particle, releasing Na+ and K+ to 
continue reacting with further siliceous phases. ASR-gel composition is significantly bulkier than the 
lime-alkali-silica composition; therefore, ASR-induced cracking initiates within the aggregates [15,21–
24]. However, the chemical composition and structure of ASR-gel vary according to the alkalis involved 
in the reaction and depend on whether the gel has formed close to the surface or within the aggregate, 
which also changes its mechanical properties [1,25–29]. It has been argued that the presence of 
portlandite (or other soluble sources of calcium) is essential to form ASR-gel [13,15,30–32]; otherwise, 
siliceous phases remain in the solution. Moreover, the composition of ASR-gel is known to change with 
time; increasing in Ca/Si and decreasing in Na/Si.  
An understanding of the elastic properties of ASR-gel is important to predict and prevent damage in 
concrete structures and structural components; especially because real structures display distinct 
exposure conditions and confinement effects from laboratory environments, which are known to play an 
important role in ASR-gel formation and features such as mechanical properties. However, measuring 
the mechanical properties of ASR-gel is quite difficult due to its amorphous nature [32]. As stated by 
Murtagh et al. [33], E-modulus of synthesized silica gels may reach values between 6.6 and 10.0 GPa 
and the bulk modulus of synthesized alkali–calcium–silica gels can range from 4 to 8 GPa at low 
Ca(OH)2 content (0.08 M, average E-modulus ≈ 11.5 GPa) to 13–23 GPa at a high Ca(OH)2 content 
(0.8 M, average E-modulus ≈ 34.5 GPa) [34,35].  

1.1 Techniques for assessing AAR damage in concrete 

1.1.1 Stiffness Damage Test (SDT) 

The Stiffness Damage Test (SDT) was first developed by Walsh (1965) for evaluating the quality of 
rocks specimens [36], being afterwards adapted for assessing concrete by Crouch [37]. The test 
procedure is based on a cyclic loading (in compression) of concrete specimens and is able to quantify 
the degree of damage or physical integrity of distressed concrete. Both researchers selected the use of 
fixed loads of either 5.5 or 10 MPa, respectively, at a loading rate of 0.10 MPa. The outcomes of the 
SDT are the modulus of elasticity, the hysteresis area or the dissipated energy (hysteresis area), the 
plastic deformation and the non-linearity index (NLI) [3,8].  
Details on the test procedure and specific considerations on its application as a diagnostic tool for 
assessing ASR-affected concrete can be found in Sanchez et al. [3,38]. The method was found very 
promising for assessing AAR damage and progress in concrete and the authors indicated that 40% of 
the concrete design strength provided the best correlation between SDT output parameters (Stiffness 
Damage Index – SDI, Plastic Deformation Index - PDI and also Non-Linearity Index - NLI) and the 
expansion of the ASR-affected concrete. However, since in most practical cases the 28-day strength of 
ageing concrete structures is unknown, Sanchez [3] suggested that the most suitable approach would 
be to first determine the compressive strength on cores extracted from locations that are not/less 
damaged in the structural member under investigation and then use 40% of this value for stiffness 
damage testing. 

1.1.2 Damage Rating Index (DRI) 

The Damage Rating Index (DRI) is a semi-quantitative microscopic analysis performed using a 
stereomicroscope (about 15-16 x magnification) where the petrographic damage features associated 
with AAR are counted through a grid of 1 cm² (i.e., 10 × 10 mm units) drawn on the surface of a polished 
concrete section [9,39]. The number of counts corresponding to each type of petrographic 
characteristics is then multiplied by a set of weighting factors, whose purpose is to balance their relative 
importance towards the distress mechanism. The final DRI value is normalized to an area of 100 cm²; 
overall the higher the DRI number, the greater the deterioration of affected concrete [3,7,9]. The DRI is 
rather a complementary petrographic tool aiming at quantifying the “damage degree” between different 
members from an affected structure or as a function of time within a specific concrete member.  
A complete review of the DRI development and specific considerations on its application are given in 
Sanchez et al. [3,7,9]. The authors used the DRI to evaluate AAR distress with a wide range of reactive 
aggregates, different concrete strengths (25-45 MPa) and expansion levels (0.05% to 0.30%). It was 
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found that the DRI is a powerful tool to detect AAR damage/progress in concrete whatever the aggregate 
type and concrete strength used, mainly when the aggregate particles are analyzed down to 1 mm. 

1.1.3 Compressive strength technique (CS) 

Compressive strength is commonly used for structural concrete design. Yet, several past studies also 
aimed to use it to quantify AAR damage and development with more or less success. In AAR affected 
concrete, the compressive strength is a mechanical property that is the least affected by the chemical 
reaction due to AAR microscopic features (i.e. mainly cracks within the aggregate particles). Significant 
reductions in compressive strength are only observed for high and very high expansion levels 
(i.e. >0.20%) as by [4,40] which disables its use for diagnostic purposes. 

1.1.4 Direct Shear Strength technique (DSS) 

Shear strength in concrete is a property governed by tension and compression forces. Once cracked 
(and concrete will always present a certain amount of inner cracks, flaws, etc.), concrete may transfer 
shear forces across the cracks through two distinct mechanisms: a) dowel effect and; b) shear friction 
[41]. A number of test methods have been developed over the years to evaluate the direct shear capacity 
and shear friction of reinforced and unreinforced concrete [42–44].  
De Souza et al. [45] evaluated AAR-induced expansion and damage on the direct shear strength of 
affected concrete and developed a simple, yet reliable setup to assess AAR progress in the laboratory. 
The authors found that the AAR significantly influences the direct shear strength of affected concrete as 
a function of its development. Moreover, the impact of the AAR on the shear strength was more 
significant for low (0.05%) and moderate (0.12%) expansions. The proposed shear setup showed to be 
a fast and promising tool for detecting AAR-induced expansion and damage in the laboratory. Yet, only 
AAR-affected laboratory samples fabricated and monitored under accelerated and free expansion 
conditions were tested in this program [45]. 

1.2 Micro-Indentation 

Indentation hardness testing has been used to evaluate the mechanical properties of materials [35,46–
49]. More recently, the advent of nano- and micro-scale science, engineering and technology, coupled 
with substantial progress in instrumentation, has resulted in depth-sensing indentation [50]. A typical 
measurement via an indenter can record load and displacements from the surface of a material. 
Amongst these properties, the elastic modulus, E, and hardness, H, are timely obtainable without 
complicated testing apparatus [50]. The micro-hardness is an important index reflecting the mechanical 
properties of the material. The principle of the indentation, or Vickers hardness tester, is pressing the 
diamond corner-cone indenter with a certain shape into the surface of the tested piece under a certain 
test force [46,47,49]. The test force is maintained for a preset time and then, removed. The two diagonal 
lengths of the indentation are measured, and the hardness can be obtained from these lengths.  
Indentation has been used in concrete samples in recent years; in general, to assess the mechanical 
properties of the ITZ and distinct phases of the samples, such as in recycled concrete, different 
properties of ITZs and mortars [46,47,49]. The E-modulus of various hydrated phases has been 
determined using different indentation techniques [35]. The microhardness tests were used to study the 
bulk properties of cement paste with a maximum penetration depth at the level of 10−5 m [51]. As the 
area of the indenter is larger than the size of homogenous regions of single hydrates [52–54], micro-
indentation is only able to deliver data on hydrate assemblages in cement paste, for which an E-modulus 
in the range of 10–30 GPa were found [52–54]. With the significant advances in the conventional Vickers 
microhardness technique, a novel micro indentation method was developed to investigate the elastic 
modulus and the micro-strength of ITZ in reinforced concrete [51–53].  

2. SCOPE OF THE WORK 

As stated above, a number of techniques have been developed in the past aiming to assess ASR-
induced damage development in concrete. Furthermore, it is anticipated that ASR-gel features such as 
mechanical properties may influence the damage generation and propagation in concrete, especially in 
field structures/structural components presenting a wide range of exposure conditions and confinement 
effects. However, there is currently very limited information in the literature in this regard. This research 
project presents the results of a multi-level assessment of ASR-induced damage development and 
focuses on the distress generated at distinct locations of affected concrete: aggregate particles, ITZ and 
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cement paste. The latter is expected to aid in the understanding of the material's deterioration as a 
function of ASR development. 

3. MATERIALS AND METHODS 

3.1 Materials and mixture proportions 

Concrete specimens presenting a highly reactive coarse aggregate (Springhill greywacke) were 
fabricated in the laboratory. The coarse aggregate ranged from 5 to 20 mm in size. Non-reactive fine 
aggregate (NF) were also used in combination with the reactive coarse for concrete manufacturing. 
Table 3.1 provides information on the different aggregates used in this study.  

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

Aggregate Reactivity Rock Type Specific gravity Absorption (%) AMBTa (%) 

Coarse SPH R Crushed Greywacke 2.73 0.71 0.33 

Fine NF NR Natural derived from granite 2.67 0.82 0.08 

Results at 14 days of curing of the AMBT (ASTM C 1260) carried out on the aggregates selected. 

 
A conventional Portland cement (CSA Type GU, ASTM type 1) containing high alkali content (0.88% 
Na2Oe) was used in the mixture. Reagent grade NaOH was used to raise the total alkali content of the 
mixtures to 1.25% Na2Oeq by cement mass, for accelerating the AAR expansion process. Table 3.2 
provides information on the chemical composition of the general use of Cement used in this study. The 
concrete mixture (Table 3.3) was mix-proportioned as per ASTM C1293. 

Table 3.2: Chemical composition of the Portland cement. 

Material CaO SiO2 Al2O3 Fe2O3 SO3 MgO Na2Oeq. LOI 

GU Cement 61.93 20.1 5.03 3.80 4.38 2.42 0.91 2.91 

Table 3.3: Concrete mix-design as per ASTM C1293. 

Mixture 
w/cm = 0.45 Aggregates (kg/m3) 

Water (kg/m3) Cement (kg/m3) NR Fine SPH 

SPH Control 189 420 836 938 

3.2 Manufacture of the concrete specimens 

Thirty-six cylinders, 100 × 200 mm in size, were fabricated 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 samples were finally placed in 
sealed plastic buckets lined with a damp cloth and stored at 38 °C and 100% R.H. 
The ASR-affected cylinders were monitored for length variations until they reach different expansion 
levels (i.e. 0.00%, 0.05%, 0.13% and 0.22%). As per ASTM C 1293, the buckets were cooled down to 
23 °C for 16 ± 4 h prior to the periodic measurements. Then, when the cylinders reach the specified 
expansion levels, they were wrapped in plastic film and kept under 12 °C to inhibit further AAR 
deterioration until all tests are conducted (due to testing capacity issues). Companion and “sound” 
concrete specimens, incorporating lithium nitrate (i.e. 0.74 Li/[Na+K] ratio) to avoid further ASR-induced 
development, were also manufactured at the same time and stored in the moist curing chamber for over 
28 days, prior being mechanically tested (i.e. compressive and shear strength along with modulus of 
elasticity). 
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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 [3,38,40], 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 by 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 the specific expansion levels, according to the method described by Sanchez [3,9]. 
The DRI final number presented hereafter 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 each mixture was obtained 
considering the maturity concept as by ASTM C 107 to gather the 28-day ultimate capacity of the mix. 
The second compressive strength measurements were carried out on three cylinders used for stiffness 
damage testing, to verify the compressive strength loss of the material as ASR develops. 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 
[55] and adapted for damaged concrete as per De Souza et al. [11]. The same approach considering 
the maturity concept was used to characterize the “zero” reading for all concrete mixtures at equivalent 
28 days. At 90 days of exposure, three samples of each concrete mixture were selected, however, 
differently from CS, stiffness damage test was not performed on the samples previous the direct shear 
test. Before testing, all samples were carefully ground so that a circumferential notch was created 
[11,55]. 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. 

3.3.5 Micro-Indentation 

Standard Vickers hardness tests were conducted on samples carefully polished (two samples of 2x2 cm 
in size per expansion level) using oil containing diamond powders, without previous drying or any type 
of impregnation. The remaining half of the samples from DRI tests were carefully inspected through the 
stereomicroscope to localize the most damaged locations with the presence of gel. The indentation was 
conducted at a maximum of 48 h after polishing using a diamond indenter and 0.09807 N (100 mN) load 
for Vickers indentations (Struers Duramin Machine) at all expansion levels. A dwell time of 10 s and a 
total of 4 points were measured to obtain the Vickers micro-hardness average values to cover statistics. 
The test scheme for the VH test is shown in Figure 3.1. 
 

 
Figure 3.1: Schematic diagram of the distribution of test points in the Vickers hardness test. 
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4. RESULTS AND DISCUSSIONS 

4.1 ASR Kinetics 

In this section, ASR expansion kinetics and amplitude results are presented. Figure 4.1 shows the 
average expansion and mass variation values obtained. The mixtures containing the Springhill coarse 
aggregate (SPH) displayed a very high reactivity, reaching 0.22% in 90 days; lower expansion levels of 
0.05% and 0.13% were obtained after 25 and 45 days, respectively. The mass gain ranged from 0.31% 
for 0.05% of expansion to 0.66% at the maximum expansion level.  

 

Figure 4.1: Expansion and mass variation of ASR-affected concrete specimens. 

4.2 Mechanical Properties Assessment 

Figure 4.2 shows the reductions in modulus of elasticity, shear strength and compressive strength of 
the SPH concrete investigated in this work (their respective average data are dosplayed in Table 4.1). 
The data presented here are the variation ratio of values obtained at each selected “free” expansion 
level against the values obtained on companion sound concrete specimens tested at 28 days. The direct 
shear test results according to the last findings by De Souza et al. [11] were assessed and the modulus 
of elasticity was obtained through the SDT method as per Sanchez et al. [3,38,40]. In the plots, values 
of 0.0 mean 0% loss whereas values of 1.00 mean 100% reduction. 

 
Figure 4.2: Variation ratio among the mechanical properties (Compressive, Shear Strength and 
Modulus of Elasticity)  and Stiffness Damage Index (SDI) of ASR-affected concrete specimens. 

Table 4.1: Obtained values for the mechanical properties tests (Compressive, Shear Strength and 
Modulus of Elasticity)  and Stiffness Damage Index (SDI) of sound and ASR-affected concrete 

specimens. 

Samples Fc (MPa) Shear (MPa) E (GPa) SDI 

Sound Concrete at 28* days 38.5 9.8 28.8 0.08 

0.05% of expansion 37.8 9.4 23.6 0.14 

0.13% of expansion 34.3 5.7 18.2 0.17 

0.22% of expansion 30.7 5.4 15.8 0.23 

* maintained at 12 °C for a 47-day period, according to the maturity concept as by ASTM C 1074. 
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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, the compressive 
strength losses ranged from 3% to 18%, for 0.05% and 0.22% of expansion. In the direct shear strength 
(DSS) results of the affected samples, it is seen that all mixtures present a shear strength decrease as 
a function of ASR-induced expansion; the losses ranged from 4%, 20% and 35% for the expansion 
levels of 0.05%, 0.13% and 0.22%, 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 performance of the test. 
The most affected mechanical property was the modulus of elasticity. The loss plot ranges from 18% 
(0.05% of expansion) to 45% (0.22% of expansion). As well known in the literature [8,56–60] 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 the ASR-affected mixtures. Moreover, SDI results were obtained in this 
work through the stiffness damage test (SDT) method, per Sanchez et al. [3,38,40]. SDI values were 
found to range from about 0.08 at 0.00% of expansion to 0.23 at 0.23%. The development of cracks 
within the aggregate particles and the propagation through the cement paste leads to an extension of 
inner damage of the affected concrete. Therefore, the affected material releases a significant amount of 
energy while he cracks closure over the compressive SDT cycles, which results in the important raise 
of SDI values.  

4.3 Microscopy Assessment 

Figure 4.3 presents the microscopic damage features and DRI numbers obtained from the ASR-affected 
concrete specimens. Globally, it is possible to see that all DRI numbers increase as a function of the 
specimens' expansions. The latter happens due to the generation of the cracks within the aggregate 
particles (i.e. low and moderate levels) and the cement paste (high and very high levels) throughout the 
physicochemical process. Greater DRI numbers are found at 0.22% of expansion (723), followed by 
0.13% (399), 0.05% (214) and for sound concrete 0.00% of expansion (132), which is in agreement with 
the Shear Strength, Modulus of Elasticity and SDI results. 

 

CCA Cracks in coarse aggregate 

OCA Opened cracks in coarse aggregates 

OCAG Crack with reaction product in coarse 
aggregate 

CAD Coarse aggregate debonded 

DAP Disaggregate/corroded aggregate 
particle 

CCP Cracks in cement paste 

CCPG Cracks with reaction product in 
cement paste 

 

Figure 4.3: Damage Rating Index for the ASR-affected concrete specimens. 

As discussed in the literature [4,6,7,40], in samples with lower expansion levels (i.e. 0.00% and 0.05%) 
due to ASR, cracks can be found inside the aggregate particles and it is unlikely to find cracks in the 
cement paste extending from aggregates. However, at 0.13% of expansion, the cracks propagate and 
reach the cement paste; besides, a significant amount of ASR-gel was found in the sample. At 0.22% 
of expansion, the cracks formed within the aggregate propagate through the cement paste and connect 
to each other, indicating an extension of the cracking network within the concrete matrix.  

4.4 Micro-indentation 

The Vickers hardness average values at the four different expansion levels are shown in Figure 4.4, 
where a) were taken within the aggregate particle and passing through prior selected cracks. Otherwise, 
b) were taken starting in the aggregate, passing through the ITZ and finishing at the cement paste; 
however, avoiding visually damaged coarse aggregate particles. It is important to be mentioned that for 
a), the selected cracks for 0.00% and 0.05% of expansion were closed cracks without the presence of 
ASR-gel, while for 0.13% and 0.22% of expansion, the selected cracks were opened (i.e. crack width 
average of 140 m) and filled with ASR-gel. 
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a) 

 
b) 

Figure 4.4: Vickers micro-hardness profile: a) within the aggregate and passing through selected 
cracks; b) starting in the aggregate, passing through the ITZ and finishing at cement paste. 

The above results showed in a) indicate that the higher the expansion levels, the lower the values of 
Vickers’ Micro Hardness at the centre of the crack (i.e. 60.1, 51.3, 20.5 and 13.4 for 0.00%, 0.05%, 
0.13% and 0.22% of expansion, respectively). Moreover, the farther the indentation from the edge of 
the cracks, the higher the values gathered. The reaction between alkalis and the metastable silica to 
form ASR-gel seems to increase the porosity of the particles, especially at locations close to the crack 
edges. In other words, ASR development decreases the surface hardness of the material, also changing 
its local modulus of elasticity. Likewise, as seen in Figure 4.4.b), the closer to the aggregates boarders, 
the lower the HV values, indicating an increase in damage to the region. Moreover, the higher the 
expansion level, the lower the HV values. Yet, at the ITZ, the HV values also seem to be influenced 
accordingly with the expansion level. But the same is not seen at the cement paste, at least on the 
evaluated points. Furthermore, within the ITZ, the HV values are slightly lower in points closer to 
aggregates, which may indicate that the ASR development is changing the ITZ microstructure. 
The mechanical properties of the ASR-gel measured through the micro indentation on the polished and 
undried samples are presented in Figure 4.5. The test was only conducted on samples presenting 0.13% 
and 0.22% expansion since it was necessary to have a significant amount of gel in the samples. The 
Vickers’ hardness values were, on average, 23.8 and 17.4 within the aggregate particle for 0.13% and 
0.22% of expansion, respectively. On the edge of the aggregate/ITZ, the highest values were obtained 
in samples with 0.22% expansion (i.e. 101.5); in the cement paste, the HV values for 0.22% kept higher 
than 0.13%, on average 67.5 for 0.22% and 55.7 for 0.13% expansion. 

 
Figure 4.5: Vickers micro-hardness profile on ASR-gel through aggregate/ITZ/cement paste 

Through the aggregate towards the edge and close to the cement paste, it seems that the structure of 
the ASR-gel changes significantly its properties, which can be caused by an increase in calcium content 
in the gel composition [35]. In all aggregates, there is a trend to considerably increase HV values close 
to the edge of the aggregates. The maximum values measured are 109.2 and 103.9 HV. However, the 
farther from the ITZ in the cement paste, the lower the HV values. 
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5. CONCLUSIONS 

The primary objective of this research program was to present the results of a multi-level analysis on 
ASR affected concrete presenting distinct expansion levels and damage degrees. Moreover, the 
important emphasis was given to the understanding of the induced damage at distinct locations of the 
affected concrete, including the analysis of ASR-gel features. From the results obtained in this study, 
the following conclusions may be drawn: 

 The development of ASR significantly influences the mechanical properties (i.e. compressive 
strength-CS, shear strength-SS, modulus of elasticity-ME and stiffness damage index-SDI) of 
the affected concrete as a function of its development, as expected. Reduction values ranging 
between 3% to 18% for CS and from 18% to 41% for ME from lower o higher expansion levels; 

 Microscopic investigations showed that the development of ASR distress results in the formation 
of cracks within the reactive aggregate particles and propagate through the cement paste at 
advanced levels of expansion.  

 Micro-indentation results showed that the development of ASR reduces significantly the 
mechanical properties of affected aggregates. Within the same aggregate, Vickers’ hardness 
(HV) values change significantly as a function of the distance of the crack and expansion level, 
indicating inner damage in the aggregate structure. Moreover, the same behaviour was found 
in the regions close to the edge aggregate/ITZ, as the higher were the expansion level, the 
lower the HV values. 

 The evaluation of ASR-gel through micro-indentation indicates that whenever within the 
aggregates, ASR-gel presents lower HV values, lower than the values found when the gel is in 
contact with the cement paste. However, at the interface aggregate/ITZ, the highest HV values 
were found. This highlights the importance of a better understanding of ASR-gel features for 
assessing damage and developing models to predict ASR-induced distress development. 
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