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INTRODUCTION

Deleterious alkali-silica reaction (ASR) develops when 

-
ides from the cement paste and certain siliceous minerals 
produce a hygroscopic gel that absorbs water and swells if 
moisture is available. The pressure buildup resulting from 

which in turn leads to deterioration of the mechanical 
 

induced cracking is most likely to bring serious conse-
quences regarding the long-term durability of reactive struc-
tures, including acceleration of mechanisms such as chem-
ical attack and reinforcement corrosion.

1,2 a variety of struc-

and nuclear power plant structures to bridges and parking 
3 

and several highway bridges in the Netherlands,4 Denmark,5 
and Canada,6

Fig. 1).
Knowledge of concrete’s mechanical behavior is essen-

tial for reliable structural assessment; as such, various 

laboratory studies have been undertaken to characterize the 

were performed on concrete specimens conditioned in an 
unrestrained state that developed randomly oriented cracks 
resulting in a map-cracking pattern. The primary goal of 

-

size,7 casting direction,8 degree of reactivity of the aggre-
gate,9 alkali content,10 environmental conditions,11,12 and 
air entrainment.13

long-term restraint on the development of ASR.14-19 By 
contrast, the deterioration of the mechanical properties of 
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been less investigated.
Studies20-22 have found that the mechanical properties of 

which are linked to the sustained long-term stress conditions. 
The test program presented herein was designed to investi-
gate this ASR-induced anisotropy in the mechanical proper-
ties through compressive and splitting tensile tests performed 

long-term compressive stresses along orthogonal directions.
The nature of this anisotropy lies within the characteris-

-
sion and the direction of the ASR-induced crack planes are 

 
 

-
sion. The magnitude of the ASR-induced compressive 

reinforcement ratio, service load-induced stresses, nature of 
boundary conditions) and by the reactivity of the concrete.

RESEARCH SIGNIFICANCE

Data available in the literature suggest a strong depen-

plane direction, both linked to the long-term stress condi-
tions, leading to various degrees of anisotropy. The test 
program presented in this paper was developed to quantify 
this anisotropy. The results obtained add data to a currently 
limited database and constitute a foundation for the formu-
lation of constitutive models suited for advanced modeling 
and structural assessment.

TEST PROGRAM

Specimen description

 
dimensional stress states during the curing period, applied 

At the end of the conditioning period, the loading frames 

compression and splitting tensile tests were performed 
on the cores. The mechanical properties of interest were 
compressive strength, modulus of elasticity, strain at peak 

The stress conditions applied to the cube specimens and 
the testing method are presented in Table 1, along with the 

cylinders for compressive strength evaluation.
Table 2) was based on the 

proportions suggested in ASTM C129323 with slight adjust-
ments. Trial batches produced concrete with a reduced 
workability and an average 28-day compressive strength 

grading of the coarse aggregate and the water-cement ratio 
( /c

9.5 mm (0.37 in.), compared to 19.0 mm (0.75 in.) in the 
/c was increased to 0.50.

aggregate, obtained from a local source. Two reactive 

aggregate. The reactive coarse aggregate was Spratt aggre-
gate from Stittsville, ON, Canada, supplied by the Ministry 
of Transportation of Ontario. Spratt aggregate is slightly 
siliceous, with 9% SiO2, and meets the physical require-
ments for concrete aggregate.24

25

General-use cement with a total alkali content of 0.96% 
Na2O equivalent by mass of cement was used for all casts. 
The chemical composition of the cement is shown in 
Table 3. The alkali content was supplemented for the reac-

a total of 1.25% Na2O equivalent by mass of cement. The 
nonreactive cast did not have the alkali content boosted.

The specimens were moist-cured for a total of 72 hours, 
after which they were stored at ambient temperature, 21°C 
(70°F), until the accelerated conditioning protocol started.

before the conditioning started, the cube specimens were 
loaded to the stress states described in Table 1. The loading 

in 
plated low-strength steel threaded rods were tensioned up to 
the yield stress to ensure a constant applied stress throughout 
the conditioning period. This procedure was similar to the 

26 to apply long-term 

which consisted of post-tensioning debonded rods up to 
yield against bearing plates placed symmetrically on the 
surfaces of the cube.

rods were delivered in lengths of 6.1 m (20 ft); however, it 
was not certain they were all from the same batch. There-
fore, because the stress-strain response of the rods had a 

250 mm (9.8 in.) coupon was tested from each length.
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The yield stress and the corresponding yield strain were 

plateau. As such, a variation of up to 9% in the sustained 
stress level potentially developed. The stress-strain relation-
ships for the threaded rods and their properties are given in 

* The 8 mm (5/16 in.) rods had an average yield 

strain of 4.32 × 10–3, while the 11 mm (7/16 in.) rods had 

* www.concrete.org/publications

time of the request.

strain of 4.09 × 10–3.
To ensure that the rods were tensioned to the same level of 

stress, a load-torque correlation procedure was performed. A 
500 kN (112 kip) load cell was placed between two 150 mm 
(6 in.) square steel plates (Fig. 3). The loading frame was 
then set up to encompass them as it would the concrete 

was similar to the height of the cube. A torque wrench was 
used to tension the rods progressively in small increments. 

Table 1—Cube specimen test matrix

Cubes set No. of cubes y Test method Cast date Reactive aggregate

N1
4 0.00 0.00 0.00 Compression

June 12, 2017 None
4 0.00 0.00 0.00 Tensile splitting

R1

3 4.22 2.57 0.00
Compression

June 14, 2017 Spratt
1 0.00 0.00 0.00

3 4.22 2.57 0.00
Tensile splitting

1 0.00 0.00 0.00

R2

3 4.22 2.57 0.00
Compression

June 16, 2017 Jobe-Newman
1 0.00 0.00 0.00

3 4.22 2.57 0.00
Tensile splitting

1 0.00 0.00 0.00

R3

2 4.22 0.00 0.00
Compression

June 19, 2017 Spratt
1 0.00 0.00 0.00

2 4.22 0.00 0.00
Tensile splitting

1 0.00 0.00 0.00

R4

2 4.22 0.00 0.00
Compression

June 21, 2017 Jobe-Newman
1 0.00 0.00 0.00

2 4.22 0.00 0.00
Tensile splitting

1 0.00 0.00 0.00

R5

3 8.44 4.22 0.00
Compression

June 23, 2017 Spratt
1 0.00 0.00 0.00

3 8.44 4.22 0.00
Tensile splitting

1 0.00 0.00 0.00

Table 2—Concrete mixture design

ASTM C1293

Cement, kg/m3 420 410

Water, kg/m3 185 205

Fine aggregate, kg/m3 721 730

Coarse aggregate, kg/m3 1113 1000

/c 0.42 0.50

Unit weight, kg/m3 2440 2345

52 42

Note: 1 kg/m3 = 0.062 lb/ft3

Table 3—Chemical composition of general-use 

cement

%

1.93

SiO2 19.05

Al2O3 5.12

Fe2O3 2.46

CaO 62.52

MgO 2.47

SO3 4.05

Free lime 1.375

Na2Oeq 0.96
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Figure 4 shows the load-torque relationships. Three tests 

the strain, the elongations of the rods were measured with a 
digital gauge set on a specially designed frame.

Accelerated conditioning and expansion 

measurement

All specimens were placed inside an environmentally 
controlled chamber to accelerate the reaction. At the time 
the accelerated conditioning protocol started, the ages of the 
specimens were 319 days for Cast N1, 317 days for Cast R1, 
315 days for Cast R2, 312 days for Cast R3, 310 days for 
Cast R4, and 308 days for Cast 5. The specimens were placed 
on steel wire mesh racks, as shown in 
space between them to allow uniform moisture ingress. The 
steel plates of the restrained cube specimens were 51 mm 
(2 in.) wide, covering 67% of the surfaces they were bearing 

The sides of the cubes corresponding to the stress-free direc-
tion were not covered, thus permitting unrestricted moisture 
penetration. As the dimensions of the cube specimens were 
relatively small, the moisture penetrating from the unre-

The specimens were maintained at a constant temperature 
of 50 ± 0.5°C (122 ± 0.9°F) and 97 ± 3% relative humidity. 
The temperature and relative humidity were chosen based on 
two objectives: to increase the inherently slow rate of ASR 

conditioning may have upon the response of the concrete.
The most widely used temperature for laboratory studies 

on ASR is 38°C (100°F). The tests carried out by Locher and 
Sprung27 found a pessimum value of 38°C (100°F) for which 

1428 and ASTM C129323 suggest a temperature of 38°C 
(100°F) for assessing the reactivity of aggregates. At this 
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11

and they found that increasing the temperature from 38 to 
50°C (100 to 122°F) increased the rate of the reaction by 
a factor of 3.22. The relative humidity for both tempera-

-

concrete subjected to 50°C (122°F), suggesting that the 

structures. Nevertheless, accelerating the rate of the reaction 
is, in most cases, necessary when studying ASR.

the procedure outlined by ASTM C1293 to monitor the 
unrestrained longitudinal strains of the prisms, stored in 
the same environmental conditions as the cubes and cylin-
ders for correlation purposes. Strain measurements were 
also performed on the unrestrained cubes. Stainless steel 

of the cubes and a rigid steel frame was used to perform the 
measurements.

prior to the beginning of the accelerated conditioning 
averaged to a value of 0.72 × 10–3 for all casts. Given in 

prisms before the conditioning period.

period is shown in Fig. 6(a) for the prisms and in 6(b) for 
the cubes. The strains reported for the prisms represent the 

prisms for each cast. For each cube specimen, four strain 
measurements were taken.

The average strain measured on prisms of the nonreactive 

of curing, was 0.34 × 10–3, below the 0.40 × 10–3 threshold 

constant after 68 days in the environmental chamber and was 
primarily attributed to swelling due to absorption of water 

by the cement paste. Another potential mechanism contrib-

been the presence of a small amount of reactive minerals 

reactivity suggested by ASTM C1293 (Fig. 6(a)). The Spratt 

to data reported by researchers11,29 using the same type of 
reactive aggregate, mainly due to the higher /c used in the 

of the hardened concrete. With increased porosity, a larger 
amount of ASR gel was accommodated within the concrete 

This was caused by the installation of sprinklers within the 
environmental chamber that were meant to enhance mois-
ture ingress within the concrete specimens.

The strains measured from cubes (Fig. 6(b)) were higher 

prisms and cube specimens. Given that the ASR-induced 

results are consistent with data reported in the literature.

Test setups and instrumentation

At the end of the conditioning period, the cubes were 
removed from the environmental chamber and the loading 
frames were detached. Cores were drilled along each orthog-

mechanical properties along the directions of interest.

were performed to obtain the compression stress-strain 
response, the compressive strength, the modulus of elas-

specimens were ground smooth using a cylinder grinding 
machine to avoid uneven loading caused by surface imper-
fections and to ensure that the ends were parallel to each 

(1012 kip) was used to perform the compression tests. 
The test specimens were instrumented with two ±2.5 mm 

of 115 mm (4.5 in.) for the cores and 152 mm (6.0 in.) for the 
cylinders. The tests were displacement-controlled at a rate of 
0.0033 mm/s (1.3 × 10–4 in./s) for the cores and 0.0067 mm/s 
(2.6 × 10–4

Fig. 7(a) 
is a typical test setup for the drilled core specimens tested.

The procedures outlined in ASTM C3930 were followed 
to determine the compressive strength of the specimens. 
Recommendations from ASTM C46931 were used for deter-

—The splitting tensile tests were 
performed in accordance with ASTM C49632 on cores 
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drilled along each orthogonal stress direction, as per Table 1. 
Shown in Fig. 7(b) is the splitting tensile test setup. Thin 
plywood bearing strips were placed along the length of 
the cores to distribute the load. The 4500 kN (1012 kip) 

min (0.102 ksi/min).

TEST RESULTS

This section presents the test results obtained from the 
standard cylinder and core specimens tested. More compre-
hensive test results and analyses are presented elsewhere.33

Mechanical properties evolution of unrestrained 

4 in.  cylinder specimens

-
 

-
ability in the stress-strain response was measured at 28 days. 
The principal sources of batch-to-batch variation applicable 
to the present work are variations in aggregate character-
istics and potential changes in /c caused by variation of 

each batch at 28 days are summarized in Table 4 in terms 
of peak stress c c. The stress-

-
gate, R2 and R4, resulted in concrete mechanical properties 
somewhat closer to the nonreactive batch, N1, compared to 
the batches containing reactive coarse Spratt aggregate, R1, 

the coarse aggregate, indicating that the aggregate strength 

coarse aggregate.34 Consistent with this mechanism, across 

variability compared to the one observed at 28 days, owing 
to the ASR-induced damage. The average results for the 
peak stress cp and modulus of elasticity c, , measured 
at the end of the conditioning period, along with the ASR- 

ASR, are summarized in 

Compared to the 28-day values, the peak stress measured 
post-conditioning, p

Spratt aggregate R1, R3, and R5, by 33%, 28%, 32%, and 

-

counteracted the usually increasing strength associated with 
the hydration process, resulting in virtually no change in the 

the modulus of elasticity, which increased by 16% in the case 
-

casts showed a somewhat steeper slope of the stress-strain 
descending branch compared to the corresponding 28-day 
behavior.

Influence of sustained long-term stresses on 

mechanical properties of ASR-affected concrete

of sustained long-term stresses. A summary of the test data is 
presented in Table 5 as obtained from concrete cores tested in 

-
ical properties are summarized in terms of concrete compres-
sive strength at test day cp, concrete modulus of elasticity 

c, , splitting tensile strength 
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coring direction was parallel to the direction of the long-
term stress level indicated by the label. The cores labeled 

during the conditioning period. This designation is consis-
tent throughout this paper. Table 5 also indicates for each 

ASR, measured on prisms. 
Fig. 8, 9, 10, 11, and 12 show the compressive 

stress-strain responses for the cores of each cast.
Apart from the long-term stress condition, one of the key 

0.64 × 10–3 for R1, 0.89 × 10–3 for R2, and 1.01 × 10–3 for 
R3. The Jobe-Newman casts showed a reduced variation in 

–3 for R2 and 2.35 × 10–3 for R4.

potential issue.
A minimum of two reference points are needed when 

quantifying the deterioration of concrete mechanical prop-
erties due to ASR-induced damage. These are the 28-day 
values and the values of the mechanical properties at test day 
corresponding to a similar sound concrete. This is mainly 
due to the time-dependent nature of the deterioration of the 

-
nism is concurrent with processes such as continuing hydra-

-
erties in time.

—The post-conditioning compres-
sive strength of all cores increased compared to the 28-day 
values. The increase in compressive strength ranged from 
3% for the unrestrained R4 core to 64% for the restrained 
direction of the R3 core. On average, the Spratt cores showed 
an increase in strength comparable to that measured for the 

Table 4—Average mechanical properties of standard cylinder specimens

Cast

At 28 days

c c ASR, × 10–3
cp c,

N1 45.9 30,200 0.34* 61.1 34,900

R1 40.1 30,100 0.64 51.3 25,700

R2 42.7 31,600 2.63 46.0 23,800

R3 38.6 29,500 1.01 50.9 23,000

R4 46.6 31,200 2.35 46.0 22,600

R5 38.0 28,500 0.89 50.8 23,400

*
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nonreactive specimens. These results are in agreement with 
data reported in the literature,21,35 and they indicate that the 
ASR-induced deterioration of the Spratt concrete did not 

-
sive strength.

The post-conditioning compressive strength of the Jobe-
Newman cores was higher compared to the 28-day value; 
however, this increase was on average smaller than the one 
measured for the Spratt and the nonreactive cores. Anisot-
ropy of the compressive strength based on long-term stress 
condition was measured for the Jobe-Newman specimens. 

-
strained cubes (labeled as 

-
sive strength compared to the unrestrained specimens.

—The tests on the Spratt specimens 
generally showed that sustained compressive stresses had 

-
-

ness in the direction of the long-term compressive stresses 

whether they corresponded to cubes subjected to long-term 
), 

all showed a reduction in the modulus of elasticity. The sets 
of cores pertaining to the Jobe-Newman casts all showed 

regardless of the coring orientation or the long-term stress 
condition.

CSA A23.3-1436 37 equations (Eq. (1) and 
-

tion of the compressive strength, and the results are shown 
in Table 5. A comparison of the results obtained using the 
code equations ( c,CSA and c ) and the post-conditioning 
measured modulus of elasticity ( c, ) reveals that the code 

Table 5—Post-conditioning mechanical properties of 3 in.  cores

Core cp c, c, c,ACI c, / c, c, / c,

* = 0.034 × 10–3

1 64.3 33,800 5.19 0.16 33,400 37,700 1.01 0.90

2 63.1 33,000 5.43 0.17 33,100 37,300 1.00 0.88

3 64.2 34,200 5.20 0.16 33,400 37,700 1.02 0.91

Average 63.9 33,700 5.27 0.17 33,300 37,600 1.01 0.90

ASR = 0.64 × 10–3

58.4 22,100 4.21 0.16 32,100 35,900 0.69 0.62

58.3 27,400 4.34 0.14 32,100 35,900 0.85 0.76

46.6 28,400 4.12 0.18 29,400 32,100 0.96 0.88

47.7 23,500 3.59 0.15 29,700 32,500 0.79 0.72

ASR = 2.63 × 10–3

56.1 23,600 3.82 0.19 31,600 35,200 0.75 0.67

59.0 23,800 5.07 0.19 32,300 36,100 0.74 0.66

53.2 24,000 3.97 0.20 31,000 34,300 0.77 0.70

47.4 25,600 3.73 0.14 29,600 32,400 0.86 0.79

ASR = 1.01 × 10–3

53.7 20,600 4.03 0.11 31,100 34,400 0.66 0.60

63.4 32,500 3.76 0.13 33,200 37,400 0.98 0.87

56.8 24,400 3.47 0.11 31,800 35,400 0.77 0.69

ASR = 2.35 × 10–3

53.0 23,200 4.16 0.17 31,000 34,200 0.75 0.68

52.9 26,900 3.62 0.15 30,900 34,200 0.87 0.79

48.1 25,500 4.01 0.13 29,800 32,600 0.86 0.78

ASR = 0.89 × 10–3

49.2 24,600 4.74 0.15 30,100 33,000 0.82 0.75

53.0 27,000 3.81 0.17 30,900 34,200 0.87 0.79

60.4 28,700 5.12 0.15 32,500 36,500 0.88 0.78

57.7 23,300 3.86 0.14 32,000 35,700 0.73 0.65

*



259ACI Materials Journal/January 2022

equations are unconservative in estimating the modulus 

conservative compared to CSA A23.3 for each specimen, 
including the nonreactive cores

 E fc CSA c
c

.

.

� � �� ��
�
	



�
�3300 6900

2300

1 5

 E fc ACI c.
� �4700

where c

c is the density of concrete, taken as 2300 kg/
m3 (144 lb/ft3).

CSA A23.3 values better matched the test results in the 
direction of the long-term stresses for the Spratt cores. This 
result is consistent with the fact that for these cores, the 

Both code predictions gave unconservative estimates for the 
modulus of elasticity of the Jobe-Newman cores, regardless 

equation being somewhat more unconservative.
—Long-term compressive 

strength of the Spratt specimens regardless of the coring 
direction (Table 5). An increase of 33% in the splitting 
tensile strength was measured along the third principal 
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compressive stresses increased the splitting tensile strength 
along all directions compared to the unrestrained specimens. 
The splitting tensile strength of the Jobe-Newman cores, 

stress condition.

found to have a higher value for the specimens cored in the 

it remained relatively unchanged for the remaining cores, 

the unrestrained specimens. For the Jobe-Newman cores 

increased along all three directions compared to the cores 

-
mation, the reader is referred to Ferche.33

CONCLUSIONS

The primary purpose of the material-level test program 
was to investigate the evolution and the directionality of 
the mechanical properties of alkali-silica reaction (ASR)-af-

compressive stresses. The results described herein contribute 

concrete elements previously reported in the literature. For 

could be drawn:

compressive strength, modulus of elasticity, and the tensile 
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strength of concrete cured in stress-free conditions. For unre-
strained ASR-induced strains in the 0.64 × 10–3 to 2.35 × 
10–3

a mild to moderate degradation of the concrete compressive 
strength. The modulus of elasticity and tensile strength, on 

low as 0.64 × 10–3.
2. The modulus of elasticity of reactive concrete is reduced 

This reduction was measured for both unrestrained speci-

3. The mechanical properties measured along an unre-
strained direction of a concrete element subjected to sustained 

-

results showed large variability.

can essentially counteract the ASR-induced deterioration 
with respect to the concrete compressive strength along 
the restrained direction. The results obtained in this study 
suggest that, at such stress levels, the compressive strength 

5. The modulus of elasticity measured along the restrained 

the compressive strength. Compared to the compressive 

of the modulus of elasticity measured along the restrained 

of the modulus of elasticity appears to be more pronounced 
compared to that of the compressive strength.

6. For unrestrained concrete specimens, the splitting tensile 

the restrained cubes showed a larger variability compared 
to the unrestrained specimens. However, the trend observed 

along the directions with long-term sustained compressive 
stresses compared to unrestrained directions.

 

direction from all three Spratt casts, while it remained rela-
tively unchanged for the rest of the cores, compared to the 

-
strained cubes.

the modulus of elasticity as a function of the compressive 

is due to the fact that ASR-induced deterioration mecha-
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