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ABSTRACT 

The occurrence of alkali silica reaction (ASR) has been identified in nuclear power plants (NPP) in both 

Canada and the United States. Although ASR has been widely studied for several decades, few studies 

report on the consequences of ASR when concrete is reinforced and/or prestressed. Given that nuclear 

concrete structures are either subjected to multiaxial stresses or confined by prestressing or reinforcement 

steel, examination of ASR in this context warrants serious attention since there is a dearth of knowledge 

available that relates ASR damage levels to the mechanical properties and structural performance of 

restrained elements. This paper represents only a portion of the material level investigation currently 

underway at the University of Toronto.  The intent of the paper is to provide an overview of the scope of 

the research program, and to discuss some intermediate results related to the effect of uniaxial and biaxial 

restraints on measures of damage and material properties.  

INTRODUCTION 

Alkali silica reaction (ASR) has been identified as a concrete degradation mechanism for nuclear power 

plants in Canada. ASR has been extensively studied over the past several decades both at the material and 

the structural level. CNSC proposed a research program (CNSC 2012; Orbovic et al. 2015) with the

objective to develop structural assessment criteria for ASR-affected structures by correlating the induced 

damage with the mechanical and structural effects. The study incorporates three main parts: material 

testing, structural testing (Habibi et al. 2015), and structural analysis and modelling (Jurcut et al. 2015).  

This paper focuses on the material aspects. To date, material level studies have elucidated the 

fundamental aspects of the reaction and the potential occurrence of the reaction by performing 

experiments in restraint-free (unrestrained) specimens. However, they are far from addressing the likely 

scenario of ASR in the structural context because the expansion and the degradation in mechanical 

properties are complicated by the multiaxial stresses and restraints associated with the concrete structures.

Published literature has measured ASR expansion in restrained concrete in comparison to that of free 

specimens.  For example, Berra et al. (2010) presented that ASR expansion in concrete prisms was 

suppressed in the stressed direction by a stress as low as 2.2 MPa but the stress caused greater expansion 

in the lateral directions. The degradation of mechanical properties is also a significant consequence of 

ASR. Many research results present degradation in mechanical properties, namely compressive strength, 

tensile strength and elastic modulus as ASR progresses (Giaccio et al. 2008; Swamy and Al-Asali 1988).

However, the results pertain to experiments performed in concrete not subjected to stresses. The 

expansion in reinforced or prestressed concrete structures generates tensile stresses in the reinforcing/ 

prestressing steel and compressive stresses in surrounding concrete. 
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This study is focused on understanding the expansion and degradation in mechanical properties due to 

ASR in concrete subjected to multiaxial stress states. The scope of this paper includes the study of triaxial 

expansions and the degradation in mechanical properties of concrete cube specimens prepared with the 

reactive coarse aggregate and subjected to multiaxial stress states. To investigate the degradation in 

mechanical properties of the ASR-affected concrete subjected to multiaxial stress states, cores were 

drilled from the cube specimens and were tested for compressive strength and modulus of elasticity at 

different ages. Companion cylinder specimens were tested for the compressive strength, splitting tensile 

strength and static modulus of elasticity.   

 

OVERVIEW OF THE MATERIALS STUDY PROGRAM 

 

It should be noted that this paper is a part of the extensive materials study program and it is beyond its 

scope to report all the results from the program. The study program was divided into two stages: the first 

stage was required to investigate the damage state of concrete affected by ASR and the second stage was 

designed to study the relationship between the ASR and the stress state.  

 

First Stage: Investigation of the Damage State  

 

Two sets of concrete prisms were cast based on ASTM C1293 (2008). One set was conditioned at 38 °C 

temperature and 100% relative humidity (RH) and the other set was conditioned at 50 °C and 100% 

relative humidity.  Over a one year period, the prisms were monitored for expansion, damage rating index 

(DRI), scanning electron microscopy, modulus of rupture, non-destructive testing for the dynamic 

modulus of elasticity by resonant frequency method and by ultrasonic pulse velocity. Prisms were also 

monitored for the surface resistivity and for the mass change as an indication of the water absorption.  

 

Second Stage: Relationship Between ASR and the Stress State  

 

To bridge the gap between the chemical and the mechanical aspects of the ASR affected concrete 

subjected to stresses, the second stage of the study was aimed at developing the relationship between the 

reaction and the stresses. This relationship is expected to relate the ASR to the structural response of the 

concrete structures suffering from ASR.  

 

In order to rule out any likely anisotropy associated with the aspect ratio, concrete cube specimens were 

investigated. Identical specimens were subjected to multiaxial stresses from 0–10 MPa range. Expansions 

were measured in all three directions. Multiple specimens were cast so that degradation in mechanical 

properties could be estimated by core drilling selected specimens at different ages during the evolution of 

the reaction. Moreover, the cube specimens were dissected in the three mutually perpendicular planes for 

DRI analysis. This study has regarded DRI as a promising method to quantify the degree of damage due 

to ASR. A brief outline of DRI method is presented hereunder.  

 

Damage Rating Index (DRI) 

 

One of the greatest challenges in the study of damage due to ASR lies in its quantification. Damage 

Rating Index (DRI) method evolved to address this problem and to permit quantification of the extent of 

damage in the concrete (Grattan-Bellew 2012). DRI was originally proposed by Grattan-Bellew (1995) 

two decades ago and a revised version was proposed by Villeneuve et al. (2012) which is adopted in this 

study.  

 

The DRI method can be applied to laboratory specimens or cores taken from concrete structures. A slice 

of about 25 mm in thickness is prepared from the concrete and, then, polished using abrasive powder or 
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diamond-coated lap wheel to a surface roughness of approximately 10 μm. The polished slice is divided 

into square grids of size 1 cm by 1 cm. Each grid is observed under a stereo-binocular microscope at 16X 

magnification to count the seven petrographic features as listed in Table 1. The numbers of counts are 

multiplied by the respective weighting factors and summed up. The sum when normalized to an area of 

100 cm
2
 provides the DRI value for the concrete specimen. DRI can have a wide range from 0 to 1000 or 

more; the higher the value, the more is the damage.  

 

Table 1: Features of ASR to be examined for DRI and their weight factors (Villeneuve et al. 2012) 
 

Petrographic features Weighing Factors 

Closed/tight cracks in coarse aggregate particle 0.25 

Opened cracks or network cracks in coarse aggregate particle 2 

Cracks or network cracks with reaction product in coarse aggregate 

particle 
2 

Coarse aggregate debonded 3 

Disaggregated / corroded aggregate particle 2 

Cracks in cement paste 3 

Cracks with reaction product in cement paste 3 

 

DRI is an inexpensive method that can provide a lot of information such as the extent of the damage in 

the structure and the distribution of cracking. Thus, this study has implemented DRI to quantify the 

damage state of concrete affected by ASR. The cube specimens have been assessed for DRI in the three 

mutually perpendicular planes. The findings from DRI, in combination with the triaxial expansions and 

the degradation in mechanical properties, are expected to reveal the interrelationship between the ASR 

and the stress state.   

 

MATERIALS AND METHODS 

 

Aggregates  

 

Three main types of alkali aggregate reaction (AAR) have been identified depending on the aggregates: 

alkali silica reaction, alkali carbonate reaction (ACR) and alkali silicate reaction (ASLR) (Blight and 

Alexander 2011). ASR involves reactions between alkali pore solution in the concrete and certain forms 

of alkali-reactive silica. In the study of ASR, Spratt limestone containing reactive silica minerals has been 

widely studied in Canada and abroad. Spratt is crushed aggregate from a quarry and thus has a definite 

geological formation. It is often regarded as the standard reactive aggregate for ASR studies and has 

formed the database for the development of ASR related Canadian standards (Thomas et al. 2012). Thus, 

Spratt was chosen as the reactive coarse aggregate for this study. The sand was obtained from Orillia, 

Canada and it was evaluated to be non-reactive according to the accelerated mortar bar test as per ASTM 

C1260 (2007). Control specimens were cast with non-reactive fine and coarse aggregate.  

 

Mix Design 

 

The concrete mix design for all concrete considered in the materials and structural level tests was as per 

ASTM C1293 (2008). The mix design is shown in Table 2. The alkali content was boosted to 1.25% 

Na2O equivalent by weight of cement by adding NaOH pellets. The water to cementitious material ratio 

was 0.44.  
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Table 2: Volumetric mix design of concrete (per m
3
)  

 

Material Mass (kg) Sp. Gravity Volume (L) 

Total 2440 2.44 1000 

High alkali (1 % Na2O eq.) cement 420 3.15 133 

Coarse aggregate 1113 2.69 414 

Water 185 1.00 185 

Alkali pellet (NaOH) 1.3 1.40 0.9 

Sand 721 2.70 267 

 

Concrete Specimens 

 

Several cylinder specimens were cast from both reactive aggregates and non-reactive aggregates. The 

cylinder specimens were cured similar to the cube specimens. The cylinder specimens were tested for 

compressive strength, static modulus of elasticity and splitting tensile strength. They were tested at the 

age of one or two months of casting, and after eight months of accelerated curing.   

 

In order to investigate the effect of multiaxial stresses on the triaxial expansions and on the mechanical 

properties of concrete undergoing ASR, concrete cube specimens were used. The size of the cube was 254 

mm. They were periodically measured for expansion. Also, a 75 mm diameter core was drilled from the 

cube specimens after eight months of accelerated curing. The core was tested for compressive strength 

and modulus of elasticity.  

 

Stress Application 

 

Uniaxial and biaxial stresses were applied to the concrete cube specimens using high strength bolts as a 

means of prestressing. The stress was applied to specimens at the age of two months and maintained 

thereafter. Three types of stresses were considered: no, uniaxial and biaxial compressive stresses. The 

uniaxial and biaxial stresses had further two variations with two different stress levels. The five stress 

states are shown in Table 3. A typical biaxially loaded cube specimen is shown in Figure 1. 

 

Table 3: Five different stress states in the concrete cube specimens 

 

Stress type Abbreviation fx (MPa) fy (MPa) fz (MPa) 

No stress  0 0 0 

Uniaxial 
 3.9 0 0 

 9.6 0 0 

Biaxial 
 3.9 3.9 0 

 9.6 3.9 0 
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Figure 1: A biaxially loaded cube specimen 
 

Expansion 

 

All the cube specimens were measured for the expansion in the three directions (X, Y and Z). The 

measurements were taken at different ages by using a 1 µm resolution micrometer against a pair of studs 

fixed on the opposite surfaces of a specimen. Expansion at an age was calculated as the difference in the 

micrometer measurement at the age to the reference measurement. The expansion in each direction was 

determined by averaging the four measurements taken against 4 pairs of studs. 

 

Accelerated Curing Conditions 

 

ASR is a slow reaction that may take several years or decades to show its symptoms such as expansion 

and cracking. The concrete prism test (CPT) method of ASTM (C1293) specifies a test temperature of 38 

°C. CPT is reported as the most reliable method of predicting the reactivity of aggregates. However, the 

test duration of one year is criticized being long. To further accelerate the ASR, it is common laboratory 

practice to increase the conditioning temperature and relative humidity.   

 

Some studies have reported that increasing the curing temperature of the concrete specimens from 20 to 

60 °C resulted in an increase in expansion rate by as much as 2-3 times (Ben Haha 2006). For a 

temperature range up to 60 °C, the mechanism driving the reaction at all temperatures was reported the 

same. However, high temperature used for acceleration may also have adverse effects. For instance, 

concrete prism test performed at 60 °C was found to level off the expansion at a lower expansion level 

compared to the test at 38 °C (Fournier et al. 2012). Therefore, in this study, material level specimens and 

also the structural elements were conditioned at 50 °C and a relative humidity of 100%.  A well-insulated 

acceleration chamber was constructed for the purpose. Heaters with a control panel were used to maintain 

the temperature within a precise range of 50 ± 0.5 °C. A fogging fan was used to maintain the relative 

humidity close to 100%.  
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RESULTS AND DISCUSSIONS 

 

Triaxial and Volumetric Expansions  

 

The eight-month expansions of the cube specimens after placing inside the chamber are shown in  

Figure 2. The results correspond to the expansion after the cube specimens were subjected to stress. The 

expansion results clearly demonstrate the effect of the stress conditions. The no-stress specimen showed 

essentially identical expansions in the three directions. When stress was applied in the X-direction as in 

the uniaxial specimens, the expansion was suppressed in the X-direction. Identical expansions were 

noticed in the remaining two directions. When the specimen was restrained biaxially in the X and Y 

directions, the expansion was suppressed in both of the stressed directions. Consequently, increased 

expansion was observed in the free (Z) direction. The expansion in the free direction was greater than the 

free expansion of the no-stress specimen. This indicates the transfer of expansion from the highly stressed 

direction to the low- or no-stress directions. The volumetric strain remained fairly constant in the three 

stress states, with a reduction of only 15% in the case of biaxially stressed specimen when compared to a 

no-stress specimen.  
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Figure 2: Expansion of the multiaxially loaded alkali silica reactive concrete cube specimens after 8 

months of curing at 50 °C and 100% RH  
 

Degradation in Mechanical Properties of Unrestrained Cylinders 

 

The test results of the cylinders are shown in Table 4. No degradation was observed in the compressive 

strength of the reactive specimens. Actually, cylinder compressive strength increased by almost 20% after 

being accelerated cured for eight months. However, in comparison to the non-reactive specimens, the 

increase in compressive strength was by a smaller increment (18.6% vs. 30.5%). The curing at 50 °C and 

at 100% relative humidity might have promoted the continued hydration of concrete, thus offsetting any 

likely damage due to ASR.  

 

Degradation was observed in the modulus of elasticity of the reactive cylinder specimens. The 

degradation was approximately 17% after the accelerated curing for eight months. On the other hand, the 
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modulus of elasticity of non-reactive specimens increased by 7%. This study indicates that the 

degradation in modulus of elasticity due to ASR may be in the range of 20%.  

 

The maximum degradation was observed in the splitting tensile strength. While the splitting tensile 

strength for the non-reactive specimens increased by 60%, it was degraded by 50% for the reactive 

specimens.   

 

Table 4: Test results of the reactive and non-reactive cylinders before and after accelerated curing 
 

Age of testing Parameter [1] Compressive 

strength (MPa)  
[2] Static modulus of 

elasticity (GPa)  
[3] Splitting 

tensile strength 

(MPa) 
Non-

reactive 
Reactive Non-

reactive 
Reactive Non-

reactive 
Reactive 

Before accelerated 

curing (after 33 days of 

casting for the splitting 

test and 65 days for the 

rest) 

Mean 
 

54.4 45.1 40.4 38.2 3.1 3.0 

Standard 

deviation 
0.79 0.25 - 0.28 0.29 0.12 

After 8 months of curing 

at 50 °C and 100% RH 
Mean 

 
71.0 53.5 43.4 31.6 5.0 1.5 

Standard 

deviation 
3.19 1.92 1.10 1.76 0.43 0.05 

 

Degradation in Mechanical Properties of Cores from the Cube Specimens 

 

The previous section showed the degradation in mechanical properties based on the companion cylinder 

specimens. However, cylinders do not necessarily represent the state of concrete inside a structure, 

particularly the stress state and the exposure condition. Thus, this study was designed to take cores from 

the stressed cube specimens and test them for compressive strength and static modulus of elasticity. The 

cores were drilled along the direction either of maximum stress (X-direction) or of no-stress (Z-direction).  

 

Table 5 compares the compressive strength of the cores taken from a no-stress specimen with the cores 

taken in two directions from specimens with biaxial stresses. The strength for all the cores is greater than 

the cylinder compressive strength (45.1 MPa) of the reactive cylinder specimens before accelerated curing 

(Table 4). The confinement is seen to enhance the compressive strength; the compressive strength of the 

cores from the confined specimens is 5 to 20% more than that of the core from the no-stress specimen. 

When the specimen is loaded along the X-direction, ASR cracks are expected to be predominantly aligned 

along the X-direction as any likely opening in the X-direction is opposed by the stress. Thus, when testing 

a core taken along the X-direction, the cracks are expected to open up and thus lead to a reduced 

compressive strength than in the case of crack closure (Z-direction in the biaxial specimens). However, no 

such observation was suggested by the core test results. Greater compressive strength in the direction 

parallel to cracks than in the direction perpendicular to cracks was also reported recently for the cores 

taken from an ASR affected bridge in Denmark (Barbosa and Hansen 2014).  

 

Table 5 also compares the static modulus of elasticity of the cores taken from a no-stress specimen with 

the cores taken in two directions from specimens with biaxial stresses. The modulus of elasticity of the 

no-stress specimen is close to the modulus of elasticity of companion cylinders (Table 4) with identical 

curing regime. However, confinement is seen to significantly enhance the static modulus of elasticity; the 
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modulus of elasticity for the cores from the confined specimens is 15 to 33% greater than that of the core 

from the no-stress specimen. These observations suggest that the stress state could be a benefit to many 

concrete structures in resisting any likely degradation in the modulus of elasticity due to ASR. Moreover, 

the modulus of elasticity is greater (16% more) in the X-direction than in the Z-direction for the biaxial 

specimens. This suggests that the crack closure effect (for the cores in the Z-direction) contributes to 

reduce the static modulus of elasticity. Depending on the stress state, ASR was seen to affect differently 

in different directions, thus suggesting an anisotropic behaviour of concrete.   

 

Table 5: Compressive strength and static modulus of elasticity of the 75 mm by 150 mm cores (in the X 

or Z direction) of the reactive cube specimens after 8 months of curing at 50 °C and 100% RH 
 

Cube type (stress in MPa in 

the X, Y and Z axes) 
Core direction Compressive 

strength (MPa) 
Static modulus of 

elasticity (GPa) 

No-stress, n (0, 0, 0) X 49.7                      29.2  

Biaxial, b (3.9, 3.9, 0) 
 

Z 52.6                      33.4  

X 60.3                      38.9  
 

 

CONCLUSION 

 

This paper discussed the overview and the findings of an ongoing study to investigate the effect of 

multiaxial stress state on the expansion and the degradation in mechanical properties of ASR-affected 

concrete. Concrete cube specimens made of reactive aggregates were subjected to uniaxial and biaxial 

stresses. The specimens were then cured inside an acceleration chamber maintained at 50 °C and 100% 

relative humidity.  

 

The cube specimens were monitored for the expansions in the three mutually perpendicular directions. 

Expansion was significantly suppressed in the stressed directions. Also, the expansion was seen to 

transfer from a stressed direction to a low- or no- stress direction. The volumetric expansion remained 

reasonably constant for all the stress states studied; with only 15% less volumetric expansion for the 

biaxially stressed specimens when compared to the no-stress specimen.  

 

Companion cylinder specimens were tested for the degradation in mechanical properties. The splitting 

tensile strength was seen to be the most sensitive property to ASR, having a degradation by 50%. 

Compressive strength was not degraded, but rather increased, possibly due to the favorable condition for 

continued hydration. Approximately 20% degradation was observed in the static modulus of elasticity. 

 

The cube specimens were core drilled and the cores were tested for compressive strength and static 

modulus of elasticity. The compressive strength did not show any sign of degradation. Confinement was 

seen to increase the compressive strength. The static modulus of elasticity of the core from a no-stress 

specimen was close to the degraded value of the companion cylinders, thus suggesting a degradation in 

the modulus of elasticity. However, confinement was seen to significantly enhance the static modulus of 

elasticity. Furthermore, an effect of stress state (and presumably the direction of cracking) was observed 

by having different static moduli of elasticity in different directions. 

 

The stress states and the stress levels considered in this research program (although not all presented 

within this paper) cover most of the concrete structures. The findings from this study are expected to be 

useful in the analysis of reinforced and multiaxially stressed concrete structures, such as concrete nuclear 

structures, dams and bridges. Further results and analyses, which are expected upon completion of the 
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study, will shed more light on understanding the interrelationship between the ASR and the stress state in 

the concrete structures.  
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