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ABSTRACT 

Alkali-silica reaction (ASR) is a deleterious reaction in concrete between alkalis in the 

pore solution and reactive forms of silica found in some aggregates. The product is a gel that 

absorbs water and exerts an expansive pressure on the concrete, leading to cracking, reductions 

in the concrete’s mechanical properties, and further damage caused by the ingress of water 

through the cracks. 

Since the 1980s, researchers have developed and investigated the use of autoclave test 

methods to quickly and accurately identify potential reactive aggregates. Autoclave methods 

involve boosting the alkali content of the concrete or mortar and conditioning the specimens at 

elevated temperatures in a closed, steam environment. Expansion results are obtained in a matter 

of days, and some autoclave test methods have shown promise in correctly classifying aggregate 

reactivities. 

 The objective of this research was to investigate autoclave test methods for determining 

ASR potential in concrete aggregates. Methods by which autoclave testing were evaluated 

included expansion measuring, determination of the degree of alkali leaching, pore solution 

chemical analysis, and petrography of the hardened concrete. Additionally, test parameters such 

as alkali loading, autoclaving temperature, and autoclaving duration were altered to identify 

appropriate ranges for testing fine aggregates in mortar bars. Repeatability of the autoclave test 

methods was also examined. 

 Aggregate reactivity classifications from autoclave expansions generally agreed with 

classifications from ASTM C1293 and showed less agreement with those from ASTM C1260. 
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Alkali leaching from both mortar and concrete specimens was less than what has been observed 

for concrete prisms in ASTM C1293. Sulfate concentrations in pore solutions were high and 

resolved the charge imbalance initially observed between the alkalis and hydroxides. 

Petrographic examinations of two reactive concrete prisms showed the presence of ASR gel. 

Appropriate ranges of alkali loading, autoclaving temperature, and autoclaving duration are 

recommended for testing fine aggregates in mortar bars. Within- and multi-laboratory variability 

for autoclaved mortar bars and concrete prisms were low and between those of ASTM C1260 

and ASTM C1293. Finally, integration of the autoclaved concrete prism test and the 5-hour 

autoclaved mortar bar test into ASTM C1778 protocol for mitigating ASR is suggested and 

outlined. 
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of the concrete are reduced [10]. Additionally, the cracking caused by ASR renders the concrete 

vulnerable to other forms of attack. 

 Cases of ASR have been reported throughout the United States and can take from a few 

years to a few decades after construction to manifest, depending on the alkali loading of the 

concrete and the reactivity of the aggregate used. Provided that the reactivity characteristics of 

the aggregates are known, prevention of ASR in new structures is possible by employing proper 

mix design, low-alkali cement, SCMs, and/or non-reactive aggregates. An ongoing challenge is 

the identification of reactive aggregates, particularly because good sources of aggregate are 

being exhausted. Furthermore, aggregate compositions can change throughout the lifespan of a 

quarry as different regions within the quarry are exploited. In order to be of use to the concrete 

industry, a test method must produce results relatively quickly and accurately. 

1.1.1. Standardized Test Methods 

Currently, two of the most common test methods for determining the potential for ASR in 

concrete aggregates are the ASTM C1293 [11] concrete prism test (CPT) and the ASTM C1260 

[12] accelerated mortar-bar test (AMBT). The CPT tests concrete prisms over the course of one 

year using ordinary portland cement concrete; a two-year duration is recommended when testing 

the effectiveness of mitigation measures. The results from the CPT are more in line with 

aggregate field performance than results from other laboratory test methods, and the CPT is 

frequently used as a benchmark for accelerated test methods [13]. Nevertheless, the extensive 

time required to perform the test has limited its adoption in industry and is therefore used 

primarily as a research tool. Expansion results from the AMBT are obtained within 16 days of 

mixing the mortar bars, but some researchers have proposed extending the test out to 30 days for 

certain aggregates [14]. The 16-day duration also applies to testing mitigation measures in 
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ASTM C1567 [15]. ASTM C1567 is a test method like the AMBT with the exception of using 

combinations of supplementary cementitious materials rather than only ordinary portland 

cement. Despite the short testing duration of the AMBT, the test method fails to identify some 

aggregates deemed reactive by the CPT or by known field performance, a situation referred to as 

a false negative. Many of these aggregates demonstrate pessimum behavior, meaning they are 

potentially highly reactive but only when used as a fraction of the total aggregate in concrete 

rather than making up the full proportion [5]. Furthermore, the AMBT produces a large number 

of false positives, meaning the aggregate appears reactive in the test but has not proven to be 

reactive in the CPT or in the field.  

1.1.2 Experimental Test Methods 

Some experimental test methods have been developed in an effort to reduce testing 

duration while providing reliable results. 

Ranc and Debray [16] introduced the accelerated concrete prism test to test concrete job 

mixtures. In the accelerated test, prisms are stored at 60 °C for a shorter duration (12 to 20 

weeks) than the standard one year at 38 °C. More recently, it has been documented that 

expansions in the accelerated CPT can be reduced significantly compared to those observed in 

the standard test due to specimen drying and alkali leaching [17]. Such reductions in expansion 

may result in incorrect evaluations of aggregate reactivity. The accelerated test has been 

published as part of recent recommendations by RILEM as the AAR-4 test method [18] with a 

reduced expansion limit of 0.03% at 15 weeks to account for some of the leaching issues. 

The Chinese accelerated mortar bar test (CAMBT) was created by Xu et al. [19] and uses 

similar specimen conditioning to that of the AMBT. Expansion results are obtained after 7 days 

in a sodium hydroxide (NaOH) storage solution at 80 °C. Some criticisms of this method include 
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a poor correlation to CPT expansions and the use of a suboptimal aggregate size fraction that 

does not produce maximum expansions [13]. 

The miniature concrete prism test (MCPT) was developed by Latifee and Rangaraju [20]. 

The test method involves soaking concrete prisms in a NaOH solution at 60 °C for up to 84 days. 

In Latifee and Rangaraju’s study, the MCPT was able to identify marginal aggregates with low 

and/or slow reactivity between 8 and 12 weeks. Identification of slow-reacting aggregates is one 

limitation of the CPT. However, more aggregates with varying reactivities need to be tested in 

the MCPT to establish the test method’s viability. 

1.1.3 Autoclave Test Methods 

 An autoclave is a pressure vessel used to create a pressurized, high-temperature 

environment well in excess of ambient temperatures and pressures. Steam autoclaves are 

typically used in medical laboratories to sterilize equipment; in the context of this dissertation, 

they are used to raise the internal temperature of the concrete or mortar specimens in order to 

accelerate the alkali-silica reaction. Additionally, an alkali hydroxide is commonly added to the 

mixing water in ASR testing to facilitate the reaction by ensuring a sufficient supply of both 

alkalis and hydroxides. This is also done in the CPT, usually to a lesser degree. The most 

commonly used alkali hydroxide in the laboratory, and the one employed in this research, is 

NaOH. 

A number of autoclave test methods have been developed for ASR testing, most notably 

those by Tang et al. [21], Tamura [22], Nishibayashi et al. [23], Fournier et al. [24], and 

Nishibayashi et al. [25]. Some of those methods demonstrated promise, but none have come into 

wider use or been standardized.  Furthermore, though not a new concept, the use of autoclaving 

to quickly determine aggregate alkali-silica reactivity has been mostly limited to testing fine 



5 
 

aggregates in mortar specimens rather than using concrete or job mixtures. This is also one of the 

limitations of the AMBT because some coarse aggregates perform differently when crushed into 

fine aggregates [26]. 

 The autoclaved concrete prism test (ACPT), evaluated in this dissertation, was developed 

at The University of Texas at Austin with the goal of expediting ASR testing in concrete 

specimens while providing results that relate to field performance and CPT results [27]. This test 

method involves casting concrete prisms with the same dimensions as those required by the CPT 

and autoclaving them for 24 hours at 133 °C (0.20 MPa gauge pressure). Giannini and Folliard 

proposed an expansion limit 0.08% for the ACPT; based on their preliminary work on the test 

method, this threshold value was effective in distinguishing between known reactive and non-

reactive aggregates. 

1.2 Research Objectives 

 The objectives of this research were to (1) determine the mechanism of specimen 

expansion in the autoclave, (2) identify the prospective applications of autoclave tests for ASR 

using concrete and mortar specimens, (3) determine the variability in autoclave tests, and (4) 

identify appropriate ranges of alkali loading, autoclaving temperature, and autoclaving duration 

to promote dissolution of reactive forms of silica. Expansion results alone cannot accurately 

determine if an aggregate is undeniably alkali-silica reactive because other mechanisms, such as 

delayed ettringite formation (DEF), can produce detrimental expansion in concrete. Therefore, it 

is necessary to employ petrographic analysis of the concrete or mortar specimens to confirm the 

presence of reaction product associated with ASR. Some researchers have previously verified the 

existence of ASR product in autoclaved mortar bars using particular test parameters [21, 24]. 



6 
 

 To establish the repeatability of a test method, statistical analyis of its variablility must be 

performed. This is done both within a single laboratory and through multi-laboratory, or round 

robin, testing.  Within-laboratory statistics primarily show inherent variability in the test method 

itself while multi-laboratory statistics illustrate variations in results caused by differences in 

equipment and operator techniques among laboratories. 

 In identifying prospective applications of autoclave tests for ASR, aggregate size and 

mineralogy must be taken into consideration because these properties affect test parameters and 

results. To develop a versatile test method, the test parameters must be adjusted and evaluated to 

define a region of combinations of testing parameters that will cause reactive aggregates (fast 

reacting and slow/late reacting) to expand while preventing the dissolution and reaction of stable 

silica in non-reactive aggregates. 

1.3 Research Overview 

 The research described in this dissertation sought to answer the following questions 

regarding autoclave testing for ASR potential: 

• Are autoclave test methods repeatable? 

• What ranges of test parameters result in ASR of reactive aggregates without promoting 

silica dissolution and reaction in non-reactive aggregates? 

• How effectively do autoclave methods discriminate between non-reactive and reactive 

aggregates compared to other standardized test methods? 

• Is ASR the cause of expansion in the specimens or is expansion due to another 

mechanism? 

• Is there a place for autoclave testing in the overall protocol for determining aggregate 

reactivity and mitigating ASR? 
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conditioned in the autoclave in order to identify any existing ASR product. Test parameters were 

altered and evaluated in order to identify ideal test parameters suitable for all aggregate types and 

sizes. Additionally, within-laboratory and multi-laboratory repeatability were statistically 

determined. 

1.4 Scientific Contributions 

 The scientific contributions of this dissertation are as follows: 

• Documentation and evaluation of the first round robin study of the 5-hour autoclaved 

mortar bar test and assessment of the variability of the test method. 

• Determination of appropriate ranges of autoclave test parameters to promote dissolution 

of reactive silica while avoiding the dissolution of non-reactive silica. 

• First pore solution study of very high-alkali concrete subjected to autoclaving conditions. 

• Evaluation of the first multi-laboratory study of the autoclaved concrete prism test and 

assessment of the variability of the test method. 

• Confirmation of ASR as a mechanism of expansion in autoclave tests through 

identification of alkali-silica reaction product. 

• Recommendations for applications of autoclave tests for alkali-silica reaction. 

1.5 Dissertation Summary 

Chapter 2 offers a detailed review of accelerated test methods, techniques used throughout 

this research, and relevant concepts. The following four chapters address different aspects of 

autoclave testing for ASR.  

Chapter 3 provides a prepared journal manuscript summarizing the results of a multi-

laboratory study on autoclaved mortar bars. The performance of the 5-hour Laval/CANMET 

autoclave method was compared to the AMBT and available CPT data. Additionally, within- and 
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multi-laboratory precisions were calculated based on results from the five laboratories. Although 

the study was initiated by another laboratory, the author provided advice on establishing the 

testing protocol, extended testing to include other aggregates and test parameters, led the analysis 

of data from all laboratories, and served as lead author for the journal manuscript.  

Chapter 4 presents a submitted journal manuscript investigating the influence of alkali 

loading, autoclaving temperature, and autoclaving duration on mortar bar expansion in the 

autoclave. The author designed this study and was responsible for leading all aspects of the 

project, including the planning of test parameter combinations used and the analysis of data.  

Chapter 5 presents a journal manuscript detailing the performance of 22 aggregates in the 

ACPT and an investigation into the mechanism of expansion in the ACPT using the techniques 

outlined in the literature review. The first phase of this study was initially led by Owen Killeen 

and Nathan Klenke, and only concrete prism expansions were measured. The author assumed 

leadership of the project early in its existence and expanded the study to include more aggregates 

and alkali leaching, pore solution, and petrographic analyses. The expansion of the study was 

based on a proposal written by the author for a doctoral enhancement fellowship. 

Chapter 6 is a published refereed conference paper describing a multi-laboratory study of 

the ACPT and investigating causes of variability involved in the test method in collaboration 

with the University of Wyoming. In this study, the author provided guidance in the beginning 

constructs of the project and throughout its progression, led all aspects of testing at one 

laboratory, and analyzed data from the two laboratories involved. The paper is included in this 

dissertation to balance the variability information presented in the 5-hour autoclaved mortar bar 

method in Chapter 4. The outcome of the study led to an additional, ongoing multi-laboratory 
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study of the ACPT with the University of Wyoming in which the author has been instrumental in 

the planning and execution. 

Chapter 7 contains conclusions based on this research, suggested applications for 

autoclave tests for ASR, and recommendations for future work. All conclusions, suggestions, and 

recommendations are based on the experience and opinions of the author.  
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Table 2.1 Comparison of Non-autoclave Test Methods for ASR. 

Test 
Parameter 

ASTM 
C227 

Mortar Bar 
Test 

(1950) 

ASTM 
C289 
Quick 

Chemical 
Method 
(1952) 

ASTM 
C1260 
AMBT 
(1986) 

ASTM 
C1293 
CPT 

Accelerate
d CPT 
(1992) 

CAMBT 
(1998) 

MCPT 
(2014) 

Duration  
(from 

mixing) 
1+ year - 16 days 1 year + 1 

day 
13 weeks + 

1 day 8 days 58 days 

Duration of 
Conditioning 1+ year 24 hours 14 days 1 year 13 weeks 7 days 56 days 

Specimen 
Type Mortar 

Crushed 
and sieved 
aggregate 

Mortar Concrete Concrete Mortar Concrete 

Specimen 
Size 

25 x 25 x 
285 mm 25 g 25 x 25 x 

285 mm 
75 x 75 x 
285 mm 

75 x 75 x 
285 mm 

40 x 40 x 
160 mm 

50 x 50 x 
285 mm 

w/cm 0.42 - 0.45 - 0.47 0.42 - 0.45 0.42 - 0.45 0.33 0.45 

Na2Oeq, by 
mass of 
cement 

>0.60% - - 1.25% 1.25% 1.5% 1.25% 

Temperature 38 °C 80 °C 80 °C 38 °C 60 °C 80 °C 60 °C 

Conditioning Over water In 1 N 
NaOH 

In 1 N 
NaOH Over water Over water In 1 N 

NaOH 
In 1 N 
NaOH 

Typical 
Expansion 

Limit 

0.05% at 3 
months 

0.10% at 6 
months 

- 

0.20% 
(Test 

further if 
0.10<exp.
<0.20%) 

0.04% at 1 
year 

0.04% at 2 
years 

0.04% 0.1% 0.04% 

 

2.1.1 Mortar Bar Test (1950) 

The mortar bar test was standardized as ASTM C227 [31] in 1950 and was based on 

testing performed by Stanton [1]. The test method uses 25 x 25 x 285-mm mortar bars that are 
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stored over water at 38 °C for up to one year or more. Expansions of 0.05% at 3 months or 

0.10% at 6 months generally indicate a reactive aggregate. 

It was in the ASTM C227 method that the phenomenon of alkali leaching was first 

documented [32]. Since the adoption of ASTM C227, several studies have demonstrated its 

failure to identify reactive aggregates of various types [33-35]. Some of the proposed 

explanations for its lack of success include alkali leaching and the removal of aggregate sizes 

below 0.15 mm [36]. ASTM C227 remains an active standard, but some ASR researchers 

recommend abandoning its use [37]. 

2.1.2 Quick Chemical Method (1952) 

 The chemical method outlined by ASTM C289 [38] was recommended for use alongside 

ASTM C227 to analyze and interpret results regarding cement-aggregate combinations in 

concrete. In ASTM C289, the test aggregate is crushed and sieved to pass a 0.300-mm sieve and 

be retained on a 0.150-mm sieve. A 25-g sieved sample is placed in a 1 N NaOH solution at 80 

°C for 24 hours. After that time, the amount of NaOH fixed in the aggregate grains and the 

amount of dissolved out silica are estimated and plotted against each other. 

This test method was designed to test aggregates mostly composed of silica and has been 

criticized for its sensitivity to other minerals in the aggregate which alter the results of the test [9, 

28]. ASTM C289 was last published in 2007 and has since been withdrawn with no replacement. 

2.1.3 Oberholster and Davies (1986) – Accelerated Mortar Bar Test (AMBT) 

Perhaps the most-studied test method for determining ASR potential is the AMBT, and it 

exists in multiple forms including ASTM C1260, the South African NBRI method [39], RILEM 

AAR-2 [18] and CSA A23.2-25A. All variations are based on the test method developed by 

Oberholster and Davies [39] but differ somewhat in testing duration and expansion limits. In this 
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dissertation, “AMBT” is to be equated with ASTM C1260. According to this standard, at least 

three 25 x 25 x 285-mm mortar bars are created following a specific aggregate gradation. After 

24 hours of moist curing, the bars are demolded, measured using a length change comparator, 

and placed in a tap water bath. The bath containing the bars is heated to 80 °C inside an oven. 

After one day in the tap water, the bars are removed, measured, and then submerged in 1 N 

NaOH at 80 °C. The bars remain in the solution and are periodically measured for 14 days. 

Expansions in excess of 0.20% indicate a potentially reactive aggregate. Expansions that fall 

between 0.10% and 0.20% indicate innocuous behavior in most cases, but further testing of these 

aggregates should be performed before they can be considered non-reactive. 

There are two primary limitations of the AMBT – the ability to test only fine aggregate 

fractions and the production of unreliable test results. In order to test the ASR potential of a 

coarse aggregate, it must first be crushed into a fine aggregate for the AMBT. Because aggregate 

crushing could cause some reactive silica within the aggregate to become more readily available 

and thus altering the reactivity of the aggregate [20], results of this test for a crushed coarse 

aggregate may be misleading. Alternatively, Lu et al. [13] stated that crushing could cause the 

loss of the aggregate’s reactive constituent, resulting in the aggregate appearing as non-reactive 

in the test. Another criticism of the AMBT is its unrealistically severe testing conditions which 

can lead to false positive test results [40]. On the other hand, Hooton [41] documented false 

negative test results for some aggregates known to be reactive.  

Despite its shortcomings, the AMBT continues to be the first step of determining 

aggregate ASR potential for many. Thomas et al. [42] recommended its use only for acceptance 

of an aggregate and not as test to reject an aggregate. 
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2.1.4 Concrete Prism Test (CPT) 

 The CPT was first standardized in Canada in the 1950s and is now designated as CSA 

A23.2-14A. The test method was originally published in the United States as ASTM C1293 in 

1995 and has been revised and reapproved most recently in 2015. In RILEM AAR-3 [18], the 

CPT uses slightly different test parameters and a different recommended expansion limit. The 

CPT tests three 75 x 75 x 285-mm concrete prisms with equivalent alkali content (Na2Oeq) 

boosted to 1.25% by mass of cement via the addition of NaOH to the mixing water. After the 

prisms have cured for 24 hours, they are demolded, and their initial lengths are measured using a 

length change comparator. Thereafter, prisms are stored above water in an air-tight container at 

38 °C for one year when testing aggregate using ordinary portland cement or for two years when 

testing mitigation measures using combinations of aggregates with SCMs. Length change 

measurements are taken at specific intervals over the course of conditioning. An aggregate is 

generally classified as reactive if it produces an average prism expansion of 0.04% at one year. 

For the mitigation test, the amount of SCM used in combination with an aggregate is considered 

the minimum amount required to avoid excessive expansion in the field if the average prism 

expansion is less than 0.04% at two years. 

 Of all the other laboratory test methods for ASR, the CPT is largely regarded as the most 

reliable [13, 17]. However, the time required to obtain results limits its use in practice and has 

inspired more than a few attempts to abbreviate the test. Furthermore, Rivard et al. [43, 44] 

showed that between 12 and 25% of total alkalis leach out of the prisms in the CPT, slowing or 

halting prism expansions. Because of alkali leaching, the CPT has evolved over the years to 

incorporate a higher cement content and a boosted Na2Oeq (1.25%) compared to its original 

version [42]. 
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2.1.5 Ranc and Debray (1992) - Accelerated Concrete Prism Test 

 The accelerated CPT was introduced by Ranc and Debray [16] in order to reduce the 

testing duration of the standard CPT. All test parameters for the accelerated test are the same as 

the CPT except that the storage temperature is increased to 60 °C to expedite ASR, reducing the 

time required to obtain results. Expansion results for the accelerated test are obtained in 3 

months. Various expansion limits have been proposed by different researchers [45-47], but 

0.04% at 13 weeks is commonly used. 

 Alkali leaching from the concrete prisms into the bottom water of the storage container 

has proven to be the chief downfall of the accelerated CPT [48]. The three-month testing period 

exists in part because expansions beyond that time are ceased due to alkali leaching; alkali 

leaching is more significant in the accelerated CPT than it is in the standard test. 

2.1.6 Xu et al. (1998) - Chinese Accelerated Mortar Bar Test (CAMBT) 

 Xu et al. [19] developed the CAMBT by combining the advantages of the Chinese 

autoclave method (discussed in 2.2.1) with the advantages of the AMBT. The CAMBT tests 40 x 

40 x 160-mm mortar bars with a w/cm of 0.33 and Na2Oeq of 1.5% by mass of cement through 

the addition of potassium hydroxide (KOH) to a low-alkali cement. Only one size fraction of 

aggregate is used – 0.15-0.80 mm. The initial length change measurement is taken after 4 hours 

in the storage solution, and expansion results are obtained after 7 days of conditioning. 

 As with the AMBT, expansions in the CAMBT have demonstrated a poor correlation 

with expansions in the CPT. A better correlation was found when using a coarser aggregate 

fraction and measuring expansion at 10 days [49]. 
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2.1.7 Latifee and Rangaraju (2014) - Miniature Concrete Prism Test (MCPT) 

 Four different reactive aggregates and two non-reactive aggregates were tested by Latifee 

and Rangaraju [20] using various test parameters to develop the MCPT. The finalized test 

method involves creating 50 x 50 x 285-mm concrete prisms using a high-alkali cement (about 

0.9% Na2Oeq). The alkali content is boosted to 1.25% Na2Oeq by mass of cement as it is done in 

the CPT. The prisms are moist cured for 24 hours, demolded, and measured using a length 

change comparator. They are submerged in water at 60 °C for another 24 hours before being 

measured again and placed in a 1 N NaOH solution. Length change measurements are taken at 

specific intervals up to 84 days. The proposed expansion limit is 0.04% at 56 days. 

 Latifee and Rangaraju tested 19 reactive and non-reactive coarse and fine aggregates 

using the finalized method and compared expansion data to expansion data from the CPT and 

AMBT. The 56-day expansions in the MCPT showed a good correlation with the 1-year CPT 

data but a poor correlation with AMBT data. In another study [50], the strong correlation 

between the MCPT and CPT results and field behavior was echoed, and it was suggested that the 

MCPT may be a viable alternative to the CPT and AMBT. The MCPT has yet to receive 

significant criticism in the literature and has performed well enough that it has been standardized 

as a provisional standard by the American Association of State Highway and Transportation 

Officials (AASHTO) as AASHTO TP 110 [51].  

2.2 Autoclave Test Methods for ASR 

 There are several existing laboratory autoclave test methods for determining ASR 

potential of aggregates. These methods are typically based on observed expansions of the mortar 

or concrete specimens, and many are limited in the types of aggregates evaluated. This section 
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discusses each of these test methods in detail, highlighting their advantages and limitations. The 

test parameters of each of these methods are summarized and compared in Table 2.2. 

 

Table 2.2 Comparison of autoclave test methods for ASR. 

Test 
Parameter 

Chinese 
Autoclave 
Method 
(1983) 

GBRC 
(1987) 

Nishibayashi 
et al. (1987) 

Laval/ 
CANMET 

(1991) 

Nishibayashi 
et al. (1996) 

ACPT 
(2013) 

Duration  
(from 

mixing) 
3 days 3 days 2 days 3 days unknown 4 days 

Duration of 
Conditioning 6 hours 2 hours 4 to 5 hours 5 hours 4 hours 24 hours 

Specimen 
Type Mortar Mortar Mortar Mortar Concrete Concrete 

Specimen 
Size, mm 

10 x 10 x 
40 

40 x 40 x 
160 

40 x 40 x 
160 

25 x 25 x 
285 

75 x 75 x 
400 

75 x 75 x 
285 

w/cm 0.30 unknown 0.45 0.50 0.54 0.42 

Na2Oeq, by 
mass of 
cement 

1.5% 2.5% 1.5% 3.5% 3.0% 3.0% 

Temperature 150 °C 111 °C 128 °C 130 °C 133 °C 133 °C 

Conditioning 

In 10% 
KOH 

solution 
inside 

autoclave 

In boiling 
water 
inside 

pressure 
vessel 

Inside 
autoclave 

Inside 
autoclave 

Inside 
autoclave 

Inside 
autoclave 

Proposed 
Expansion 

Limit 
- - - 0.15% - 0.08% 

 

2.2.1 Tang et al. (1983) – Chinese Autoclave Method 

 Tang et al. [21] based their study on previous work conducted by Duncan et al. [52], 

which did not use autoclaving, and experimented with different autoclaving temperatures to 
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establish the Chinese autoclave method. The specimens were 10 x 10 x 40-mm mortar bars using 

a 1.5% Na2Oeq by mass of cement. The finalized method involved curing the bars in the molds 

for 24 hours in a moist chamber, demolding and pre-curing them in steam at 100 °C for 4 hours, 

then placing them in a 10% KOH solution to be autoclaved for 6 hours at 150 °C. Aggregates in 

this study included 8 different types of reactive sands and 17 different types of non-reactive 

sands. Expansions were measured and compared to results from ASTM C289-71 and ASTM 

C227-71 with a consistent correlation. However, only expansions for the non-reactive specimens 

were compared to the ASTM C227 expansions; this was not done for the reactive aggregates. No 

expansion limit from this study was suggested, but the reactive aggregates showed expansions 

between 0.105 and 1.324%.  

2.2.2 Tamura (1987) - GBRC 

 The GBRC rapid method was developed by the General Building Research Corporation 

of Japan in 1984 [22]. The method involves casting three 40 x 40 x 160-mm mortar bars with 

equal parts, by mass, of test sand, innocuous sand, and ordinary portland cement. NaOH is added 

to the mixing water to boost the Na2Oeq to 2.5% by mass of cement. After curing for 2 days, the 

bars are placed in boiling water inside a pressure vessel at 111 °C (0.05 MPa gauge pressure) for 

2 hours. After autoclaving, the prisms are visually inspected for signs of cracking and tested 

using ultrasonic pulse velocity. Dynamic Young’s modulus was determined in the original study, 

but no standard or guidance was provided for this. Tamura tested 152 aggregates and compared 

results from 46 of those samples to results of the ASTM C289 chemical and ASTM C227 

mortar-bar methods. The correlation of the GBRC to both methods was found to be good. 

 In the same paper, Tamura proposed a test method much like the GBRC rapid method 

with the exceptions of using 100 x 200-mm concrete cylinders instead of mortar bars and an 
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increased alkali loading of 9 kg/m3. However, no results from this proposed test method were 

presented.  

2.2.3 Nishibayashi et al. (1987) 

 Nishibayashi et al. [23] tried various parameters for testing mortar samples in an 

autoclave; the following description is the final test method suggested by the researchers. Mortar 

bars with dimensions 40 x 40 x 160 mm are cast using NaOH to boost the Na2Oeq to 1.5% by 

mass of cement. The bars are cured at 20 °C in water for 24 hours before being conditioned in an 

autoclave at 0.15 MPa gauge pressure (about 128 °C) for 4 to 5 hours. Two reactive sands and a 

non-reactive crushed sand were evaluated using length change measurements of the bars, and 

results were compared to results from ASTM C227. Expansions from the autoclave method were 

found to be about equal to expansions at 20 weeks in ASTM C227, suggesting a reduction in 

testing duration by about 98.5%. In spite of this, the proposed test method is limited to testing 

fine aggregates. Furthermore, only three aggregates were tested. No expansion limit was 

suggested. 

2.2.4 Fournier et al. (1991) – Laval/CANMET 

 Fournier et al. [24] also evaluated numerous test parameters to propose an autoclaved 

mortar bar test method. The Laval/CANMET test method uses 25 x 25 x 285-mm mortar bars 

like those used in ASTM C227. The Na2Oeq is boosted to 3.5% by mass of cement using NaOH 

in the mixing water. After two days of curing, the bars are subjected to a temperature of 130 °C 

(0.172 MPa gauge pressure) for 5 hours inside an autoclave. Length change measurements are 

taken to determine the amount of mortar bar expansion, indicating the degree of aggregate 

reactivity. 
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 Forty carbonate aggregates from the St. Lawrence Lowlands in Quebec, Canada, a region 

containing many siliceous limestones implicated in cases of ASR, were tested, and results were 

compared to results from the CPT, ASTM C227, and the South African NBRI method [53]. The 

autoclave test showed an overall efficiency of 93% when compared to expansions observed at 6 

months in the CPT; alternatively, the NBRI method demonstrated 88% efficiency when 

compared to the CPT. In this study, efficiency was defined as the percentage of samples that 

agreed with reactivity classification indicated by the CPT results; an efficiency of 93% means 

that 37 out of 40 aggregates demonstrated the same reactivity in both the autoclave test and the 

CPT. The within-laboratory coefficient of variation was 4.4% using the same materials and same 

operator.  

 In an additional study published a year later, Bérubé et al. [54] extended testing in the 

Laval/CANMET method to include a total of 106 aggregates. This number included the 40 

aggregates already tested in the original study. Expansions were compared to those of the CPT 

and the NBRI method for the same aggregates. Results showed 81% agreement between the 

autoclave test and the CPT and 75% agreement between the autoclave test and the NBRI method. 

Variability of the test method was not measured in the second study. 

2.2.5 Nishibayashi et al. (1996) 

 Test parameters for conditioning concrete specimens in an autoclave were evaluated by 

Nishibayashi et al. [55]. They experimented with Na2Oeq values ranging from 1.0 to 4.0% by the 

addition of NaOH, autoclave pressures between 0.10 and 0.30 MPa gauge pressure, and testing 

durations between 1 and 8 hours. Specimen dimensions were 75 x 75 x 400 mm. Concrete prism 

expansions were measured and compared to expansions of prisms conditioned at 40 °C in 100% 

relative humidity for 6 months. It was concluded that the same expansions between the two 
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methods of conditioning could be obtained by autoclaving the prisms for 4 hours at 0.20 MPa 

gauge pressure using a 3.0% Na2Oeq. 

 As with some of the previous studies, the number and types of aggregates tested were 

limited. A reactive coarse aggregate was not investigated, and only one reactive fine aggregate, a 

bronzite andesite, was examined. No expansion limit was proposed; figures showed expansion of 

the reactive aggregate to be between 0.60 and 0.65%. 

2.2.6 Giannini and Folliard (2013) – Autoclaved Concrete Prism Test (ACPT) 

 In establishing the test parameters of the ACPT, Giannini and Folliard [27] investigated 

alkali loadings of 2.0, 2.5, and 3.0% Na2Oeq and autoclaving durations of 4, 6, and 24 hours using 

an autoclave temperature of 133 °C. In phase I of the study, they tested two non-reactive and 

three highly reactive aggregates whose reactivities were well-studied in the AMBT, CPT, and in 

outdoor exposure and/or field performance. Results from the first phase showed very little 

expansion of a highly reactive aggregate using 2.0% Na2Oeq, so that alkali content was 

eliminated from further testing. Alkali contents of 2.5 and 3.0% showed more promise, and the 

researchers decided that the final test method would use 3.0% Na2Oeq to achieve higher 

expansions for the reactive aggregates. It was also determined that, of the three different 

autoclaving durations investigated, 24 hours demonstrated a better distinction between reactive 

and non-reactive aggregates. 

 Phase II of the study explored the within-laboratory repeatability of the ACPT by testing 

six additional aggregates of varying reactivity using 3.0% Na2Oeq and a autoclaving duration of 

24 hours. All of the aggregates were correctly identified as reactive or non-reactive in this phase. 

The variability within each set of three concrete prisms was equal to or less than 8.6% of the 

average expansion of the prisms. Because of the inherent expansion observed in the ACPT, a 
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relatively higher expansion limit of 0.08% was proposed so that some non-reactive aggregates 

that demonstrated minimal expansions would not be classified as reactive. Inherent expansion 

means that some aggregates, though known to be non-reactive, tend to expand somewhat in the 

autoclave. The exact reason for this is not clearly defined.  

 In this study, the ACPT demonstrated promise in determining ASR potential in concrete 

aggregates, and further testing of more aggregates of different mineralogies and reactivities was 

recommended. 

2.3 Pore Solution Chemical Analysis 

2.3.1 Introduction 

Pore solution analysis, in conjunction with other methods, has been used for tracking the 

progress of alkali-silica reaction in concrete over time. Concentrations of hydroxides (OH-) and 

alkalis, namely sodium (Na+) and potassium (K+), are of primary interest. The progression of 

ASR consumes increasingly more alkalis to form reaction product, leading to a reduction in both 

[OH-] and [Na+ + K+] in the pore solution over time [56, 57].  

2.3.2 Pore Solution Expression 

 Expression using high pressures has been shown to be a suitable method for obtaining 

pore solution from mortars and pastes [58, 59]. To express the solution from concrete, the sample 

is first crushed, and the coarse aggregate is removed. About 200 g of the broken mortar is placed 

in a high-pressure die and subjected to pressures of up to 700 MPa using a compression test 

machine. The amount of solution expressed from a sample is typically less than 10 mL and 

depends on factors such as specimen age and w/cm ratio. Obtaining pore solution from older 

specimens is challenging because cement hydration increases with time, reducing the amount of 

solution available in the pores of the concrete or mortar. Intuitively, the w/cm ratio also plays a 
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role; the lower the w/cm ratio, or the less water put into the system, the more difficult it becomes 

to extract the solution because much of the water is used in cement hydration. In some cases, not 

enough pore solution is expressed to carry out a chemical analysis [43, 44]. 

2.3.3 Pore Solution Compositions 

 Chemical analyses of pore solutions have been documented in several laboratory ASR 

studies. Generally, these analyses were performed on mortars or concretes with alkali boosting 

up to 1.25% Na2Oeq or without any alkali boosting at all. Constantiner and Diamond [4] 

measured the concentrations of Na+ and K+ in pore solutions expressed from mortars with and 

without ground feldspars. [Na+] and [K+] ranged from 78 to 112 mmol/L and from 9 to 34 

mmol/L, respectively, for specimens aged 1 month with no alkali boosting. Rivard et al. [43, 44] 

reported [Na+] of 314 mmol/L and [K+] of 367 mmol/L for concrete prisms in the standard CPT 

at 1 week. 

 Alkali concentrations detected in pore solutions are not entirely representative of the total 

alkalis present in the mortar or concrete. Alkalis are consumed by cement hydration products 

[60] and ASR product in reactive specimens. Duchesne and Bérubé [61] determined that 

approximately 51% of the alkalis provided by the cement are consumed by the hydrates. It has 

also been suggested that some alkalis are sorbed by the aggregate and are not extracted for 

analysis [43, 44]. Additionally, some proportion of the total alkalis are lost via leaching in many 

laboratory tests. 

2.3.4 Sulfates in High-pH Pore Solutions 

In a high-pH environment, [Na+ + K+] has been found to be approximately equal to the 

concentration of hydroxides in pore solution for concretes cured in standard laboratory 

conditions and without added alkalis [43, 62]. However, Diamond and Ong [63] demonstrated an 
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increase in sulfate (SO4
2-) concentration and a decrease in [OH-] for mortar bars with added 

alkali hydroxides. This is caused by a reaction between the alkali hydroxide and the available 

calcium sulfate (gypsum) which increases the concentration of sulfate ions while reducing the 

concentration of OH- in the pore solution. Therefore, it is possible to see an imbalance between 

[Na+ + K+] and [OH-] in laboratory concrete for which the equivalent alkali content has been 

boosted via an alkali hydroxide such as NaOH.  

High sulfate concentrations around 250 mmol/L have been observed in pore solutions of 

concretes cured at temperatures up to 80 and 95 °C [64-68]. Concentrations this high are usually 

associated with another expansive mechanism in concrete, delayed ettringite formation (DEF). 

Ettringite is a normal and necessary cement hydration product that begins to form shortly after 

mixing and is sometimes referred to as “primary” ettringite. In concretes cured at high 

temperatures, however, the solubility of ettringite is increased, impairing the formation of 

primary ettringite. Over time, and once the concrete is allowed to cool to normal temperatures, 

ettringite can begin to form and may result in adverse expansion of the concrete; this is what is 

known as DEF. Because autoclave test specimens are measured immediately after autoclaving 

and cooling, it is believed that DEF formation has not yet had an opportunity to form, at least not 

to the degree that high expansion would occur. Nonetheless, measuring [SO4
2-] is important and 

serves to provide a better picture of what is occurring in autoclaved mortars and concretes. 

2.4 Alkali Leaching 

Although some alkalis are consumed by the ASR product, Rivard et al. [43, 44] 

determined that for specimens in the CPT, the decrease in pore solution alkalinity over time was 

mainly caused by alkali leaching and not gel formation. Leaching of alkalis occurs when mortar 

bars or concrete specimens are stored in a moist environment where condensation collects on the 
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surface of the specimens, drawing out alkalis and consequently depositing them in water 

contained below. This phenomenon was first observed by Blanks and Meissner [32] when they 

noticed an increase in alkali concentration in the water at the bottom of mortar bar storage 

containers. Folliard et al. [69] and Ideker et al. [48] showed that temperature affects the amount 

of leaching; storage temperatures of 60 °C in the accelerated concrete prism test caused more 

alkali leaching than the standard 38 °C used in the CPT. The influence of test specimen size on 

alkali leaching has been studied by several researchers [70-72]. Alkali leaching increases as 

specimen size decreases due to an increased surface-to-volume ratio of the smaller specimens. 

With the loss of alkalis from the test specimens, expansion caused by ASR can be halted 

or greatly lessened. This could lead to false negatives, meaning that a reactive aggregate is 

deemed non-reactive by the test. 

2.5 Petrography 

 To confirm that expansions in laboratory specimens or actual structures are caused by 

ASR, petrography of the hardened concrete is necessary. Petrographic features of ASR include 

microcracking in aggregates, which can propagate into the cement paste, reaction product, 

reaction rims around the aggregate particles, and loss of bonding between the aggregate and 

cement paste [73, 74]. Although the ASR product, or gel, varies in its exact composition, it is 

always made up of silicon, calcium, sodium, and potassium [75].  

The petrographic features of ASR (e.g. cracking and gel formation in aggregate particles) 

can sometimes be seen without microscopy provided that expansions are significant. However, 

microscopy is necessary to identify and characterize the reaction product. The use of a scanning 

electron microscope with energy-dispersive x-ray spectroscopy (SEM/EDX) is effective in 

identifying gel compositions due to its elemental mapping capability. Sample preparation for 
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SEM/EDX analysis includes careful sectioning and polishing of a concrete specimen until a 

smooth, reflective surface is attained. 

2.6 Silica Dissolution 

 The dissolution of silica as a function of temperature and/or pH has been documented by 

a number of researchers [76-78]. The solubility of silica increases as temperature increases and 

as pH deviates from neutrality to become more acidic or alkaline; in the alkaline realm, silica 

solubility tends to peak around a pH of 14. Silica crystallinity also affects its solubility; stable, 

crystalline forms of silica, such as quartz, are less soluble than amorphous forms of silica (e.g. 

opal) [2, 79, 80].  

 In concrete, the amount of dissolved silica is dependent upon the concentration of 

calcium in the form of portlandite in the pore solution [81]. The portlandite reacts with the 

dissolved silica to form calcium silicate hydrate, a product of portland cement hydration. 

Consequently, more silica is allowed to dissolve in the pore solution because it is simultaneously 

being removed by the reaction with portlandite. This process continues until the portlandite is 

consumed. However, when [OH-] is high (i.e. high pH), the calcium (Ca2+) concentration in the 

pore solution is reduced, resulting in more silica dissolution [9]. 

 Very few studies address silica dissolution or its rate in the combined high-pH (>12), 

high-temperature environment such as that in autoclaved concrete or mortar. One study 

investigated the kinetics of silica dissolution in alkaline solutions with pH between 12.0 and 14.9 

and the effect of the presence or absence of calcium in the solution in regards to ASR [82]. 

Temperatures up to 80 °C were explored in the study. Results showed that silica dissolution was 

directly related to both temperature and pH up to pH 14; higher pH resulted in slower 

dissolution. Additionally, the prescence of calcium reduced the silica dissolution rate. 
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Temperatures in the autoclave, however, are obviously much higher than what has previously 

been studied in conjunction with high pH solutions. 
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mortar bar test method for ultra-rapid identification of aggregate reactivity. This paper details the 

test procedure, expansions, comparisons with the accelerated mortar bar test and the concrete 

prism test, within- and multi-laboratory precisions, and investigation into the amount of alkali 

leaching during the test. For 85% of the aggregates, there was agreement between the autoclave 

test and ASTM C1260 in determining whether or not an aggregate was reactive to some degree. 

 

Keywords: aggregate; alkali-silica reaction; concrete; test methods; autoclave 

 

3.1 Introduction 

 Rapid test methods have been developed with the goal of reducing the time needed to 

obtain results for determining potential alkali-silica reaction (ASR) in concrete aggregates. The 

most commonly used test methods for this purpose are the ASTM C1293 [1] concrete prism test 

and the accelerated mortar-bar test standardized in ASTM C1260 [2]. ASTM C1293 requires one 

year to acquire expansion results using ordinary portland cement concrete. If the effectiveness of 

mitigation measures, such as the use of supplementary cementitious materials, is to be 

determined, CSA A32.2-28A, another standardized version of the concrete prism test, is used. In 

that case, the duration of testing is extended to two years. ASTM C1293 is widely accepted as 

the most reliable standardized laboratory test method for aggregate reactivity and therefore 

serves as a benchmark for accelerated test methods [3]. However, due to its long duration, it is 

primarily a research tool and not a test method often used in practice. ASTM C1260 requires 

only 16 days after mixing to obtain mortar bar expansions. Despite its rapidity and frequent use 

in industry, ASTM C1260 fails to identify some aggregates known to be reactive, a situation 

referred to as a false negative. Furthermore, ASTM C1260 produces a large number of false 
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positives, meaning the aggregate appears reactive in the test but has not proven to be reactive 

otherwise. 

 A number of autoclave test methods have been developed for ultra-rapid testing for ASR 

in concrete aggregates [4-9]. The method described by Fournier et al. [7] and Bérubé et al. [10] 

was found to be particularly promising. The single-operator coefficient of variation was very low 

(4.4%) for the first phase of the development of the test method which tested 40 aggregates. The 

test method produced reactivity classifications in agreement with ASTM C1293 81% of the time 

for the total 106 aggregates tested and was the basis for the testing performed in this study. 

 Grattan-Bellew [11] provided a list of criteria to be met by an ultra-accelerated test 

method. Among those criteria were expectations for repeatability, suggesting a single-operator 

coefficient of variation (CV) be less than 10% and the CV among different laboratories be less 

than 12%. 

 The initial process in the development of ASR, and thus the basis of any test method 

wishing to produce ASR, is the dissolution of silica from the reactive aggregate into the pore 

solution. Many factors affect the amount and rate of silica dissolution, including temperature, 

pore solution pH, amount of calcium present in the pore solution, and the presence of aluminum 

in the pore solution [12-17]. Additionally, not all forms of silica are reactive in conditions 

typically experienced by field concretes; quartz, because of its high crystallinity, is less likely to 

be attacked than amorphous and poorly crystalline silica minerals [18-20]. To accelerate ASR in 

the laboratory, test parameters, such as alkali loading and internal temperature, are enhanced and 

can be severe enough to cause all forms of silica to become alkali-silica reactive. Alternatively, 

test parameters may not be sufficiently severe for rapid testing, causing some aggregates to be 

falsely identified as innocuous. Wood et al. [21] determined the influence of alterations of the 
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aforementioned test parameters on autoclaved mortar bar expansions. Establishing appropriate 

test parameters to avoid both of these extremes remains a challenge in the development of new 

test methods for ASR. 

 Alkali leaching is a phenomenon that occurs over time in mortar or concrete specimens in 

a moist environment and was first documented by Blanks and Meissner [22] for specimens in 

ASTM C227 [23]. Since then, other researchers have reported alkali leaching in other ASR test 

methods, including ASTM C1293 and the 60 °C accelerated concrete prism test [24-28]. The 

result of significant alkali leaching is slowed or halted expansions of the specimens, and the 

effect has been shown to be more pronounced in test methods such as ASTM C227 that use 

specimens with relatively small cross-sections [29, 30].  

 This multi-laboratory autoclave study was conducted with the objective of determining 

whether or not the autoclave method is a suitable test method for identifying alkali-silica reactive 

aggregates used in rapid construction of short-life structures. Additionally, the reproducibility of 

the test method was evaluated. Mortar bars with boosted equivalent alkali contents were 

autoclaved for 5 hours, and expansions were measured. The research was led by the US Army 

Engineer Research and Development Center’s (ERDC) Geotechnical and Structures Laboratory. 

Four other laboratories participated in the study. 

3.2 Materials and Methods 

3.2.1 Materials 

 The aggregates were provided by ERDC and are listed in Table 3.1, including the 

aggregate abbreviations, size fractions, mineralogies, results of ASTM C1260 tests performed at 

ERDC, and ASTM C1293 expansions where available. To test the coarse aggregates in mortar 
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bars, the aggregates were first crushed into fine fractions. Reactivity classifications are based on 

ASTM C1778 guidance on interpreting 14-day ASTM C1260 expansions which is also provided 

in the table. 

 

Table 3.1 Summary of aggregates used in this study. 

Aggregate 
Abbreviation 

Coarse/
Fine Rock Type; Mineralogy 

ASTM C1260 
Expansion, % 

ASTM 
C1293 

Expansion, 
% 

14 
Days 

28 
Days 

Non-reactive1 

NR1 Coarse Oolitic to dense limestone; calcite, 
dolomite, quartz 0.022 0.035 0.123 

NR2 Coarse Dolostone; dolomite 0.013 0.026 0.036 

NR3 Fine Feldspar-rich gravel; anorthite, 
albite, quartz, microcline, biotite 0.085 0.117 - 

Moderately Reactive1 

MR1 Coarse Dense limestone; calcite, dolomite, 
quartz, trace feldspar 0.098 0.156 0.008 

MR2 Coarse 

Intermediate to felsic igneous rock; 
anorthite, quartz, 

magnesiohornblende, albite, 
orthoclase, biotite, clinopyroxene 

0.117 0.229 - 

MR3 Fine Quartz sand; quartz 0.169 0.324 - 
MR4 Fine Quartz sand; quartz, kaolinite 0.217 0.337 0.149 

MR5 Fine Quartz gravel; quartz, orthoclase, 
iron 0.226 0.322 - 

MR6 Coarse 

Green schist, quartzite, and granite 
mixture; quartz, clinochlore, albite, 

muscovite, anorthite, fluor-
riebeckite 

0.256 0.418 0.144 

MR7 Coarse Quartz limestone; quartz, orthoclase, 
dolomite 0.293 0.451 - 

Highly Reactive1 

HR1 Coarse 
Metapelite green schist; muscovite, 
clinochlore, quartz, albite, calcite, 

orthoclase 
0.325 0.482 0.192 

HR2 Fine 

Complex gravel with intermediate to 
felsic composition aggregates; 

quartz, orthoclase, albite, 
clinochlore, muscovite, dolomite, 

actinolite, calcite 

0.349 0.489 - 
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HR3 Coarse Dense limestone; calcite, dolomite, 
quartz 0.399 0.524 0.201 

HR4 Coarse Dolostone; dolomite, calcite, quartz 0.399 0.487 - 
HR5 Fine Quartz gravel; quartz, microcline 0.405 0.537 - 

HR6 Coarse 

Complex alluvial gravel with 
granite/rhyolite, basalt, welded tuff, 

chert, amber; microcline, quartz, 
calcite, albite, muscovite, 

cristobalite, hematite 

0.413 0.613 0.509 

Very Highly Reactive1 
VHR1 Fine Quartz sand; quartz, albite 0.458 0.625 - 

VHR2 Coarse Dense dolostone; dolomite, quartz, 
calcite, microcline 0.527 0.756 0.309 

VHR3 Fine 
Complex gravel; quartz, calcite, 

anorthite, orthoclase, cristobalite, 
stilbite, clinochlore 

0.576 0.767 - 

VHR4 Coarse 
Quartzite and granite mixture; 

albite, quartz, muscovite, orthoclase, 
calcite, cristobalite, actinolite 

1.016 1.255 0.168 

1 ASTM C1778 expansion limits for mortar bars in the ASTM C1260. 
NR – Non-reactive: expansion < 0.10% 
MR – Moderately-reactive: 0.10% ≤ expansion < 0.30% 
HR – Highly-reactive: 0.30% ≤ expansion < 0.45% 
VHR – Very-highly-reactive: 0.45% ≤ expansion 

 

 

 An ASTM C150 Type I/II portland cement from Missouri with a 0.524% equivalent 

alkali content (Na2Oeq) was provided by ERDC and employed for all mixtures in this study. The 

oxide analysis of the cement is given in Table 3.2. 
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Table 3.2 Cement oxide analysis. 
Oxide Notation % Weight 

SiO2 18.99 
Al2O3 4.44 
Fe2O3 3.34 
CaO 67.72 
MgO 2.63 
SO3 3.44 

Na2O 0.09 
K2O 0.66 

Loss on Ignition 3.06 
Na2Oeq 0.524 

 

3.2.2 Test Procedure 

 Aggregates were graded and proportioned by ERDC in accordance with ASTM C1260 

and provided to the other laboratories. The material proportions, w/cm (0.47), and specimen size 

(25 x 25 x 285 mm) were also in accordance with ASTM C1260. The Na2Oeq of the mixtures was 

boosted to 3.5% by mass of cement by adding sodium hydroxide (NaOH) to deionized mixing 

water. Four bars were formed from each mixture, and metal gauge studs were embedded in the 

ends to measure expansions using a length change comparator in accordance with ASTM C157.  

 Immediately after casting, the mortar bars were cured for 48 hours inside a moist curing 

room before they were demolded. An initial length change measurement was made after 

demolding the mortar bars. The bars were then autoclaved for 5 hours at 130 °C (0.17 MPa 

gauge pressure) following the same parameters used by Fournier et al. [7].  

 Once the autoclave cooled to 90 °C, the mortar bars were removed, placed in a pot of hot 

water, and cooled to 23 °C by overflowing the pot with running water over a period of 

approximately 15 minutes, similar to the cooling step described in ASTM C151. Final length 

change measurements were taken after cooling the bars to 23 °C. 
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 The amount of alkali leaching for select sets of mortar bars was determined at Laboratory 

2 by sampling the autoclave water after autoclaving and measuring the concentration of alkalis 

via inductively coupled plasma optical emission spectrometry (ICP-OES). The concentrations 

were compared to the initial alkali loading of the mortar bars. 

3.3 Results and Discussion 

3.3.1 Expansion Results 

 Table 3.3 presents average mortar bar expansions measured after autoclaving for 5 hours, 

along with reactivity classifications based on expansion limits proposed by Fournier et al. [7] 

which are also provided in the table. Some tests used only 2 or 3 mortar bars because specimens 

occasionally broke during demolding. 
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Table 3.3 Average autoclave mortar bar expansions for each laboratory and reactivity 
classifications based on autoclave results. 

Aggregate 

Average Autoclave Expansion, % Autoclave 
Reactivity 

Classification2 Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 
Multi-

laboratory 
Average 

NR1 0.049 0.062 0.053 0.062 0.038 0.053 NR 
NR2 0.053 0.052 0.045 0.073 0.032 0.051 NR 
NR3 0.086 0.078 0.066 0.062 0.051 0.069 NR 
MR1 0.173 0.202 0.220 0.177 0.160 0.186 R 
MR2 0.092 0.101 0.066 0.105 0.052 0.083 NR 
MR3 0.091a 0.098a 0.055 0.083 0.055 0.076 NR 
MR4 0.217 0.194a 0.176 0.189 0.233 0.202 R 
MR5 0.293 0.330a 0.274 0.279 0.220 0.279 HR 
MR6 0.349 0.312 0.328 0.295a 0.200 0.297 HR 
MR7 0.197 0.160 0.155 0.226 0.141 0.176 R 
HR1 0.544 0.590 0.453 0.536 0.546 0.534 HR 
HR2 0.214 0.228a 0.175 0.167 0.162 0.189 R 
HR3 0.386a 0.383a 0.341 0.335 0.282 0.345 HR 
HR4 0.400 0.336 0.303 0.324 0.280 0.329 HR 
HR5 0.260a 0.279a 0.259 0.249 0.218 0.253 HR 
HR6 0.559 0.526 0.503 0.433 0.490 0.502 HR 

VHR1 0.228 0.158 0.161 0.329 0.151 0.205 R 
VHR2 0.452 0.428 0.416 0.395 0.360 0.410 HR 
VHR3 0.108a 0.152a 0.054 0.251 0.085 0.130 NR 
VHR4 0.788 0.810 0.740 0.759 0.908 0.801 HR 

2 Expansion limits provided by Fournier et al. [7] for 5-hour autoclave test. 
NR – expansion < 0.150% 
R – expansion ≥ 0.150% 
HR – expansion ≥ 0.250% 

a Three bars tested. 
 

 Multi-laboratory autoclave expansion results were compared to results from ASTM 

C1260 for these aggregates as shown in Figure 3.1. The vertical dashed lines indicate the 

expansion limits provided by ASTM C1778 for 14-day expansions in ASTM C1260. The 

horizontal dashed lines denote expansion limits suggested by Fournier et al. [7] for the 5-hour 

autoclave test. Vertical error bars show the range of expansion readings. 
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Figure 3.1 Average multi-laboratory autoclave expansions versus 14-day ASTM C1260 
expansions. 

 

 The three aggregates determined to be non-reactive by ASTM C1260 were also classified 

as non-reactive in the autoclave test, with no laboratory reporting average expansions greater 

than 0.086%. However, three aggregates categorized as reactive to some degree in ASTM C1260 

(MR2, MR3, and VHR3) exhibited expansions in the autoclave test that would classify them as 

non-reactive. Fournier et al. [7] observed the same phenomenon for two aggregates that did not 

appear reactive in the autoclave test but expanded more than 0.040% at one year in ASTM 

C1293. The authors stated the reason was unknown, but both aggregates exhibited non-reactive 

expansions in the NBRI test method. However, field data were not available for those 

aggregates, nor were they available for the low-expanding aggregates here.  

 Two aggregates deemed moderately reactive in ASTM C1260, MR5 and MR6, appeared 

to be highly reactive in the autoclave, and two aggregates showing high and very high reactivity 

in ASTM C1260 (HR2 and VHR1) did not exhibit expansions consistent with a highly reactive 
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classification in the autoclave test. Aggregates HR1, HR6, and VHR4 produced expansions in 

excess of 0.50% in the autoclave test. All three aggregates are well-documented for being 

reactive in field structures and the laboratory [31-33]. Nevertheless, the other two aggregates 

classified as very highly reactive in ASTM C1260, VHR1 and VHR3, were indistinguishable 

from moderately reactive aggregates in the autoclave test. ASTM C1293 and field data were not 

available for these two aggregates, so it is uncertain whether the autoclave test is able to 

accurately classify their reactivity. 

 Overall, the two test methods demonstrated 85% agreement when determining whether or 

not an aggregate was non-reactive or reactive to some degree. In the study by Bérubé et al. [10], 

which included the results from Fournier et al. [7], the autoclave test method demonstrated a 

better overall effectiveness (81%) than the NBRI test method (75%) in categorizing aggregate 

reactivities based on ASTM C1293 data or field performance of those aggregates. Because 

ASTM C1260 provides a significant number of false positive and false negative results, caution 

should be taken when comparing a new test method to ASTM C1260 only. ASTM C1293 data 

were available for some of the aggregates tested in this study and are presented in Table 3.1 [34]. 

Average multi-laboratory expansions in the autoclave were compared to ASTM C1293 

expansions and are shown in Figure 3.2. 
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Figure 3.2 Average multi-laboratory autoclave expansions versus ASTM C1293 expansions. 
 

 There was agreement between the autoclave method and ASTM C1293 for 8 out of the 

10 aggregates shown. Aggregate MR2 exhibited reactive expansions in the autoclave but not in 

ASTM C1293. Conversely, aggregate NR1 appeared to be non-reactive in the autoclave but 

reactive in ASTM C1293. Average expansion for aggregate VHR4 was over three times the 

expansion it produced in ASTM C1293. The coarse fraction of VHR4 was used in ASTM C1293 

and had to be crushed into a fine aggregate for the autoclave test. Crushing could cause some 

reactive silica in the aggregate to become more readily available for ASR [35], altering its 

reactivity. This would explain the significant difference in expansion of aggregate VHR4 

between the two test methods. 
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3.3.2 Within-laboratory Precision 

 Statistical calculations were based on ASTM C802 [83]. However, more than one 

operator performed tests in some laboratories. Therefore, the statistical data for a laboratory are 

not necessarily single-operator as they are in the ASTM standard. 

 The within- and multi-laboratory standard deviations and coefficients of variation (CVs) 

for all mortar bar expansions are provided in Table 3.4. The average within-laboratory CV was 

5.9%. The 10% single-operator, within-laboratory CV limit proposed by Grattan-Bellew [11] 

was exceeded for only 2 of the 20 aggregates tested.  

 

Table 3.4 Within- and multi-laboratory standard deviations and coefficients of variation (CVs). 

Aggregate 
Within-laboratory 

Standard 
Deviation 

Within-
laboratory 

CV, % 

Multi-laboratory 
Standard 
Deviation 

Multi-
laboratory 

CV, % 
NR1 0.003 4.9 0.010 19.5 
NR2 0.003 6.2 0.015 29.7 
NR3 0.002 3.0 0.014 20.1 
MR1 0.007 3.9 0.025 13.4 
MR2 0.003 4.1 0.023 28.0 
MR3 0.014 18.6 0.024 31.0 
MR4 0.010 4.8 0.024 12.1 
MR5 0.018 6.4 0.043 15.2 
MR6 0.013 4.4 0.059 19.8 
MR7 0.025 14.4 0.041 23.4 
HR1 0.027 5.1 0.055 10.3 
HR2 0.009 4.6 0.031 16.2 
HR3 0.011 3.3 0.044 12.6 
HR4 0.018 5.5 0.048 14.6 
HR5 0.014 5.6 0.025 10.1 
HR6 0.015 3.1 0.049 9.7 

VHR1 0.016 8.0 0.077 37.5 
VHR2 0.019 4.7 0.039 9.4 
VHR3 0.007 5.5 0.077 59.0 
VHR4 0.022 2.7 0.068 8.5 

Average 0.013 5.9 0.040 20.0 
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 Although earlier studies on autoclave test methods do not provide precision data or 

statements, it is possible to compare the results of this study to the precision of standardized tests 

for ASR. A study by Rogers showed that for aggregates with average expansions in ASTM 

C1260 greater than 0.1% at 14 days, the within-laboratory CV was 2.94% [36]. The within-

laboratory precision for concrete prisms with average expansions greater than 0.014% in ASTM 

C1293 was 12% [1].   

3.3.3 Multi-laboratory Precision 

 Multi-laboratory standard deviations and CVs are provided in Table 3.4. Of the multi-

laboratory CVs, 75% exceed the 12% limit suggested by Grattan-Bellew [11]. The average 

multi-laboratory CV was 20.0%. 

 In comparison to standardized tests, Rogers [36] found the ASTM C1260 multi-

laboratory CV to be 15.4% for mortar bars with average expansions above 0.1% at 14 days. In 

ASTM C1293, for average concrete prism expansions greater than 0.014%, the multi-laboratory 

CV was 23% [1]. 

 Although the within-laboratory CV for aggregate VHR3 was less than 10%, the multi-

laboratory CV was the highest among mortar bars containing other aggregates (59.0%). Two 

laboratories reported difficulty in casting bars with mortar containing VHR3; the mortar was 

described as drier than the other mortars and crumbling. The reason for the unusual consistency 

of the mortar is unknown, but it could be that the aggregate was highly absorptive or had a 

specific gravity less than 2.45. In accordance with ASTM C1260, if the specific gravity of an 

aggregate is less than 2.45, the equation in section 8.3.1 is used, and the proportion of aggregate 

is less than it would be if the specific gravity were at or above 2.45. It was assumed in this study 

that each aggregate had a specific gravity at or above 2.45. Therefore, it is possible that the 
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mortar mixture for VHR3 contained more aggregate than required, resulting in a relatively dry 

mixture. 

 Among the highest-expanding aggregates (HR1, HR6, and VHR4), the multi-laboratory 

CVs were relatively low (between 8.5 and 10.3%). As previously mentioned, these aggregates 

have been well-documented for their expansive behavior. 

 For unknown reasons, average expansions reported by Laboratory 5 were generally lower 

than expansions reported by the other laboratories. Excluding data from Laboratory 5 reduced 

the average multi-laboratory CV to 17.7%. 

3.3.4 Alkali Leaching 

 Table 3.5 presents the results of the alkali leaching measurements taken at Laboratory 2. 

In some cases, more than one aggregate was tested in the autoclave simultaneously. For this 

reason, multiple aggregates are sometimes listed together. The percentage of leached alkalis was 

calculated based on the initial alkali content of the mortar, which was 21 kg/m3 Na2Oeq for all 

mixtures. This value assumes that the specific gravity of each aggregate was 2.60. The 

concentrations of Na+ and K+ were used to calculate the Na2Oeq of the autoclave water in mg/L. 

That number was then multiplied by the volume of deionized water initially added to the 

autoclave (7 L) and divided by the number of mortar bars being simultaneously autoclaved, 

giving a mass of alkalis (Na+ and K+) per prism in the autoclave water, which was compared to 

the initial alkali content. 
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Table 3.5 Alkali concentrations in autoclave water samples and calculated leaching alkalis. 

Aggregate Number of 
Mortar Bars 

Autoclave Water Concentration, 
mg/L Leached 

Alkalis, % [Na+] [K+] [Na2Oeq] 
MR1 4 124.49 31.86 193.21 8.7 
MR3 3 93.82 19.69 142.21 8.6 

MR4, MR7 7 150.78 32.83 229.48 5.9 
HR3 3 82.96 21.28 128.81 7.8 

NR1, HR2, HR5 10 291.32 64.61 444.30 8.4 
  

 Alkali leaching in these samples ranged from 6 to 9% per mortar bar. In a study using 

autoclaved concrete prisms, alkali leaching was between 4 and 11% per prism [37]. Rivard et al. 

[24] determined alkali leaching in ASTM C1293 to be between 12 and 25% of the total alkalis 

per prism. The relatively shorter duration of the autoclave test is likely the reason alkali leaching 

is so low. If the duration were to be extended, it is expected that the amount of alkali leaching 

would increase because it typically occurs over longer periods of time. 

 Aggregate MR3 was one of three aggregates classified as reactive by ASTM C1260 but 

did not produce reactive expansions in the autoclave. In Laboratory 1, the only laboratory to 

measure alkali leaching, the mortar bars with aggregate MR3 leached 8.6% on average, which is 

not significant enough to slow or halt expansion caused by ASR. It is possible that this aggregate 

produces a false positive result in ASTM C1260. No amount of alkali leaching measured in this 

study would have affected the progress of ASR in these specimens, so false negative autoclave 

test results due to alkali leaching should not be expected. 

3.4 Conclusions and Recommendations 

 This study investigated the effectiveness of the 5-hour autoclaved mortar bar test method 

in identifying ASR potential in concrete aggregates. Five laboratories participated in testing, and 
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within- and multi-laboratory statistical data were determined. Based on the results of this study, 

the following conclusions can be made: 

• For the 20 aggregates tested, agreement between the autoclave test and ASTM C1260 was 

85% in determining whether or not an aggregate was reactive to some degree. 

• For the 10 aggregates for which ASTM C1293 expansions were obtained, agreement was 

80% between the autoclave test and ASTM C1293 in determining whether or not an 

aggregate was reactive to some degree. 

• The average within-laboratory CV was 5.9% for the autoclave test. This value falls between 

the within-laboratory CVs of ASTM C1260 (2.94%) and ASTM C1293 (12%). Statistical 

calculations for the autoclave test were not based on single-operator conditions. 

• The average multi-laboratory CV for the autoclave test was 20.0%. This value is between 

the multi-laboratory CVs of ASTM C1260 (15.4%) and ASTM C1293 (23%). 

• Alkali leaching in the autoclave test (6 to 9%) was comparable to alkali leaching in the 

autoclaved concrete prism test (4 to 11%) and less than the amount of leaching in ASTM 

C1293 (12 to 25%). 

 Improvements for further evaluating the repeatability and reproducibility of the 5-hour 

autoclave test method would include employing a single operator in each laboratory, eliciting the 

participation of a statistically significant number of laboratories, and obtaining more information 

regarding aggregate behavior in ASTM C1293 and in field structures. 
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4.1 Introduction 

 There has long been a need to quickly determine potential alkali-silica reactivity of 

concrete aggregates. The accelerated mortar bar test (ASTM C1260) provides final expansion 

results within 16 days of mixing, but the test has been known to produce both false positive and 

false negative test results [1, 2]. Though considered to be a more reliable test method, the ASTM 

C1293 concrete prism test (CPT) requires one year to obtain results using ordinary portland 

cement concrete and is mainly used as a research tool. These two test methods comprise the 

majority of laboratory testing for alkali-silica reaction (ASR) in concrete aggregates. 

 ASR is a significant concrete durability issue in part because the reaction takes place 

between the constituents of the concrete itself. The reaction occurs when alkali hydroxides in the 

concrete pore solution attack reactive siliceous minerals present in some aggregates, dissolving 

the silica into the pore solution [3, 4]. These alkalis are typically supplied by the cement but can 

also come from other sources such as deicing salts and even the aggregates themselves [5]. As a 

consequence of the reaction, a hydrophilic gel is formed. Absorption of moisture by the ASR gel 

results in cracking of the surrounding concrete, reducing its mechanical properties [6-8] and 

rendering the concrete susceptible to moisture ingress and other forms of attack. 

 The most important step in ASR is the dissolution of silica. Research has shown that 

silica dissolution is directly related to temperature, pore solution pH, and the amount of calcium 

present in the pore solution [9-13]. The solubility can also be suppressed by the presence of 

aluminum in the pore solution [14]. In conditions typically experienced by concrete structures in 

the field, amorphous and poorly crystalline silica minerals are more likely than quartz to be 

attacked and react [3, 15, 16]. In the laboratory, however, parameters that affect the reaction, 

such as internal temperature of the concrete and the amount of alkalis present in the pore 
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solution, can be made sufficiently severe to cause all forms of silica to become alkali-silica 

reactive, leading to false positive results. Likewise, if testing conditions are not sufficiently 

severe for rapid testing, the aggregate may be falsely identified as innocuous. Therefore, 

parameters of new test methods for ASR in concrete or mortar should be carefully considered so 

that false positive and false negative results are avoided.  

 To rapidly evaluate concrete aggregates, a number of autoclave test methods have been 

developed to determine the potential for ASR [17-22]. Some of these methods emphasized 

testing a large number of aggregates while others focused on evaluating the effects of several 

different test parameters on specimen expansions while testing a relatively small number of 

aggregates. Alkali loadings in these studies were between 1.5 to 3.5% by mass of cement, and 

autoclaving temperatures were between 111 and 150 °C. All of the test methods limited the 

autoclaving durations to between 2 and 6 hours for mortar bars and between 4 and 24 hours for 

concrete prisms. 

 The objective of this study was to determine appropriate parameters for alkali loading, 

autoclaving temperature, and autoclaving duration for silica dissolution in aggregates of different 

mineralogies and reactivity classifications in autoclave testing for ASR in mortar bars. Initially, 

20 aggregates were tested in ASTM C1260 and the 5-hour autoclaved mortar bar test described 

by Fournier et al. [20]. Eight of those aggregates plus one additional aggregate were tested in the 

autoclave using different test parameters including alkali loadings between 0.52 and 4.5%, 

autoclaving temperatures ranging from 105 to 130 °C, and autoclaving durations between 5 and 

48 hours. These test parameters and their effects on specimen expansion expand upon what is 

documented in the literature. Recommendations for autoclaved mortar bar testing are provided 

based on expansion results in this study. 
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4.2 Materials and Methods 

4.2.1 Materials 

 Aggregate descriptions are given in Table 4.1. Reactivity classifications are based on 

guidance given in ASTM C1778, which is provided in the table, for interpreting 14-day 

expansions in ASTM C1260. Aggregates are listed from top to bottom in order of increasing 

mortar bar expansions. All aggregates were graded in accordance with ASTM C1260 prior to 

testing except for NR1 (ASTM C778 Graded Ottawa Sand), which was tested using the as-

received gradation. Two aggregates, NR1 and HR3, were used more extensively as benchmark 

aggregates to better examine silica dissolution in the autoclave. Aggregate NR1 was not used in 

the 5-hour autoclave test. Aggregate HR3 was selected as the highly reactive benchmark 

aggregate due to its well-studied performance in laboratory and simulated field exposure testing 

for ASR [23-25]. 
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Table 4.1 Aggregate source locations, mineralogies and reactivity classifications. 

Aggregate 
Abbreviation 

Source 
Location Rock Type and Mineralogy 

ASTM C1260 
14-Day 

Expansion, % 

Reactivity 
Classification1 

NR1 Illinois Crystalline quartz - Non-reactive 

NR2 Georgia Feldspar-rich gravel; anorthite, albite, quartz, 
microcline, biotite 0.085 Non-reactive 

MR1 Tennessee Dense limestone; calcite, dolomite, quartz 0.098 Moderately 
Reactive 

MR2 Mississippi Quartz gravel; quartz, orthoclase, iron 0.226 Moderately 
Reactive 

HR1 North 
Carolina 

Metapelite green schist; muscovite, 
clinochlore, quartz, albite, calcite, orthoclase 0.325 Highly Reactive 

HR2 Alabama Dolostone; dolomite, calcite, quartz 0.399 Highly Reactive 

HR3 Texas 

Complex alluvial gravel with 
granite/rhyolite, basalt, welded tuff, chert, 
amber; microcline, quartz, calcite, albite, 

muscovite, cristobalite, hematite 

0.413 Highly Reactive 

VHR1 New 
Mexico 

Quartzite and granite mixture; albite, quartz, 
muscovite, orthoclase, calcite, cristobalite, 

actinolite 
1.016 Very Highly 

Reactive 
1 ASTM C1778 expansion limits for mortar bars in ASTM C1260. 

NR – Non-reactive: expansion < 0.10% 
MR – Moderately Reactive: 0.10% ≤ expansion < 0.30% 
HR – Highly Reactive: 0.30% ≤ expansion < 0.45% 
VHR – Very Highly Reactive: 0.45% ≤ expansion 

 

 Two ASTM C150 Type I/II cements with similar equivalent alkali contents (Na2Oeq) of 

0.52 and 0.56% by mass of cement were used for all mixtures. Two cements were used in this 

study due to the limited supply of one of the cements. Previous work demonstrated the negligible 

effect of cement alkalinity on expansion in autoclaved concrete prism testing [26]. The cement 

oxide analyses are provided in Table 4.2. 
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Table 4.2 Cement oxide analyses. 

Oxide Notation % Weight 
Cement 1 Cement 2 

SiO2 18.99 20.2 
Al2O3 4.44 4.7 
Fe2O3 3.34 2.9 
CaO 67.72 62.8 
MgO 2.63 2.4 
SO3 3.44 3.0 

Loss on Ignition 3.06 2.5 
Na2Oeq 0.52 0.56 

 
4.2.2 Test Procedure 

 The mixture proportions, aggregate gradations, w/cm (0.47), and specimen size (25 x 25 

x 285 mm) matched those specified by ASTM C1260. Sodium hydroxide (NaOH) was added to 

the mixing water to boost the Na2Oeq to the desired alkali loading. Four bars were cast for each 

mixture with metal studs embedded in the ends for length change measurements per ASTM 

C157. All mortar bars were cured for 48 hours inside a moist curing room before they were 

demolded, measured, and autoclaved over a reservoir of deionized water in a Yamato SQ510C 

sterilizer. Once the autoclave temperature cooled to 90 °C, the bars were removed and cooled to 

23 °C in a tap water bath over a period of approximately 15 minutes. The lengths of the mortar 

bars were measured once again to determine the expansion after autoclaving. Giannini et al. [22] 

provided details on the autoclaving procedure followed in this study. 

 The influence of three test parameters on the reactivities of the aggregates, indicated by 

the expansion of the mortar bars, were investigated – (1) total alkali loading, or Na2Oeq, (2) 

autoclaving temperature, and (3) autoclaving duration. Test parameter variations included alkali 

loadings of 0.52, 0.56, 2.0, 2.5, 3.0, 3.5, and 4.5%, autoclaving temperatures of 105, 110, 115, 

120, and 130 °C, and autoclaving durations of 5, 8, 12, 16, 24, and 48 hours. Autoclaving 

duration is the amount of time the autoclave remained at peak temperature. 
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4.3 Results and Discussion 

4.3.1 Mortar Bar Expansions 

 Average mortar bar expansions under the different test parameters for all aggregates 

except NR1 and HR3, the benchmark aggregates, are provided in Table 4.3, along with 

coefficients of variations (CVs), and are further illustrated in Figures 4.3. The autoclave 

expansion results for the first six aggregates were compared to the ASTM C1260 expansions for 

these aggregates at 14-days. The average expansions and CVs were single-operator except where 

they were based on expansion data from two laboratories for the initial 5-hour autoclave test. 

Some tests used only 2 or 3 mortar bars because specimens occasionally broke during 

demolding. In the figures, the horizontal dashed lines signify the expansion limits provided by 

Fournier et al. [20].  Because these limits were developed for autoclave testing using specific 

parameters (3.5% alkali loading at 130 °C for 5 hours), they are used in this paper as merely a 

guide when different test parameters were applied. The vertical dashed lines in the figures 

indicate the expansion limits recommended by ASTM C1778 based on 14-day expansions in 

ASTM C1260. Expansions less than 0.150% suggest the aggregates are non-reactive (NR). 

Expansions equal to or greater than 0.150% indicate reactive (R) aggregates. Expansions greater 

than or equal to 0.250% denote highly reactive (HR) aggregates. Error bars show the range of 

expansion for each set of mortar bars. Because test parameters used for NR1 and HR3 mortar 

bars are dissimilar from those used for testing the other aggregates, data for those aggregates are 

presented and discussed separately. 
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Table 4.3 Test parameters, average mortar bar expansions, and coefficients of variation (CVs). 

Alkali Loading, 
Temperature, 

Duration 

Average Expansion, % and CV, % 

NR2 MR1 MR2 HR1 HR2 VHR1 

2.5%, 130 °C, 5h 0.038, 5.5 0.065, 2.3 0.033, 3.0b 0.232, 2.0 0.061, 4.7 0.532, 4.4 
3.5%, 110 °C, 5h 0.045, 1.3b 0.085, 1.7 0.225, 2.2 0.440, 17.8 0.195, 4.6 0.669, 4.1b 

3.5%, 120 °C, 5h 0.055, 1.7 0.134, 2.1b 0.277, 14.6 0.492, 3.9 0.316, 2.4 0.808, 1.9 
3.5%, 130 °C, 5h 0.082, 5.4* 0.188, 8.3* 0.307, 8.2* 0.566, 7.0* 0.371, 10.4* 0.796, 3.7* 
3.5%, 130 °C, 24h 0.337, 5.7 0.272, 3.9 0.416, 4.4 0.745, 7.6 0.660, 10.0b 1.003, 5.4 
4.5%, 130 °C, 5h 0.092, 1.9b 0.255, 2.1 0.311, 3.0a 0.620, 2.3b 0.448, 2.5 0.769, 2.2 

* Expansion values and CVs based on data from two laboratories. 
a Two mortar bars tested. 
b Three mortar bars tested. 
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Figure 4.1 Autoclave expansions versus 14-Day ASTM C1260 expansions. Alkali loading, 
autoclaving temperature, and autoclaving duration were (a) 2.5%, 130 °C, and 5 hours and (b) 

3.5%, 110 °C, and 5 hours. 
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 Figure 4.2 Autoclave expansions versus 14-Day ASTM C1260 expansions. Alkali loading, 
autoclaving temperature, and autoclaving duration were (a) 3.5%, 120 °C, and 5 hours and (b) 

3.5%, 130 °C, and 5 hours. 
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 Figure 4.3 Autoclave expansions versus 14-Day ASTM C1260 expansions. Alkali loading, 
autoclaving temperature, and autoclaving duration were (a) 3.5%, 130 °C, and 24 hours and (b) 

4.5%, 130 °C, and 5 hours. 
  

 Figure 4.1 shows that 2.0% alkali loading and 110 °C autoclaving temperature failed to 

distinguish between reactive and non-reactive aggregates. When 2.0% Na2Oeq was used, MR1, 

MR2, and HR2 all appeared to be non-reactive with expansions less than 0.10%. At 110 °C, even 

with 3.5% Na2Oeq, MR1 expansion was less than 0.10%, and MR2 expansion was higher than 

HR2 expansion. 
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 The test parameters shown in Figure 4.2 were more in line with ASTM C1260 

classifications for these aggregates. Figure 4.2a and 4.2b are quite similar, but the difference 

between the effects of 120 and 130 °C autoclaving temperatures is revealed in the expansion of 

MR1. At 120 °C, MR1 exhibited non-reactive expansion, but at 130 °C, the aggregate produced 

expansion that was more definitively reactive. Of the sets of parameters used in this study for 

these six aggregates, using 3.0% Na2Oeq, 130 °C autoclaving temperature, and 5 hours 

autoclaving duration most effectively sorted aggregates by their ASTM C1260 performance. 

 Figure 4.3 shows mortar bar expansions based on more severe test parameters. When the 

mortar bars were conditioned for 24 hours, all six of the aggregates expanded beyond 0.25%, and 

NR2 expansion surpassed MR1 expansion. Increasing the alkali loading to 4.5% produced higher 

expansions for aggregates MR1 and MR2, but expansion of NR2 remained relatively low.  

 In every set of test parameters except for the sets involving 2.0% alkali loading and 110 

°C autoclaving temperature, aggregate MR2 generated expansions higher than expected. Another 

sample of aggregate from the same quarry produced higher ASTM C1260 expansion at 14 days 

(0.405%) and was categorized as highly reactive. Both samples exhibited similar autoclave 

expansions. It is possible that ASTM C1260 does not achieve consistent results for this 

aggregate. 

4.3.2 Influence of Alkali Loading 

 Figure 4.4 shows the influence of alkali loading on mortar bar expansion when 

autoclaving temperature and duration remain constant at 130 °C and 5 hours. As in the previous 

figures, the horizontal dashed lines represent the 0.150 and 0.250% expansion limits proposed by 

Fournier et al. [20]. The solid lines connecting data points exist as guides only and do not 

indicate linear relationships among the data.  
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 The most influential parameter modification on expansion for these aggregates was the 

increase from 2.5 to 3.5% alkali loading at 130 °C for 5 hours; the average increase in mortar bar 

expansion for this change was 285% with aggregate VHR1 undergoing the least amount of 

change, increasing in expansion by 50%. Fournier et al. [20] observed an increase in mortar bar 

expansions when the Na2Oeq was increased from 2.5 to 3.5% for reactive aggregates but 

practically no effect on mortar bars with non-reactive aggregates. For aggregates in this study, 

except the least reactive (NR2) and most reactive (VHR1), an alkali loading of 2.5% failed to 

discriminate between non-reactive and reactive aggregates and is considered to be too low for 

autoclave testing for ASR at these temperatures and durations.  

 The increase in alkali loading from 3.5 to 4.5% at 130 °C for 5 hours resulted in an 

average expansion increase of only 13%. Two aggregates, MR2 and VHR1, exhibited reduced 

expansions for this increase in overall alkalinity. Aggregate MR1 was the only aggregate to 

produce a significant increase in expansion (38%) when the alkali loading was raised from 3.5 to 

4.5%. Although the effect of elevating the Na2Oeq of the mixtures from 3.5 to 4.5% was not as 

significant as was perhaps expected, the modification may be the difference between yielding 

reactive or highly reactive classifications, as it was for aggregate MR1, which is an incorrect 

classification of this aggregate. Because increasing the alkali loading to 4.5% proved to be 

generally ineffective and in one case, extreme, it is suggested alkali loadings not exceed 3.5% in 

autoclave tests. 
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Figure 4.4 Influence of alkali loading on mortar bar expansion when autoclaving temperature and 
duration remain constant at 130 °C and 5 hours. 

 

 In the literature, there are documented pessimum alkali concentrations for storage 

solutions, which are generally 1 mol/L NaOH or NaCl for storage temperatures between 20 and 

60 °C [27-29]. Kagimoto et al. [30] studied alkali loadings ranging from about 1.1 to 3.0% in 

concrete prisms stored at 40 °C for 182 days and observed pessimum behavior at 2.2% alkali 

loading. Alkali loadings in this part of the study, however, exceeded 2.2%, and it appears that a 

pessimum alkali loading was not yet reached for most of the aggregates tested. The literature 

does not address pessimum behavior with alkali loadings this high. 

4.3.3 Influence of Autoclaving Temperature 

 Figure 4.5 shows the influence of autoclaving temperature on expansion when alkali 

loading and autoclaving duration remain constant at 3.5% and 5 hours. For these six aggregates, 

there was a 24% average increase in mortar bar expansion when the temperature of the autoclave 

was increased from 110 to 120 °C at 3.5% Na2Oeq for 5 hours. The expansions of aggregates 

MR1, MR2, and HR2 corresponded to less severe reactivity classifications when the autoclaving 
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temperatures were lowered to 110 °C. This suggests that autoclaving temperatures at 110 °C or 

less are too low for rapid ASR testing in the autoclave using 3.5% Na2Oeq and a 5-hour duration. 

The temperature increase from 120 to 130 °C improved discrimination between non-reactive and 

reactive aggregates, particularly for aggregate MR1 whose expansion increased by 88%. 

 

 

Figure 4.5 Influence of autoclaving temperature on mortar bar expansion when alkali loading and 
autoclaving duration remain constant at 3.5% and 5 hours. 

 

4.3.4 Influence of Autoclaving Duration 

 Figure 4.6 presents the effect of autoclaving duration on mortar bar expansion when 

alkali loading and autoclaving temperature remained constant at 3.5% and 130 °C. When the 

autoclaving duration was increased from 5 to 24 hours with 3.5% Na2Oeq at 130 °C, the mortar 

bar expansions increased 88% on average. Aggregate NR2 was most affected by this change in 

duration with expansion experiencing a 315% increase and exceeding the expansion of MR1. 

Because of this lack of distinction between a non-reactive and reactive aggregate, it is suggested 

that 24-hour autoclaving durations be avoided when testing mortar bars of this size. 
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Table 4.4 Summary of influence of test parameter modifications on mortar bar expansions. 

Aggregate 

Change in Expansion, % 
2.5 to 3.5% 

130 °C 
5 hours 

3.5 to 4.5% 
130 °C 
5 hours 

3.5% 
110 to 120 °C 

5 hours 

3.5% 
120 to 130 °C 

5 hours 

3.5% 
130 °C 

5 to 24 hours 
NR2 105 10 20 37 315 
MR1 213 38 11 88 44 
MR2 675 0 22 11 36 
HR1 147 10 11 16 33 
HR2 518 21 60 16 78 

VHR1 50 -3.3 21 -1.7 26 
Average 285 13 24 28 88 

 
4.3.5 Benchmark Aggregates 

 The average mortar bar expansions of the NR1 and HR3 aggregates, which were tested 

more extensively, are given in Tables 4.5 and 4.6 and are illustrated in Figures 4.7a and 4.7b, 

respectively. As in the previous figures, the horizontal dashed lines define the expansion limits 

described by Fournier et al. [20] for the 5-hour autoclave test. The data symbols indicate the 

levels of alkali loading (e.g. 2.5%), and the autoclaving duration, in hours, is provided next to 

each data point (e.g. 5h). Test parameters for these aggregates were selected to push the 

boundaries of their known reactivity classifications. As expansion results were obtained, more or 

less severe test parameters were used in order to locate threshold values for alkali loading, 

autoclaving temperature, and autoclaving duration for these aggregates.  
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Table 4.5 Test parameters, average mortar bar expansions, and coefficients of variation (CVs) for 
aggregate NR1. 

Alkali Loading, Temperature, Duration Average Expansion, % CV, % 
2.5%, 105 °C, 16h 0.016a 0.0a 

3.0%, 105 °C, 16h 0.009b 17.6b 

3.0%, 105 °C, 24h 0.034 5.0 
3.0%, 105 °C, 48h 0.033 4.6 
3.0%, 115 °C, 6h 0.012a 11.8a 

3.0%, 115 °C, 48h 0.049 19.9 
3.0%, 130 °C, 5h 0.029 4.3 
3.0%, 130 °C, 12h 0.057 6.9 
3.0%, 130 °C, 16h 0.105 4.0 
3.0%, 130 °C, 24h 0.179 4.9 
3.0%, 130 °C, 48h 0.325 3.7 
3.5%, 120 °C, 8h 0.037b 5.6b 

3.5%, 130 °C, 8h 0.044b 4.5b 

a Two mortar bars tested. 
b Three mortar bars tested. 

 

Table 4.6 Test parameters, average mortar bar expansions, and coefficients of variation (CVs) for 
aggregate HR3. 

Alkali Loading, Temperature, 
Duration Average Expansion, % CV, % 

0.52%, 105 °C, 24h 0.020 6.2 
0.52%, 105 °C, 48h 0.018 5.4 
0.52%, 115 °C, 48h 0.019 4.3 
0.56%, 130 °C, 24h 0.022 5.7 
0.56%, 130 °C, 48h 0.025 2.0 
1.0%, 130 °C, 24h 0.025 2.0 
1.5%, 130 °C, 24h 0.048 2.9 
2.0%, 115 °C, 24h 0.407 29.4 
2.0%, 130 °C, 5h 0.269 21.3 
2.0%, 130 °C, 24h 0.433 5.7 
3.0%, 105 °C, 5h 0.332 7.6 
3.0%, 105 °C, 16h 0.460a 4.3a 

3.0%, 115 °C, 6h 0.523b 8.0b 

3.0%, 130 °C, 5h 0.531 2.1 
3.5%, 120 °C, 8h 0.555b 1.1b 

3.5%, 130 °C, 5h 0.543* 4.8* 
* Expansion value and CV based on data from two laboratories. 
a Two mortar bars tested. 
b Three mortar bars tested. 
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Figure 4.7 Average mortar bar expansions using different test parameters for (a) NR1 and (b) 
HR3. 

 

 The highest average mortar bar expansion observed for aggregate NR1 (0.325%) 

occurred at 130 °C with 3.0% Na2Oeq conditioned for 48 hours. This was one of only two 

instances in which NR1 reached levels of expansion exceeding the proposed threshold for 
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reactive aggregates in this study; it also appeared to be reactive when tested at 130 °C using 

3.0% Na2Oeq for 24 hours.   

Influence of Alkali Loading 

 Mortar bars with NR1 showed a 44% average reduction in expansion when alkali loading 

was increased from 2.5 to 3.0% at 105 °C for 16 hours. This reduction is not considered to be 

significant because both expansion values are quite small (< 0.02%). 

 Figure 4.8 demonstrates the effect of alkali loading on mortar bar expansion for aggregate 

HR3. An increase in alkali loading from 3.0 to 3.5% at 130 °C for 5 hours had essentially no 

effect on expansion for this aggregate. However, in order to produce expansions for HR3 that fall 

in the reactive ranges, it is clear that some amount of alkali loading is necessary. Expansions 

remained well below 0.010% until alkali loading was increased from 1.5 to 2.0%, resulting in a 

748% increase in expansion. Raising the alkali loading from 2.0 to 3.0% at 130 °C for 5 hours, 

increased the expansion by 97%. The alkali loading affected the expansion of HR3 more than the 

other test parameters. 
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Figure 4.8 Influence of alkali loading on expansion of mortar bars containing HR3. 
 

 Although alkali leaching was not measured in this study, mortar bars with aggregate HR3 

and alkali boosting up to 1.5% may have leached alkalis, resulting in insufficient alkalis in the 

mortar bars to promote ASR. A previous study by the authors showed alkali leaching between 4 

and 11% for autoclaved concrete prisms [26]. 

Influence of Autoclaving Temperature 

 Figure 4.9 shows the influence of autoclaving temperature on mortar bar expansion for 

(a) aggregate NR1 and (b) aggregate HR3. Aggregate NR1 is more sensitive to changes in 

temperature than to other parameter modifications. When the autoclaving duration was 

sequentially decreased from 16 to 6 to 5 hours using 3.0% Na2Oeq at 105, 115, and 130 °C, 

respectively, the mortar bar expansions continued to increase. Expansion increased by 427% 

when the autoclaving temperature was raised from 105 to 130 °C with 3.0% Na2Oeq for 24 hours 

and 885% when the duration was 48 hours for this temperature difference and alkali loading. 
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Even when the temperature was increased from 115 to 130 °C using 3.0% Na2Oeq for 48 hours, 

the increase in expansion was a substantial 563%. 

 The fact that the non-reactive, crystalline quartz sand expands at all in the autoclave is 

likely due to thermal expansion. Mu et al. [31] observed unusual expansion values for mortars 

containing calcite and subjected to similar test parameters to those used in this study. The 

expansion was determined to have been heat induced. Other studies showed that the thermal 

conductivity of siliceous aggregates is higher than that of calcareous aggregates [32, 33]. 

Therefore, it is reasonable to assume that the siliceous aggregates in this study expanded 

minimally in the non-reactive category because of the high temperatures used. However, it is 

possible that, in cases where the expansion approached 0.10%, some ASR had formed. 

Aggregate NR1, for instance, reached 0.105% expansion using 3.0% Na2Oeq at 130 °C for 16 

hours.  

 When the autoclaving temperature was increased from 105 to 115 °C using no added 

alkalis (0.52% Na2Oeq) for 48 hours, only a 6% average expansion increase was observed for 

HR3. Expansion increased by just 10% when the temperature was raised from 105 to 130 °C for 

24 hours with no alkali boosting. At 3.0% Na2Oeq, however, a 60% increase in expansion was 

observed for the same temperature increase using 5 hours of autoclaving. Changes in temperature 

did not have a significant effect on the reactivity of HR3. This change in temperature could, 

however, result in a more severe reactivity classification for this aggregate if following the 

expansion thresholds for reactivity levels set by Fournier et al. [20]. 
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105 °C with 3.0% alkali loading. The impact on expansion due to prolonged durations of 

autoclaving was relatively small until a high autoclaving temperature (130 °C) was used. When 

the autoclaving duration was raised from 16 to 24 hours at 130 °C with 3.0% Na2Oeq, expansion 

increased by 71%. With alkali loading and temperature held constant, a duration increase from 

24 to 48 hours resulted in an 82% increase in expansion. Expansions exceeding 0.15% for NR1 

are likely due to some degree of ASR in the mortar bars, and further work is being undertaken by 

the authors to confirm this petrographically. 

 When no alkalis were added, increasing the autoclaving duration from 24 to 48 hours had 

no effect on expansion of aggregate HR3. Increases in expansion were observed when the 

autoclaving duration was increased using 2.0 and 3.0% alkali loadings, but expansions were 

already high (> 0.25%) even for an autoclaving duration of 5 hours. 
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Table 4.7 Summary of influence of test parameter modifications on NR1 expansion. 
Alkali Loading, Temperature, Duration Change in Expansion, % 

2.0 to 3.0%, 105 °C, 16h -44 
3.0%, 105 to 115 °C, 48h 49 
3.0%, 105 to 130 °C, 24h 427 
3.0%, 105 to 130 °C, 48h 885 
3.0%, 115 to 130 °C, 48h 563 
3.0%, 105 °C, 16 to 24h 278 
3.0%, 105 °C, 24 to 48h -2.9 
3.0%, 115 °C, 6 to 48h 308 
3.0%, 130 °C, 16 to 24h 71 
3.0%, 130 °C, 24 to 48h 82 

 

Table 4.8 Summary of influence of test parameter modifications on HR3 expansion. 
Alkali Loading, Temperature, Duration Change in Expansion, % 

0.56 to 1.0%, 130 °C, 24h 14 
1.0 to 1.5%, 130 °C, 24h 92 
1.5 to 2.0%, 130 °C, 24h 748 
2.0 to 3.0%, 130 °C, 5h 97 
3.0 to 3.5%, 130 °C, 5h 2.3 

0.5%, 105 to 130 °C, 24h 10 
2.0%, 115 to 130 °C, 24h 6.4 
3.0%, 105 to 130 °C, 5h 60 
0.52%, 105 °C, 24 to 48h -10 
0.56%, 130 °C, 24 to 48h 14 
2.0%, 130 °C, 5 to 24h 61 

 
4.3.6 Variability in Test Results 

 A total of 59 autoclaved mortar bar tests were performed in this study. Of those, only 8 

tests resulted in single-operator expansion CVs greater than or equal to 10.0% for a single set of 

mortar bars. The highest CV was 29.4%. The average single-operator CV for all tests was 5.7%. 

Wood et al. [34] reported an average single-operator CV of 5.6% for the autoclaved concrete 

prism test. The average multi-laboratory CV, generated by data from two laboratories for the 

standard 5-hour autoclave test, was 6.8% with the highest value being 10.4%. Other autoclave 

studies in the literature did not provide expansion variability data for mortar bars or concrete 

prisms. 
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4.4 Conclusions 

 Based on the evaluation of modified test parameters used to test aggregate alkali-silica 

reactivity in this study, the following conclusions can be made: 

• An alkali loading of 2.5% produced smaller expansions than expected when autoclaving 

for 5 hours at temperatures up to 130 °C. Based on previous autoclave studies [20, 22], 

2.5% Na2Oeq may not be suitable for rapid testing for ASR, especially if autoclaving 

durations are relatively short. 

• Increasing the Na2Oeq from 3.5 to 4.5% had no significant effect and even reduced 

expansion for some aggregates.  

• Increasing the Na2Oeq from 3.0 to 3.5% also had essentially no effect on aggregate HR3. 

• For the autoclaving temperatures, autoclaving durations, and cement alkalinity employed 

in this study, at least some alkali boosting is required, even for highly reactive aggregates 

such as HR3. 

• Temperatures at or below 110 °C in the autoclave were too low when Na2Oeq was 3.5% 

and autoclaving took place over 5 hours. 

• A 24-hour autoclaving duration at 130 °C with 3.5% Na2Oeq was too severe for 

aggregates known to be non-reactive or moderately reactive and resulted in higher 

reactivity classifications. This duration was also too severe for aggregate NR1 when 

alkali loading was reduced to 3.0%. 

• The following ranges for test parameters are recommended when testing for ASR 

potential of aggregates in 25 x 25 x 285-mm mortar bars: 

o 3.0 ≤ Na2Oeq ≤ 3.5% 

o 120 ≤ Temperature ≤ 130 °C 
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o 5 ≤ Duration ≤ 12 hours 
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5.1 Introduction 

 Since the early 1980s, concrete researchers have developed several autoclave test 

methods to quickly identify potential for alkali-silica reaction (ASR) in concrete aggregates [1-

4]. Results, indicated by the amount of specimen expansion, are achieved within days of mixing 

the mortar or concrete. Most of these methods involve testing fine aggregate fractions in mortar 

bars. In 1996, Nishibayashi et al. [5] reported the development of a test method to involve testing 

coarse aggregates in concrete prisms. The researchers tested only one reactive fine aggregate, a 

non-reactive coarse aggregate, and a non-reactive fine aggregate and looked at the effects of 

various test parameters on specimen expansion, including total alkali content, autoclaving 

pressure, and autoclaving duration.  

 In 2013, Giannini and Folliard [6] modified the test method developed by Nishibayashi et 

al. and applied the test to nine aggregates using a standard non-reactive aggregate as the counter-

part course and fine fractions. The test method, called the autoclaved concrete prism test 

(ACPT), involves casting concrete prisms like those in the ASTM C1293 [7] concrete prism test 

but with a higher alkali boosting of 3.0% by mass of cement. The prisms are autoclaved for 24 

hours, and expansion results are obtained three days after mixing. In the study by Giannini and 

Folliard, the ACPT demonstrated excellent correlation with ASTM C1293, but further evaluation 

of the method was suggested, particularly to confirm ASR as the primary mechanism of 

expansion. Measuring expansion of the specimens is insufficient to confirm ASR as the cause of 

that expansion; this can be further investigated through measurements of alkali leaching from the 

specimens into the autoclave water, expression and analysis of pore solutions, and petrographic 

examination of polished sections of specimens.  
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 Alkali leaching occurs when specimens are stored in a moist environment. The 

accumulation of moisture on the specimen surface draws the alkalis from within the specimen to 

the surface. If the specimens are stored over a reservoir of water, as they are in ASTM C1293 

and the ACPT, then the alkalis are collected there as moisture droplets fall from the surfaces of 

the specimens. This phenomenon was first documented by Blanks and Meissner [8] in the ASTM 

C227 [9] test method in 1946. It has since been observed by other researchers in ASTM C1293 

[10, 11] and to a more severe extent in the 60 °C accelerated version of ASTM C1293 [12, 13]. 

Significant alkali leaching results in reduced or halted expansions of the test specimens, leading 

to some slower reacting aggregates being classified as non-reactive, which is called a false 

negative test result. 

 Chemical analysis of pore solution expressed from laboratory test specimens has been 

used to track the progression of ASR over time [10, 11, 14]. As ASR develops, the alkalinity of 

the pore solution, taken as [Na++K+], decreases [15]. Although some of the alkalis are consumed 

by the reaction product, Rivard et al. [10, 11] showed that the decrease in pore solution alkalinity 

could also be attributed to alkali leaching. They demonstrated a balance between [Na++K+] and 

[OH-] in the pore solutions of concrete specimens in ASTM C1293. This balance exists in 

normal, unboosted concrete as well. However, Diamond and Ong [16] observed an imbalance 

between [Na++K+] and [OH-] in pore solutions of mortars made with a non-reactive sand and 

added alkali hydroxides. The cause of this imbalance was attributed to unusually high 

concentrations of sulfate anions (SO4
2-) in the pore solutions as a result of the added alkali 

hydroxides. Studies in which concretes were cured at high temperatures (up to 80 to 90 °C) and 

exhibited high expansions due to delayed ettringite formation (DEF), reported similar [SO4
2-] 

around 250 mmol/L [17-20]. For this reason, it is important to perform final expansion 
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measurements immediately after autoclaving and cooling, before DEF could potentially occur 

and alter measured expansions. 

 Petrographic examination is essential in determining whether or not the expansion 

mechanism is ASR, particularly when expansions might be caused by DEF or other expansive 

mechanisms. Though the two often occur together in the field [21-24], DEF and ASR exhibit 

different petrographic characteristics. St. John [25] provided an extensive overview of 

petrography of these and other mechanisms of concrete damage. He stated that, to definitively 

identify ASR as the cause for expansion in concrete, three petrographic features must exist – (1) 

cracking, (2) ASR gel, and (3) signs of reaction in aggregate particles. The ASR gel may be 

amorphous or crystalline, depending upon the age of the gel and the environment of the 

structure. DEF, on the other hand, is recognized in part by the presence of needle-shaped 

ettringite crystals (generalized as AFt), typically oriented perpendicular to the walls of a crack. 

Additionally, the use of SEM/EDX can be used to confirm the composition of the reaction 

product. ASR gel consists mainly of Si, Ca, Na, and K [26], while AFt phases found in cracks 

and gaps around aggregates in DEF-damaged concrete consist of Ca, S, Al, and Fe but should be 

very poor in Si. 

 The objectives of this study were to evaluate the ACPT in its effectiveness to characterize 

aggregate reactivity of 22 aggregates, trace the migration of alkalis in the test method, and 

determine the mechanism of specimen expansion. Expansion results from the ACPT were 

compared to those from ASTM C1293 and the ASTM C1260 [27] accelerated mortar bar test 

when those data were available. Autoclave water and pore solution samples were analyzed to 

measure the concentrations of alkalis, namely Na+ and K+, and quantify alkali leaching. Pore 

solution samples were further analyzed to measure sulfate concentrations to explain imbalances 
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between [Na++K+] vs [OH-]. Petrographic examinations using scanning electron microscopy with 

SEM/EDX were performed to investigate the reaction product in select hardened concrete 

samples. 

5.2 Materials and Methods 

5.2.1 Materials 

 Table 5.1 provides information on aggregates used in this study, including aggregate rock 

types and mineralogies and expansion results from ASTM C1260 and ASTM C1293 when 

available. Reactivity classifications are based primarily on field performance and ASTM C1778 

[28] guidelines for interpreting ASTM C1293 data; classifications are indicated by the first 

letters of the aggregate abbreviations. Coarse aggregates are denoted by a “-C” designation, and 

fine aggregates are denoted by an “-F” designation. ASTM C1260 and ASTM C1293 data 

provided in the table were based on aggregates from the same quarry as that which were tested in 

the ACPT but not necessarily the same sample. 
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Table 5.1 Aggregate abbreviations, rock type/mineralogy, ASTM C1260 expansions, and ASTM 
C1293 expansions. 

Aggregate 
Abbreviation1 Rock Type / Mineralogy 

Expansion, % 
ASTM 
C1260 

ASTM 
C1293 

NR1-C Dolostone / dolomite - - 

NR2-C, NR2-F Dolostone / dolomite, calcite, quartz 0.046 - 

NR3-F Strained quartz, quartzite 0.087 - 

NR4-C, NR4-F Granite, rhyolite, quartzite 0.25 0.011 

NR5-C, NR5-F Granite and rhyolite 0.62 0.033 

NR6-C, NR6-F Dolostone / dolomite 0.08 0.036 

MR1-C Granite 0.06 0.047 

MR2-C, MR2-F Rhyolite, granite, quartzite 0.55 0.114 

MR3-C Muscovite, anorthite, quartz, orthoclase, biotite - - 

HR1-C 
Green schist, quartzite, and granite mixture / quartz, 

clinochlore, albite low, muscovite, anorthite, 
fluorriebeckite 

0.31 0.144 

HR2-C Greywacke 0.44 0.162 

HR3-C 
Quartzite and granite mixture / albite, quartz, 

muscovite, orthoclase, calcite, cristobalite, 
actinolite 

0.90 0.168 

HR4-C Metavolcanic stone 0.40 0.171 

HR5-C, HR5-F Granite and quartzite 0.27 0.172 

HR6-C Dense limestone / calcite, dolomite, quartz 0.39 0.201 

VHR-F 

Complex alluvial gravel with granite/rhyolite, 
basalt, welded tuff, chert, amber / microcline, 
quartz, calcite, albite, muscovite, cristobalite, 

hematite 

0.828 0.509 

1 ASTM C1778 reactivity classifications based on ASTM C1293 expansions. 
NR – expansion < 0.04% 
MR – 0.04 ≤ expansion < 0.12% 
HR – 0.12 ≤ expansion < 0.24% 
VHR – 0.24% ≤ expansion 
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 Four Type I/II portland cements with equivalent alkali contents (Na2Oeq) ranging from 

0.46% to 0.99% were used in this research to determine the effect, if any, of alkalis provided by 

the cement compared to alkalis provided by sodium hydroxide (NaOH) on prism expansion, pore 

solution chemistry, and alkali leaching. Not all aggregates were used in mixtures with each 

cement. Chemical analyses of the cements are provided in Table 5.2. 

 

Table 5.2 Cement oxide analyses. 
Oxide Shorthand 

Notation 
% by Weight 

Cement A Cement B Cement C Cement D 
SiO2 20.1 20.2 20.09 19.8 
Al2O3 4.07 4.7 4.68 5.3 
Fe2O3 3.18 2.9 3.34 2.4 
CaO 63.74 62.8 62.10 63.1 
MgO 2.53 2.4 1.42 2.9 
SO3 3.17 3.0 3.70 3.8 

Loss on Ignition 2.40 2.5 2.76 0.8 
Na2Oeq 0.46 0.56 0.71 0.99 

 

 The specimen size (75 x 75 x 285 mm) and aggregate gradation in this study were in 

accordance with ASTM C1293. Stainless steel gauge studs were embedded in the tops and 

bottoms of the prisms for length change measurements as described in ASTM C490 [29]. The 

Na2Oeq of each mixture was boosted to 3.0% of the cement mass by adding NaOH to the mixing 

water, and the w/cm was 0.42 for all mixtures. A cement content of 420 kg/m3 and bulk volume 

fraction of coarse aggregate equal to 0.70 were used. Fine aggregate proportions were calculated 

using the absolute-volume method [30]. Three 100 x 200-mm concrete cylinders were also cast 

from each mixture for 28-day compressive strength testing in accordance with ASTM C39 [31] 

to assure the quality of the mixtures. 
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5.2.2 Methods 

ACPT  

  After the concrete prisms were cast, they remained draped in plastic at 23 °C in the 

laboratory for 24 hours. Then they were demolded and moist-cured for an additional 24 hours 

before initial measurements were taken. The prisms were autoclaved at 133 °C (0.20 MPa gauge 

pressure) for 24 hours at peak temperature using a saturated steam autoclave. Inside the 

autoclave, prisms stood upright above a reservoir of deionized water used to create a steam 

environment. Once the autoclave cooled to 90 °C, the prisms were removed and placed in a hot 

water bath where cool water overflowed the bath over a period of 45 minutes to 1 hour until 

prisms reached ambient temperature. The prisms were measured again using a length change 

comparator, and expansions were calculated. The coefficients of variation were also calculated 

for each set of three prisms and for the total number of prisms tested for each single aggregate to 

evaluate the within-laboratory variability of the ACPT. 

Alkali Leaching 

 At the time the prisms were removed from the autoclave, a sample of the autoclave water 

was taken, sealed, and immediately refrigerated at 4 °C until chemical analysis could be 

performed. Inductively coupled plasma optical emission spectrometry (ICP-OES) was used to 

determine the ionic concentrations of sodium (Na+), potassium (K+), calcium (Ca2+), and silicon 

(Si4+). The Na2Oeq of the autoclave water was compared to the initial Na2Oeq of the concrete 

mixture to determine the amount of leached alkalis, following Rivard et al. [10, 11]. 

Pore Solution Expression and Analysis 
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 One concrete prism from each batch was wrapped in plastic cling wrap and stored at -18 

°C until pore solution could be expressed and analyzed. Bérubé and Tremblay [32] demonstrated 

that freezing prisms for two weeks prior to pore solution expression had no significant effect on 

pore solution alkalinity, taken as [K++Na+], and was a viable means of storage to prevent further 

progress of ASR in specimens. Pore solutions were expressed using pressures of approximately 

700 MPa in a high-pressure die similar to those used by Longuet et al. [33] and Barneyback and 

Diamond [34]. About 6 mL of solution was obtained from each concrete prism.  

 Vials of pore solution were immediately sealed and refrigerated to prevent carbonation, 

leaching, and dilution prior to analysis, which was performed within 12 hours of expression. 

ICP-OES was used to determine the concentrations of Na+, K+, Ca2+, and Si4+ in the samples. 

ICP-OES samples were tested two times typically using dilution factors of 100 and 1000 to find 

meaningful values for all ion concentrations; for instance, if the concentration of an ion was 

significantly less than 1 when using a dilution factor of 1000, reducing the dilution factor to 100 

brought the value much closer than 1, which is a more reliable reading. Select pore solution 

samples were also subjected to ion chromatography (IC) to determine sulfate (SO4
2-) 

concentrations. IC samples were tested twice, and the average value of the two readings was 

taken. Samples used for IC were frozen until analysis was performed. 

 Eleven pore solution samples were titrated against 0.05 M HCl to the phenolphthalein 

end point. Samples were diluted either 50:1 or 100:1 with deionized water, and titrations were 

performed three times per sample.  

Petrography 

 Petrographic examinations using SEM/EDX were performed on select hardened concrete 

samples after autoclaving to identify any existing ASR product. 27-mm diameter samples taken 
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from ACPT specimens after completion of the test were mounted in epoxy, ground and polished, 

and carbon-coated prior to being examined. Water was avoided throughout the grinding and 

polishing process to help prevent removal of reaction product; a 50/50 mixture, by volume, of 

ethylene glycol and ethyl alcohol was used as the grinding and polishing lubricant. The 

SEM/EDX measurements used a 15-keV accelerating voltage and spot size of 5.0 nm. Point 

measurements were taken to determine the chemical compositions of areas of interest. 

5.3 Results and Discussion 

5.3.1 Expansion Results and Variability 

 Table 5.3 presents average concrete prism expansions and coefficients of variation (CVs) 

for all aggregates tested in this study. Averages are based on all expansions from all mixtures 

involving each aggregate, and each aggregate was tested in three separate mixtures using 

different cements unless indicated otherwise in the table. Likewise, CVs are based on the 

measured expansions of all prisms from all mixtures tested for each aggregate. As an example, 

aggregate NR1-C was tested three times using three different cements, totaling nine concrete 

prisms involving that aggregate. The average expansion and CV values were calculated using 

expansion data from all nine prisms. 
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Table 5.3 Average expansions and coefficients of variation (CVs) for all sets of conrete prisms 
involving each aggregate. 

Aggregate 
ACPT 

Expansion, 
% 

CV, % Aggregate 
ACPT 

Expansion, 
% 

CV, % 

NR1-C 0.054 8.7 MR2-C 0.125b 6.9 
NR2-C 0.104 22.2 MR2-F 0.366a 2.6 
NR2-F 0.125 24.5 MR3-C 0.142 6.2 
NR3-F 0.245 18.6 HR1-C 0.136c 6.3 
NR4-C 0.065a 1.9 HR2-C 0.147 8.0 
NR4-F 0.277a 2.3 HR3-C 0.157b 8.6 
NR5-C 0.109a 2.3 HR4-C 0.147 14.0 
NR5-F 0.362a 1.6 HR5-C 0.084a 19.6 
NR6-C 0.070 12.5 HR5-F 0.412c 20.6 
NR6-F 0.078 9.2 HR6-C 0.129c 5.4 
MR1-C 0.102 5.0 VHR-F 0.511 5.9 

a One mixture tested. 
b Two mixtures tested. 
c Four mixtures tested. 

 

Variability of the Test Method 

 A total of 55 sets of prisms were tested in the ACPT. The average CV for the individual 

sets involving three concrete prisms was 4.7%. Giannini and Folliard [6] reported a range of 

single-operator CVs from 1.6 to 8.6% for sets of three concrete prisms. For the 16 sets that were 

repeated using different cements, the average CV among all prisms containing those aggregates 

was 11.4%. The highest CVs for repeat sets were for NR2-C (22.2%), NR2-F (24.5%), NR3-F 

(18.6%), and HR5-F (20.6%).  Expansions for prisms with NR2-C were varied. Two sets of 

NR2-F produced average expansions that were within 0.004% expansion of each other with the 

third set being an outlier. The same situation was observed for sets with NR3-F; two sets 

produced average expansions within 0.003% of each other with the third set as the outlier. Both 

NR2 and NR3 were expected to be non-reactive in the ACPT based on their ASTM C1260 
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expansions, but they exhibited high expansions in the ACPT. Sets of prisms involving HR5-F 

produced average expansions between 0.375 and 0.473%, so the high CV among all the prisms 

did not affect the observed reactivity of the aggregate. The sources of variability among multiple 

sets of prisms containing the same aggregate are uncertain but probably relate to small 

differences in methodologies of different operators. 

 Grattan-Bellew [35] issued a critical review of ultra-accelerated tests for ASR, providing 

suggested criteria for acceptance of a new test method. Among those criteria were guidelines for 

reproducibility. He proposed that a CV for repeat tests by the same operator be less than 10%. 

The ACPT came quite close to meeting this limit even with repeat tests conducted by multiple 

operators.  

Prism Expansion by Cement Alkalinity 

 Figure 5.1 shows the average prism expansion versus the total cement alkalinity of each 

concrete mixture for which repeat tests were performed using different cements. HR5-F is the 

only aggregate that was used in a mixture with Cement C among repeat tests. 
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Figure 5.1 ACPT expansion as a result of cement alkalinity. 
 

 Cement alkalinity had no definitive effect on concrete prism expansion, which was not 

unexpected because of the high amount of NaOH used to boost the Na2Oeq of each mixture to 

3.0%. For 10 of these 17 mixtures (59%), there was a slight increase in average prism expansion 

when the cement alkalinity was raised from 0.46 to 0.56%; the average increase in expansion for 

this shift in cement alkalinity was 16%. As the cement alkalinity was increased from 0.56 to 

0.99%, the effect on prism expansion was variable, presenting no distinct pattern; for 9 of the 

aggregates, a 21% average decrease in expansion was observed, and the remaining 5 aggregates 

demonstrated an 8% average increase in expansion. In both cases of the cement alkalinity being 

increased, the aggregates that exhibited the most significant changes in expansion were generally 

the non-reactive aggregates. Aggregate HR5-F appeared to be most affected by the change from 

low-alkali cement (0.46 and 0.56%) to high-alkali cement (0.71 and 0.99%). For this increase in 
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cement alkalinity, prism expansion decreased by about 32%. This change was not observed for 

any other aggregate, and with only one test using aggregate HR5-F for each cement alkalinity, it 

is impossible to conclude whether or not the effect is authentic or due to an unknown factor. 

 ASTM C1293 requires the use of a cement with an alkali content between 0.80 and 1.0% 

to achieve comparable results among those conducting the test. However, cements with alkali 

contents between 0.46 and 0.99% were used in this research without significantly influencing 

test results. Therefore, a prescriptive limit on cement alkalinity does not appear to be a 

requirement of the ACPT.  

Correlation with ASTM C1293 

 Expansion results from ASTM C1293 were available for 12 of the aggregates used in this 

study. Figure 5.2 shows the comparison of ACPT expansions to ASTM C1293 expansions for 

those aggregates. Multiple data points exist for some aggregates in the ACPT because they were 

tested in multiple mixtures using different cements. The horizontal dashed line shows the 

proposed 0.08% expansion limit of the ACPT, and the vertical dashed lines denote the expansion 

limits of ASTM C1293 based on guidance provided by ASTM C1778. Error bars indicate the 

range of ACPT expansions measured in each test. ASTM C1293 expansions for aggregates NR4, 

NR5, MR2, and HR5-F are based on a modified version in which both the coarse and fine 

fractions of these aggregates were tested together. 
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Figure 5.2 ACPT expansions compared to ASTM C1293 expansions. 
 

 For five aggregates, each of the coarse and fine fractions were tested. In every case 

except NR6, the fine fractions resulted in significantly higher expansion in the ACPT than the 

coarse fractions. The correlation between the two test methods was better for coarse aggregates 

(93%) than for fine aggregates (69%). Of the 40 total tests shown in Figure 5.2, 85% were in 

agreement between the ACPT and ASTM C1293 when classifying an aggregate as either non-

reactive or reactive to some degree. 

 Six ACPT tests produced expansions not in agreement with ASTM C1293. While the 

coarse fraction of NR4 appeared to be non-reactive in both test methods, the fine fraction 

expanded significantly in the ACPT. Aggregate NR5 has resulted in mixed reactivity 

classifications among different test methods, demonstrating very high reactivity in ASTM 

C1260, no reactivity in an unboosted field exposure block, moderate reactivity in a boosted 
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exposure block, and no reactivity for three of four specimens in a modified ASTM C1293 [36]. 

In the ACPT, NR5 produced an average expansion marginally above the proposed 0.08% limit 

for the coarse fraction and an average expansion 353% higher than the proposed 0.08% limit for 

the fine fraction. One test involving NR6-C and two tests involving NR6-F generated average 

expansions at or slightly above 0.08% in the ACPT. This expansion limit for the ACPT, 

however, is only proposed and may not always discriminate between reactive and non-reactive 

aggregates. It could easily be argued that, because NR6 has been used successfully as a non-

reactive aggregate in other ASR studies [37-39] and because the fine fraction did not 

significantly expand in the ACPT as the other fine fractions did, the 0.08% may be too low, 

particularly when classifying fine aggregates. 

 In the expansion results of the ACPT, there is less distinction among aggregates of 

different levels of reactivity than what is seen in the results of ASTM C1293. In the ACPT, the 

average expansion of a known highly reactive aggregate, HR5-C, was within the same range of, 

and even less than, the average expansions of non-reactive and moderately reactive aggregates, 

NR6-C and MR1-C, respectively. Coarse aggregates did not produce very high expansions in the 

ACPT; the lowest and highest values were 0.054% and 0.157%, respectively. The small range of 

expansion exhibited by coarse aggregates coupled with the high expansions generated by the fine 

aggregates suggest that test parameters should be adjusted depending on the aggregate fraction of 

interest. For example, it may be possible to produce a larger range of expansion when testing 

coarse aggregates by increasing the autoclaving duration. The opposite may be achieved when 

testing fine aggregates if the duration were reduced. Even if fine aggregate expansions are 

decreased by a test parameter alteration, it is likely that the expansions will never be 0% for non-

reactive aggregates and that some inherent bias does exist. 
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Correlation with ASTM C1260 Results 

 Figure 5.3 shows the correlation between the ACPT and ASTM C1260 for eight fine 

aggregates. Aggregates showing more than one data point indicate multiple mixtures using 

different cements in the ACPT. The horizontal dashed line shows the proposed 0.08% expansion 

limit of the ACPT, and the vertical dashed lines denote the expansion limits of ASTM C1260 as 

suggested in ASTM C1778. 

 

Figure 5.3 ACPT expansions compared to ASTM C1260 expansions.  
 

 The ACPT and ASTM C1260 were in agreement for 12 out of the 19 fine aggregate tests 

shown (63%). The two test methods demonstrated agreement for two aggregates known to be 

reactive (HR5-F and VHR-F) and one aggregate known to be non-reactive (NR6-F). Aggregate 

NR4 has been documented as non-reactive in field exposure blocks and a modified ASTM 

C1293 [36], but it produced high expansions in both the ACPT and ASTM C1260. MR2 has 
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demonstrated variable reactivity, depending upon the test method used [36], but it produced high 

expansions in both the ACPT and ASTM C1260. The three remaining aggregates (NR2-F, NR3-

F, and NR5-F) produced expansions > 0.10% in the ACPT but low expansions in ASTM C1260. 

NR2 has been used in other ASR studies as a non-reactive aggregate and has not been implicated 

in any cases of ASR-affected structures, and aggregate from the same shipment used in these 

ACPT tests exhibited non-reactive expansions in three ASTM C1260 tests conducted by the 

authors. The mineralogy of NR3-F lends itself to potential for ASR, but no other data aside from 

ASTM C1260 results were available for this aggregate. As previously mentioned, the actual 

reactivity of aggregate NR5 is inconclusive, and expansions have varied among different test 

methods.  

 Because ASTM C1260 has been documented as producing both false positive and false 

negative test results [40, 41], it alone should not be used as a benchmark test when determining 

the efficacy of other test methods. A number of results and comparisons discussed here are 

uncertain, and aggregate performance in field exposure blocks and in actual structures should 

supersede any conclusions that might be drawn from this discussion. 

Alkali Leaching 

 Figures 5.4 and 5.5 show the concentrations of K+ and Na+, and Si4+, Ca2+, and Al3+, 

respectively, in the autoclave water samples measured by ICP-OES. Average concrete prism 

expansion from each set of prisms is also plotted in the figures. Letters at the end of mixture 

labels indicate the cement used (A through D). 
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Figure 5.4 Autoclave water concentrations of Na+ and K+ and average ACPT prism expansions. 
 

 

Figure 5.5 Autoclave water concentrations of Si4+, Ca2+ and Al3+ and average ACPT prism 
expansions. 
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 The alkali leached in the highest concentration was always Na+, which was not surprising 

because NaOH was the added alkali hydroxide used for boosting Na2Oeq of the mixtures. An 

atypically high [Si4+] was measured in the autoclave water when HR3-C-B was autoclaved. A 

misreading by the ICP-OES of Si4+ was suspected to be the cause and is discussed in more detail 

later. No other conclusions can be drawn from the ion concentrations themselves. 

 The concentrations of K+ and Na+ in autoclave water samples, determined by ICP-OES, 

are given in Table 5.4 along with the calculated leached alkalis per concrete prism in each 

mixture. The percent of leached alkalis was determined by first calculating the Na2Oeq of the 

autoclave water based on the measured concentrations of K+ and Na+. The Na2Oeq of the 

autoclave water was multiplied by the amount of deionized water initially added to the autoclave 

(7 L), and that product was divided by the number of concrete prisms inside the autoclave at one 

time (3 prisms). This provided the amount of alkalis leached per prism in mg. That value was 

divided by the initial alkali loading of each concrete prism, which was 0.021 kg, resulting in the 

percent of alkalis leached from each prism into the autoclave water. 
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Table 5.4 Autoclave water concentrations of K+ and Na+ from ICP-OES analysis and calculated 
leached alkalis per concrete prism. 

Mixture Autoclave Water Concentration, mg/L Leached Alkalis, 
% K+ Na+ Na2Oeq 

NR1-C-A 75.3 308.5 476.0 5.3 
NR3-F-A 76.5 305.9 473.4 5.3 
NR2-F-D 206.8 403.3 707.7 7.9 
NR6-C-B 72.3 280.5 435.7 4.9 
HR1-C-B 68.2 262.7 408.4 4.6 
HR3-C-B 65.0 299.7 455.9 5.1 
HR6-C-B 73.7 259.7 408.8 4.6 
MR3-C-A 146.0 636.4 974.4 10.9 
MR3-C-B 136.7 518.1 807.3 9.0 
MR3-C-D 165.7 328.9 574.9 6.4 
VHR-F-D 107.1 238.1 405.9 4.5 

  

 Alkali leaching in these samples ranged from 4 to 11% per concrete prism. Rivard et al. 

[10, 11] reported alkali leaching between 12 and 25% for prisms in ASTM C1293. Two of the 

mixtures in their study also included aggregate HR6-C. Because alkali leaching occurs over time, 

the shorter duration of conditioning in the ACPT is likely the reason for less alkali leaching than 

what has been observed in ASTM C1293. Regardless, it appears that the large majority of the 

alkalis remained in the specimens of the ACPT and were available for ASR. 

Pore Solution Analysis 

 Figure 5.6 shows the concentrations of Na+ and K+ in the pore solutions, and Figure 5.7 

presents the concentrations of Ca2+ and Si4+. The dashed line in each figure shows the average 

prism expansion for each mixture. 
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Figure 5.6 Pore solution concentrations of Na+ and K+ and average ACPT prism expansions. 
 

 

Figure 5.7 Pore solution concentrations of Si4+ and Ca2+ and average ACPT prism expansions. 
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 As expected, [Na+] was considerably higher than [K+] in these samples because NaOH 

was used as the added alkali hydroxide. Pore solution concentrations of Na+ and K+ in this study 

ranged from 688 to 1237 mmol/L and 61 to 259 mmol/L, respectively. The pore solution 

alkalinity, taken as [Na++K+], was higher in this study than what has been documented in the 

literature for concrete in ASTM C1293 [10, 11, 32]. Although K+ concentrations in this study 

were typical of what was observed in other works, Na+ concentrations were much higher than 

what has been documented in other studies. The literature, however, did not include alkali 

loadings above 1.25% using NaOH. 

 The mixture exhibiting the most expansion in the ACPT, VHR-F-D, also provided the 

lowest value of [Na++K+] compared to pore solutions from the other mixtures. Because this 

aggregate is well-known to be highly reactive, it is probable that the alkalis were incorporated 

into the reaction product. Subsequent petrographic examination of a concrete sample from VHR-

F-D supported this theory and is discussed in the next section. 

 Pore solution from mixture HR3-C-B demonstrated relatively high [Si4+] compared to the 

other samples. Though not as significant, there was also a spike in [Si4+] for the HR1-C-B pore 

solution. Both the HR3-C-B and HR1-C-B samples were expressed and analyzed by ICP-OES on 

the same day as each other. Contamination during expression is unlikely because other ion 

concentrations seemed reasonable. It is more probable that the ICP-OES instrument was not 

entirely accurate in measuring [Si4+] at the time. Repeat tests would be required to verify whether 

this measurement was accurate, and these were not possible given the small amount of pore 

solution available and the limited supply of both aggregates. 

 Table 5.5 provides the pore solution [Na++K+] measured by ICP-OES, [SO4
2-] measured 

by IC, and titration results for average [OH-] and pH values. The charge balance of the pore 
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solution after considering [SO4
2-] can be determined by comparing [Na++K+] to [OH-+2SO4

2-], 

which accounts for the 2- charge of the sulfate ions. Initially, only ICP-OES was used to measure 

cations, so most samples lack information regarding [SO4
2-], but the observed imbalance between 

[Na++K+] and [OH-] prompted an investigation into [SO4
2-] using IC on three more recent 

samples. Each sample was titrated at least three times to measure [OH-] except where noted. 

 

Table 5.5 Pore solution alkalinity, [Na++K+], measured by ICP-OES, [SO4
2-] from IC, and 

average [OH-] and pH values via titration. 
Mixture [Na++K+] [OH-] [SO4

2-] [OH-+2SO4
2-] Average pH 

NR1-C-A 1345 468 - - 13.67 
NR3-F-A 1191 423 - - 13.63 
NR2-F-D 1208 423 - - 13.63 
NR6-C-B 1014 427 - - 13.63 
HR1-C-B 1056 420a 289 998 13.62a 

HR3-C-B 851 360a 258 876 13.56a 

HR6-C-B 1404 460a 687 1834 13.66a 

MR3-C-A 1162 405b - - 13.61b 

MR3-C-B 1338 430 - - 13.63 
MR3-C-D 1392 470 - - 13.67 
VHR-F-D 802 387 - - 13.59 

a Titrated once. 
b Titrated twice. 

 

 After accounting for the [SO4
2-] in the pore solution samples, the imbalance between 

[Na++K+] and [OH-] was largely resolved for samples of HR1-C-B and HR3-C-B pore solutions. 

However, the [Na++K+] in the HR6-C-B sample was 23% less than [OH-+SO4
2-]. For that 

sample, [Ca2+] was abnormally higher than for other samples. However, including [Ca2+] in the 

calculations did not improve the 23% difference in concentrations. The reason for this inequity 

remains unclear. 
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Petrographic Examination of Reaction Product 

 SEM/EDX analysis was performed on two samples taken from a VHR-F-D prism 

(average expansion = 0.548%) and two samples taken from a MR3-C-A prism (average 

expansion = 0.150%). Low-magnification SEM images showing ASR cracking and gel in and 

around reactive fine aggregate particles in VHR-F-D are illustrated in Figure 5.8. Figure 5.9 

shows higher-magnification images of the boxed areas in Figure 5.8c and 5.8d along with the 

EDX spectra of the gels in those samples. 
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 From the SEM/EDX analysis of hardened concrete samples of prisms with high 

expansions containing known highly reactive aggregates, it is clear that ASR is the primary 

cause of the expansion. No significant deposits of ettringite were identified in these samples. In 

Figure 5.10b, ASR gel is shown filling a crack between a carbonate aggregate particle and the 

cement matrix. This crack had propagated a relatively long distance through the sample and 

likely found a path of little resistance in the interfacial transition zone of this aggregate. ASR gel 

can mobilize in concrete [25], and it appears to be what happened in this instance – the ASR 

migrated and filled the existing crack around the carbonate aggregate. 

 As with any SEM analysis, attention should be paid to the interaction volume between 

the electron beam and the sample. The interaction volume is the volume of the sample below the 

surface that becomes excited by the electron beam and can send signals back to the detector, 

meaning that composition below the surface is being reported in the signal. Factors such as 

incident beam energy and the atomic density of the material influence the size and shape of the 

interaction volume [42]. In concrete samples, which contain multiple constituents of varying 

compositions, EDX spectra provide information on material near the electron beam and not only 

on the spot of interest. Wong and Buenfeld [43] investigated the shape and size of the interaction 

volume in cement-based materials and found the maximum penetration depth of the electron 

beam to be between 0.75 and 5.0 µm for acceleration voltages between 10 and 20 keV. They 

determined the sampling depth of characteristic X-rays to be a large portion of the interaction 

volume.  Therefore, it is estimated that the EDX detector received additional signal data from 

material between 0.75 and 5.0 µm below and around the spots of interest in these samples. 

Because the cracks containing reaction product were as little as 2.5 microns in width, this likely 

contributed to the measured counts for Mg, Fe, Al, Ca, and Si. 
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5.4 Conclusions 

 This study evaluated the efficacy of the autoclaved concrete prism test (ACPT), 

determined the amount of alkali leaching, compared pore solution concentrations of cations and 

anions, and examined existing reaction product in the hardened concrete. Concrete prism 

expansions were compared to expansions in ASTM C1293 and ASTM C1260. Additionally, the 

within-laboratory variability of the test method was calculated. Based on the results of this study, 

the following conclusions can be made: 

• ACPT expansions were, on average, more than twice as large for fine aggregate fractions 

than for coarse aggregate fractions of the same aggregate. The test method may be too 

severe for siliceous fine aggregates using the current test parameters (alkali loading, 

temperature, and duration). More known non-reactive aggregates should be tested to 

make final conclusions on the severity of the test method, and an adjustment of the test 

parameters may be required. 

• The ACPT shows promise in its repeatability. The average CV for the individual sets 

involving three concrete prisms was low (4.7%) even though multiple operators 

conducted tests. Among repeat tests with the same aggregate, the multi-operator CV was 

only 11.4%. 

• Cement alkalinity had essentially no influence on prism expansion. This was not 

unexpected considering the amount of alkali boosting in the test method is quite high 

(3.0% Na2Oeq). Therefore, unlike ASTM C1293, it does not seem necessary to specify a 

limited range of cement alkalinity in the ACPT.  

• There was a better correlation between ACPT expansions and ASTM C1293 expansions 

for coarse aggregates (93%) than for fine aggregates (69%). Overall agreement between 
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the two methods was 85% when determining if an aggregate was non-reactive or reactive 

to some degree.  

• The agreement between the ACPT and ASTM C1260 was lower (63%) than the 

agreement with ASTM C1293. Because of the notorious unreliability of ASTM C1260 

results, the test method should not be the only gauge of efficacy for another test method. 

• Alkali leaching in the ACPT (4 to 11%) was substantially lower than reported alkali 

leaching in ASTM C1293 (12 to 25%). This is likely due to the comparably shorter 

duration of conditioning in the ACPT. 

• Analysis of pore solution samples using ICP-OES showed an imbalance between 

[Na++K+] and [OH-]; measuring [SO4
2-] using IC largely resolved the charge imbalance 

for two of three samples. However, in a third sample, [OH-+2SO4
2-] outnumbered 

[Na++K+] by 23% even when [Ca2+] was taken into account. The true source of the 

charge imbalance in the third sample remains uncertain. 

• Petrographic examination using SEM-EDX of samples from two concrete prisms 

containing highly reactive aggregates confirmed the presence of a reaction product rich in 

alkalis, calcium, and silica, supporting the idea that the primary mechanism of expansion 

and damage was ASR. Reaction products (likely ASR gels) were observed in and around 

reactive siliceous aggregate particles, as was cracking of the aggregates and cement paste 

matrix. 
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 To determine repeatability of the ACPT, The University of Alabama (UA) and the University 

of Wyoming independently tested four aggregates from Wyoming paired with a known non-

reactive counterpart. Results indicate a better inter-laboratory correlation with coarse aggregates 

than with fine aggregates, with UA consistently obtaining higher expansions for fine aggregates 

tested. 

 

Keywords: alkali-silica reaction, autoclave, expansion, interlaboratory study, test repeatability 

 

6.1 Introduction 

 The concrete prism test (CPT) specified in ASTM C1293 [1] and CSA A23.2-14A [2] is a 

widely-accepted test method for determining the potential for alkali-silica reaction (ASR) in 

aggregates due to its strong correlation with field behavior. However, the CPT requires one year 

to obtain results with normal concrete and two years when testing the effectiveness of mitigation 

measures, restricting the use of the test in actual construction applications.  

 In an effort to reduce testing duration, Ranc and Debray [3] introduced the accelerated CPT 

in which prisms are stored at 60 °C for a shorter duration rather than the standard 38 °C for one 

year. More recently, it has been observed that expansion rates in the accelerated test can be reduced 

significantly compared to those observed in the standard test due to specimen drying and alkali 

leaching [4]. Such reductions in expansion may result in incorrect evaluations of aggregate 

reactivity. The accelerated test has yet to replace the standard CPT. 

 A number of autoclave test methods were developed to address the testing duration issue, 

most notably those by Tamura [5], Nishibayashi et al. [6], and Fournier et al. [7]. Some of those 

methods demonstrated promise, but none have come into wider use or been standardized.  
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Additionally, though not a new concept, the use of autoclaving to quickly determine aggregate 

alkali-silica reactivity has mostly been limited to testing fine aggregates in mortar specimens rather 

than using concrete or job mixtures. This is also one of the limitations of the ASTM C1260 [8] 

(AMBT) because some coarse aggregates perform differently when crushed into fine aggregate.  

 The autoclaved concrete prism test (ACPT) was developed at The University of Texas at 

Austin in hopes of expediting ASR testing in concrete specimens while providing results that relate 

to field behavior and CPT results [9].  

 The purpose of this study is to evaluate the repeatability of the ACPT. To do so, The 

University of Alabama (UA) and the University of Wyoming (UW) tested four coarse and fine 

aggregates from Wyoming against the same known non-reactive counterpart and compared 

expansions.  

6.2 Materials and Methods 

6.2.1 General 

 Aggregates used in this project were sourced from various locations in Wyoming and 

demonstrated a range of reactivities based on results acquired from the Chinese accelerated mortar 

bar test (CAMBT), ASTM C1260, and ASTM C1293 testing [10]. Crushed limestone from San 

Antonio, Texas served as the control non-reactive aggregate – both coarse and fine. Chemical 

analysis of the ASTM C150 Type I/II cement from Wyoming is provided in Table 6.1. The 

equivalent alkali content (Na2Oeq) was 0.71% by mass of cement. 
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Table 6.1 Chemical analysis of cement. 
Oxide Oxide Notation Weight % 

Silicon Dioxide SiO2 20.09 
Aluminum Oxide Al2O3 4.68 

Iron Oxide Fe2O3 3.34 
Calcium Oxide CaO 62.10 

Magnesium Oxide MgO 1.42 
Sodium Oxide Na2O 0.14 

Potassium Oxide K2O 0.87 
Total Alkali Equivalent Na2Oeq 0.71 

Loss on Ignition  2.76 
 

6.2.2 Materials and methodology 

 Aggregate abbreviations, source locations, mineralogies, and reactivity classifications are 

listed in Table 6.2. Two of the aggregates tested, GP and KR, were classified as highly reactive, 

one aggregate, HP, as non-reactive, and another aggregate, BR, as moderately reactive based on 

results of CAMBT, AMBT, and CPT testing. 

 

Table 6.2 Descriptions and classifications of aggregates. Reactivities are based on results from 
the CAMBT, AMBT, and CPT. 

Abbreviation Source 
Location Mineralogy Reactivity 

KR Cheyenne, 
WY Granite, rhyolite Reactive 

GP Greybull, 
WY 

Granite, rhyolite, 
quartzite Reactive 

HP Cody, WY Granite, rhyolite, 
quartzite Nonreactive 

BR Powell, WY Granite, rhyolite Moderately 
Reactive 

 

 The specimen size (75 x 75 x 285 mm) and coarse aggregate gradations in this study matched 

those specified in ASTM C1293. The fine aggregates were graded in accordance with ASTM 
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C1260. The w/cm between the two laboratories differed with UA using a w/cm of 0.42 and UW 

using a w/cm of 0.45. Additionally, a polycarboxylate superplasticizer was employed by UW to 

improve workability of the fresh concrete. The Na2Oeq of all mixtures was boosted to 3.0% by 

mass of cement using sodium hydroxide (NaOH). Mixture proportions were obtained following 

the absolute-volume method [11], using a cement content of 420 kg/m3 and bulk volume of coarse 

aggregate equal to 0.70. 

 Mixing procedures varied between the two laboratories. For comparison, the two procedures, 

are described in Table 6.3 along with the procedures for aggregate preparation and curing. After 

mixing, slump was measured in accordance with ASTM C143 [12], and three 100 x 200-mm 

cylinders for compressive strength testing were cast from each mixture for quality assurance. Each 

mixture created four prisms for expansion testing. 
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Table 6.3 Difference in procedures followed by the two laboratories. 
The University of Alabama (UA) University of Wyoming (UW) 

Aggregate Preparation 
1. Grade aggregates in accordance with 

ASTM C1293 for coarse and ASTM 
C1260 for fine. 

2. Wash aggregates on sieves and allow to 
air dry. 

3. Mix aggregate sizes together in concrete 
mixer and sample to determine moisture 
content.  

1. Grade aggregates in accordance with 
ASTM C1293 for coarse and ASTM 
C1260 for fine. 

2. Mix aggregate sizes together and sample 
to determine moisture content. 

Mixing Procedure 
1.  Add all aggregate and half of the mixing 

water (with NaOH added). 
2.  Mix for 1 minute. 
3.  Stop mixer and add all of the cement. 
4.  Mix for 30 seconds. 
5.  Add the remaining water over a 30-

second period while mixer is running. 
6.  Mix for 2 minutes. 
7.  Stop and cover mixer.  
8.  Rest for 3 minutes. 
9.  Mix for 2 minutes. 

1. Add some of the coarse aggregate and 
some of the water. 

2. Begin mixing. 
3. Add the remaining coarse and fine 

aggregates and water. 
4. Mix for 3 minutes. 
5. Stop and cover mixer.  
6. Rest for 2 minutes. 
7. Mix for 2 minutes. 

Curing 
1. After casting, allow prisms and cylinders 

to remain in the laboratory under a sheet 
of plastic for 24 hours. 

2. Demold prisms and cylinders and move to 
moist curing room for 24 hours for prisms 
and 27 days for cylinders. 

1. After casting, moist cure prisms and 
cylinders in molds for 24 hours under a 
sheet of plastic. 

2. Demold prisms and cylinders, wrap 
prisms in saturated felt, and return 
specimens to the curing room for 24 hours 
for prisms and 27 days for cylinders. 

 

 Curing methods also diverged slightly between the two laboratories. After mixing, UA 

allowed the prisms and cylinders to remain in molds for 24 hours in the laboratory before they 

were demolded and moist cured until testing – 24 hours for the prisms and 27 days for the 

cylinders. Alternatively, UW immediately began moist curing prisms and cylinders in molds for 

24 hours before demolding, wrapping prisms in moist felt, and moist curing for an additional 24 

hours. 
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 After curing, concrete prisms were measured using a length change comparator before being 

conditioned in a commercially available autoclave for 24 hours at 133 °C (0.20 MPa gage 

pressure). Figure 6.1 shows concrete prisms inside the autoclave. Prisms were placed upright 

inside the chamber in a wire basket so that they were not resting on the embedded metal studs. The 

wire basket sat upon a steel plate which was suspended above a water reservoir used to create a 

steam environment. Deionized water was used rather than tap water to enable measurement of 

leached alkalis during the test. A schematic of the autoclave chamber interior is provided in Figure 

6.2. 

 

 

Figure 6.1 Concrete prisms standing upright inside the autoclave. 
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Figure 6.2 Schematic of the autoclave interior with concrete prisms inside. 
 

 Concrete prisms were removed from the autoclave once the unit reached 90 °C and were 

subsequently cooled upright in a tap water bath over a period of approximately 1 hour until prism 

temperatures reached 23 °C. 

 Prisms were once again measured using the length change comparator at 23 °C, and 

expansions were calculated. The proposed expansion limit for the ACPT is 0.08%; any aggregates 

with expansions at or above that value are considered potentially reactive. Results from the two 

laboratories were compared to results from the AMBT and to each other.  

 Compressive strength testing was performed on the concrete cylinders from each mixture in 

accordance with ASTM C39 [13] at 28 days and results were compared between the two 

laboratories.  

6.3 Results 

 Expansion results from each laboratory were first compared to expansions observed in the 

AMBT. Figure 6.3 shows results from the UA laboratory versus AMBT, and Figure 6.4 shows the 

same comparison with results from the UW laboratory. All four of the fine aggregates emerged as 
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reactive in both laboratories. Although UW provided CPT expansions for the tested aggregates, 

they had performed a non-standard version of the test, combining coarse and fine fractions of a 

potentially reactive aggregate rather than pairing the potentially reactive coarse aggregate with a 

non-reactive fine aggregate and vice-versa. Therefore, results from the ACPT and CPT cannot be 

effectively compared. 

 

 

Figure 6.3 ACPT expansions vs. AMBT expansions for fine aggregates tested at UA. The dashed 
lines indicate recommended values for classifying aggregates as potentially reactive or reactive 

in the AMBT and a proposed threshold for classifying aggregates as reactive in the ACPT. 
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Figure 6.4 ACPT expansions vs. AMBT expansions for fine aggregates tested at UW. The 
dashed lines indicate recommended values for classifying aggregates as potentially reactive or 

reactive in the AMBT and a proposed threshold for classifying aggregates as reactive in the 
ACPT. 

 

 Figure 6.5 compares autoclaved prism expansions obtained by the two laboratories. The non-

reactive coarse aggregate, HP, would be classified as non-reactive based on the ACPT results at 

both laboratories; however, the fine fraction of this aggregate far exceeds the 0.08% proposed 

expansion limit at both laboratories. Expansion results were more similar between the two 

laboratories for test coarse aggregates than they were for test fine aggregates. Table 6.4, showing 

the intra- and inter-laboratory coefficients of variation (CVs), better illustrates these comparisons. 

Inter-laboratory CVs of coarse aggregate expansions ranged from 11 to 22%. The CVs of fine 

aggregate expansions demonstrated a much greater range from 12 to 42% with KR exhibiting the 

highest and most outlying value. 
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Figure 6.5 Comparison of autoclaved prism expansions between UA and UW. The diagonal line 
indicates what would be a perfect correlation of expansions between the two laboratories. 
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Table 6.4 Average prism expansions with intra- and inter-laboratory coefficients of variation. 

Test Aggregate Test Site 

Average 
Prism 

Expansion, 
% 

Intra-Lab CV, 
% 

Inter-Lab CV, 
% 

KR Coarse 
UA 0.084 24.03 

19.77 UW 0.060** 9.43 
UW 0.068 2.50 

KR Fine UA 0.336 4.49 42.15 UW 0.154 5.29 

GP Coarse 
UA 0.127 4.76 

19.44 UA 0.124 10.92 
UW 0.087 4.17 

GP Fine UA 0.366 3.23 13.89 UW 0.280 2.50 

HP Coarse UA 0.065 2.36 11.34 UW 0.051* - 

HP Fine UA 0.277 2.82 20.26 UW 0.192 4.64 

BR Coarse UA 0.109 2.79 22.13 UW 0.073 4.92 

BR Fine UA 0.362 1.96 14.95 UW 0.270 3.75 
** Two prisms tested. 
* One prism tested. 

 

 Table 6.5 shows the average compressive strengths measured at 28 days for each mixture, 

along with intra-laboratory CVs. Strengths were generally 50% higher for specimens cast at UA. 

The mixture with the least difference in compressive strength between the two laboratories was 

GP fine, with the UA specimen strengths 17% higher than the UW specimens; this was also the 

lowest-strength mixture tested at UA. 
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Table 6.5 Concrete cylinder compressive strengths at 28 days from both laboratories with intra-
laboratory coefficients of variation. 

Test Aggregate 

UA UW 
Avg. 

Strength, 
MPa 

CV, % 
Avg. 

Strength, 
MPa 

CV, % 

KR Coarse 
36.7 2.6 16.4* - 
31.9 5.6 14.9* - 

KR Fine 
38.1 1.2 15.5** 9.1 
36.8 1.6 - - 

GP Coarse 
33.9 1.7 18.5* - 
35.0 1.4 - - 

GP Fine 26.7 2.7 22.2 2.3 
HP Coarse - - - - 

HP Fine 
37.5 1.1 16.2** 1.0 

- - 17.3 3.7 
BR Coarse 34.6 2.0 19.0 2.1 
BR Fine 35.4 1.4 12.9** 9.9 

** Two cylinders tested. 
* One cylinder tested. 

 

6.4 Discussion 

 Though expansion limits for the ACPT and AMBT are different and expansion values 

themselves cannot be directly compared, the ACPT was able to classify fine aggregate reactivities 

that agree with the AMBT; this was the case with results from both laboratories. Additionally, 

Figures 6.3 and 6.4 show similar plotted groupings for KR and HP as well as GP and BR for both 

laboratories. This indicates that better repeatability of the ACPT may be possible with more 

agreement between the laboratories concerning aggregate preparation, mixing procedure, and 

curing method. It was unexpected that the non-reactive aggregate, HP, appeared to be reactive as 

a fine aggregate in the ACPT. Results from the ACPT should be compared to results from the 
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standard CPT, particularly in the case of the HP fine aggregate, to gain a better sense of the 

reliability of the ACPT at the temperature, duration, and alkali loading currently used in the test. 

 Of greater concern was the fact that tests run at UA consistently resulted in greater 

expansions than tests run at UW. One possible explanation for UA observing higher expansion 

values than UW, particularly when testing the fine aggregates, relates to the non-reactive coarse 

aggregate used in the study. Both laboratories observed excessive dust on the coarse aggregate, 

but UA washed the aggregate prior to mixing while UW did not. UW was only able to achieve 

sufficient workability by using a higher w/cm and a superplasticizer. Previous research has shown 

that the use of a polycarboxylate superplasticizer does not affect concrete expansions due to ASR 

[14], and its use by UW is not considered a contributor to the observed disparity in expansion 

results.  

 The reason for the substantially lower 28-day compressive strengths obtained by UW is 

also undetermined. Initially, it was thought that the reason could be attributed to the dusty non-

reactive coarse aggregate or honeycombing of the concrete mixture. It remains unclear why UA 

consistently achieved much higher strengths for coarse aggregate mixtures using a coarse 

aggregate from the same source. Furthermore, although the w/cm used by UW was higher, the 

difference in w/cm used by the two laboratories was not great enough to account for the large 

differences between compressive strengths. 

6.5 Conclusions 

From the work performed in this study, the following conclusions can be made: 

• Reactivity classifications of the four fine aggregates tested in the ACPT generally agree with 

those obtained in the AMBT.  
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• The correlation between coarse aggregate expansions was much stronger than the correlation 

between fine aggregate expansions between the two laboratories. A possible reason for this 

disparity is excessive dust on the non-reactive coarse aggregate, as one laboratory washed the 

aggregate before mixing and one did not. 

• Compressive strengths measured at UA were generally 50% higher than compressive strengths 

measured at UW. The reason for this is unclear and is likely not due to the dust on the non-

reactive coarse aggregate or the relatively small difference in w/cm. 

• It may be possible to achieve lower inter-laboratory CVs and similar compressive strengths if 

all processes, including aggregate preparation, mixing procedure, and curing method, were the 

same between laboratories, especially considering the overall good intra-laboratory CVs 

obtained at both test sites. 

 Other methods for evaluating the efficacy of the ACPT are currently underway at UA, 

including autoclave water and pore solution analysis and petrographic analysis of the concrete 

prisms. Future studies should include an inter-laboratory comparison of expansions using a larger 

number of samples and aggregates with more diverse mineralogies and reactivies. It is also 

suggested that certain variables of the test, such as temperature, duration, and alkali loading, be re-

examined and adjusted, perhaps based on mineralogies of the aggregates in question. UA intends 

to recreate some of the approximately 50 mixtures already tested using a different non-reactive 

counterpart to determine its influence, if any, on expansion outcomes. 
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(69%). Results from the 5-hour autoclaved mortar bar test agreed with ASTM C1260 

reactivity classifications 85% of the time for the 20 aggregates tested. The ACPT, 

however, showed an agreement of only 63% with ASTM C1260 reactivity classifications 

for the 19 fine aggregates tested. Because ASTM C1260 sometimes produces unreliable 

expansion results and is restricted to testing fine aggregate fractions, its use as a 

benchmark of efficacy should be limited and applied with caution. Aggregate behavior in 

actual structures, outdoor exposure specimens, and ASTM C1293 is more significant. 

• Within-laboratory variability of the autoclave tests was low, but multi-laboratory 

variability varied. Despite multiple-operator involvement, the repeatability of the 

autoclave tests studied in this research is promising. The within-laboratory variability was 

5.9% for the 5-hour autoclaved mortar bar test. In the ACPT, the within-laboratory 

variability was 4.7% among prisms of the same set and 11.4% among repeat tests using 

the same aggregate. The multi-laboratory variability of the 5-hour autoclaved mortar bar 

test (20.0%) was close to the multi-laboratory variability reported for ASTM C1293 

(23%) but slightly higher than what was reported for ASTM C1260 (15.4%). The reasons 

for variability among laboratories in this test method remain uncertain. The multi-

laboratory variability of the ACPT was quite high (20.5%) considering the fact that only 

8 aggregates were tested between the two laboratories. This was greatly attributed to a 

difference in aggregate preparation and to a lesser degree, slight differences in test 

procedure. It is believed that a better multi-laboratory repeatability can be achieved 

through better communication among researchers. 

• For testing fine aggregates in mortar bars similar to those in ASTM C1260, the following 

ranges of test parameters are recommended: 
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o 3.0 ≤ Na2Oeq ≤ 3.5% 

o 120 ≤ Temperature ≤ 130 °C 

o 5 ≤ Duration ≤ 12 hours 

The solubility and dissolution rate of silica are directly related to temperature and pore 

solution pH, both of which are elevated in autoclave tests to produce rapid expansions. 

Ottawa sand began to expand significantly in mortar bars when autoclaving durations 

extended beyond 12 hours at 130 °C using 3.0% alkali loadings. Without alkali boosting 

above 1.5% Na2Oeq, however, even a highly reactive sand, HR3 in Chapter 4, produced 

very little expansion under autoclaving conditions. The recommended ranges for test 

parameters produced expansions in mortar bars containing reactive aggregates while 

preventing atypically high expansions in mortar bars containing non-reactive aggregates. 

• Alkali leaching from autoclaved mortar bars (6 to 9%) and concrete prisms (4 to 11%) 

was low compared to alkali leaching observed in ASTM C1293 (12 to 25%) and the 

accelerated concrete prism test. This is thought to be a result of the comparatively shorter 

durations of the autoclave tests because alkali leaching usually occurs over time. 

• Pore solution samples taken from concrete prisms in the ACPT showed high [SO4
2-], 

causing an imbalance between [Na++K+] and [OH-]. The risk associated with [SO4
2-] as 

high as what was found in this study is the development of DEF, provided that curing 

temperatures reach above 65 to 70 °C. DEF can also cause expansion in concrete and can 

be mistakenly diagnosed as ASR. However, it is unlikely that DEF developed in these 

autoclaved specimens during the tests because (1) concrete prisms and mortar bars are 

allowed to cure at 23 °C for 48 hours before autoclaving and (2) length change 

measurements are taken on the prisms immediately after cooling and, theoretically, 
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before DEF can develop. All of the aforementioned factors help mitigate the risk of 

expansion from DEF in the autoclave test methods investigated in this research. 

• Petrographic examinations of two concrete specimens containing reactive aggregates 

showed that ASR was a likely mechanism of expansion in the ACPT. No obvious signs 

of DEF were observed in the specimens. Samples showed cracking in and around reactive 

aggregate particles, and the presence of ASR gel in cracks and in the cement matrix was 

confirmed using SEM/EDX. However, the reason for the minimal expansion of non-

reactive specimens in the autoclave is still uncertain. 

• Mineralogy of an aggregate does not always correlate to its expansive behavior in 

autoclave tests. Some aggregates consisting mostly of dolomite and calcite expanded 

significantly for unknown reasons; it is possible that those aggregates contain alkali-silica 

reactive constituents or that the expansions were thermally induced. The lack of a direct 

relationship between aggregate mineralogy and ASR potential is precisely why test 

methods must be used rather than aggregate petrography alone. 

7.3 Suggested Applications 

 Based on the research discussed in this dissertation, the following applications of 

autoclave test methods are suggested: 

• Addition to existing protocol in RILEM [18] for determining the risk of ASR. Autoclave 

tests should be considered as additional tools for rapid screening of aggregates alongside 

ASTM C1260, which is currently listed as an acceptable test method for this purpose. 

Autoclave test methods would serve as alternative test methods to ASTM C1260. This 

addition would involve a combination of the ACPT to test coarse aggregate fractions and 

the 5-hour autoclaved mortar bar test to test fine aggregate fractions. Bérubé et al. [54] 
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already demonstrated that the 5-hour autoclave test outperformed the NBRI test method 

in a study involving 106 aggregates, and the test method has shown success in the 

research of this dissertation. Additionally, the ACPT produced high agreement with 

ASTM C1293 for coarse aggregates of varying mineralogies and offers what ASTM 

C1260 does not – the ability to test coarse aggregates without the need for crushing, 

which can alter the reactivity of an aggregate. 

• Rapid evaluation of ASR potential for aggregates to be used in short-life, low-risk 

structures. Integration into the prescriptive approach of ASTM C1778 [84] is suggested. 

AASHTO PP65 [85] follows the same prescriptive approach described in the standard. 

Table 1 of the standard provides reactivity classifications based on expansions in ASTM 

C1293 and ASTM C1260 and is shown in Table 7.1 here. This table would be expanded 

to include the reactivity classifications for coarse aggregates in the ACPT and fine 

aggregates in the 5-hour autoclave test (Laval/CANMET method) as provided in Table 

7.2. Expansion limits for the ACPT and the additional very highly reactive category of 

the 5-hour autoclave test are based on data from this research; other expansion limits for 

the 5-hour autoclave test were previously suggested by Fournier et al. [24]. 

 

Table 7.1 Reactivity classifications from [84] Table 1. 
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Table 7.2 Proposed addendum to [84] Table 1 to include autoclave test methods. 

Aggregate 
Reactivity Class 

Description of 
Aggregate Reactivity 

ACPT Expansion for 
Coarse Aggregates, % 

Laval/CANMET 
Expansion for Fine 

Aggregates, % 
R0 Non-reactive < 0.09 < 0.15 
R1 Moderately Reactive ≥ 0.09, < 0.12 ≥ 0.15, < 0.25 
R2 Highly Reactive ≥ 0.12, < 0.15 ≥ 0.25, < 0.40 
R3 Very Highly Reactive ≥ 0.15 ≥ 0.40 

 

Once the aggregate reactivity class is determined, the size and exposure conditions of the 

structure are used to determine the level of ASR risk in Table 2 of the standard; the table 

is provided here as Table 7.3. 

 

Table 7.3 Level of ASR risk based on size and exposure conditions and aggregate reactivity in  
[84] Table 2. 

 

 

Classes of structures are provided in Table 3 of the standard and are shown here in Table 

7.4. At this time, it is suggested that autoclave test methods only be used in the 

prescriptive approach for structure classes SC1 and SC2, which include short-life 

structures (< 40 years) for which a moderate risk of ASR is acceptable.  
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Table 7.4 Classifications of structures in [84] Table 3. 

 

 

By combining the ASR risk level found in Table 2 and the structure class from Table 3 of 

the standard, a level of prevention is determined using Table 4. ASTM C1778 goes on to 

provide limits for cement alkali content to mitigate ASR based on the information 

collected from the aforementioned tables. More investigation into autoclave testing (e.g. 
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determining the cause of expansion of non-reactive carbonate aggregates) is needed 

before the tests should be used to evaluate aggregates for more critical structures like 

those of structure class SC3. It is not recommended that autoclave test methods ever be 

used for aggregates to be included in class SC4 structures; ASTM C1293 is a more 

suitable test method for this purpose and, in combination with aggregate field history, 

should be considered more reliable for long-life, high-risk structures. 

7.4 Recommendations for Future Work 

• An inter-laboratory study should be performed as outlined in ASTM C802 [83] for the 5-

hour autoclaved mortar bar test to better determine its repeatability and reproducibility. 

The multi-laboratory study described in Chapter 3 did not meet all the requirements of 

the standard for an inter-laboratory study, and it did not contain single-operator 

variability. Aggregates should be limited to those for which data exist from at least two 

sources among field history, exposure site history, and ASTM C1293 results. 

Additionally, non-reactive siliceous and carbonate aggregates should make up a larger 

proportion of the aggregates tested. An inter-laboratory study of the ACPT should be 

considered once test parameters are finalized. 

• More tests involving known non-reactive aggregates are needed to better assess the 

ability of the ACPT to properly categorize them. The ACPT easily identified known 

reactive and highly reactive aggregates, but some known non-reactive aggregates in the 

test produced unexpectedly high expansions. Petrography should be used to identify the 

presence of any alkali-silica reactive constituents or characteristics indicative of thermal 

expansion in non-reactive aggregates. 
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• The test parameters of the ACPT should be adjusted and evaluated to better distinguish 

between levels of aggregate reactivities. For the coarse aggregates tested, the ACPT was 

able to distinguish between non-reactive and reactive aggregates, but it was more difficult 

to separate the reactive aggregates into moderately or highly reactive categories. 

Additionally, high expansions were produced from all non-reactive fine aggregates in the 

ACPT with the exception of one non-reactive carbonate aggregate. The test may use 

different parameters depending on the aggregate fraction being tested. A longer 

autoclaving duration may be necessary to further separate moderately reactive and highly 

reactive coarse aggregates. Based on the study involving autoclave parameter 

modifications for mortar bars, a lower temperature when testing fine aggregate fractions 

may reduce expansions of non-reactive aggregates. In the parameter modifications study, 

temperatures of 115 and 120 °C still produced high expansions for known reactive 

aggregates but reduced atypically high expansions of some non-reactive aggregates, 

including Ottawa sand. 

• The number of samples for petrographic examination should be increased to provide 

more representative information regarding the mechanism of expansion. Petrographic 

samples from only two reactive ACPT specimens were examined in this research. No 

petrography was performed on mortar bar samples. 

• Chemo-mechanical characterization of ASR gels in autoclaved samples should be 

considered for future study and may be useful for generating numerical models to predict 

ASR damage in concrete [86]. The compositions, textures, and mechanical properties 

(e.g. modulus of elasticity and hardness) of the gels could be compared to those of gels 
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produced in field structures and by other test methods such as exposure blocks and 

ASTM C1293. 

• ASR mitigation measures should be explored in autoclave testing. Only one study has 

investigated the effectiveness of SCMs in mitigating ASR in autoclaved mortar bars 

using just two reactive aggregates [87]. When testing mitigation in ASTM C1293, a two-

year duration is required. In field exposure blocks, monitoring continues for decades. 

While both of these methods are undeniably useful, a more rapid method of evaluation 

would be a valuable preliminary step. 
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