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Abstract 

The objective of this study was to develop methods to sample and test 
residual alkali-silica reaction-induced expansion capacity of in-situ 
concrete using cores tested in accelerated environments. The effect of 
alkali-silica reaction on the mechanical properties of concrete was also 
investigated in order to more accurately predict the remaining service life 
of existing concrete structures. Residual expansion measurements were 
taken up to 12 months on cores drilled from large concrete blocks produced 
with two different reactive aggregates and stored in various exposure 
conditions at different temperatures. The three exposure conditions were 
sealed, stored in NaOH solution, and stored over water. The four 
temperatures were 23, 38, 60, and 80⁰C. Compressive strength, splitting 
tensile strength, and modulus of elasticity were measured for cylinders 
immersed in NaOH at 80°C up to 56 days to generate correlations between 
ASR damage and mechanical properties. For unboosted cores, the 80°C 
modified conditioning regime appeared to be the most effective in 
producing significant residual expansion in a short period of time. Late-age 
conditioning had essentially no impact on the expansion of cores at one 
year. Modulus of elasticity was influenced most and was more accurately 
captured by delaying conditioning. 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

1.1 Background 

The U.S. Army Corps of Engineers (USACE) has aging navigation 
infrastructure, and limited funding has been allocated for maintenance 
and repair of these structures. In order to accurately budget for repair 
and/or replacement in the future, an estimate of the expected useful life of 
these structures is needed. Currently, minimal guidance is available for 
determining the estimated useful lifespan of structures, which often leads 
to inaccurate estimates based solely on expert elicitation. 

Some literature exists on service life modeling of reinforced concrete 
structures subjected to corrosion. However, the impacts of other issues 
that often negatively affect the performance of concrete structures, such as 
alkali-silica reaction (ASR), freeze/thaw cycling, and carbonation, on the 
expected useful service life are not well understood. Thus, historical data 
as well as new data obtained by procuring and analyzing field samples of 
structures affected by AAR, freeze/thaw cycling, and/or carbonation were 
compiled and used to create a framework for how to approach these 
problems. The residual expansion potential is a valuable tool to assess the 
further development of ASR in a structure. 

1.2 Objective 

The objective of this research was to determine if modified laboratory test 
methods developed to measure residual expansions caused by ASR to 
assess in-situ concrete condition and expansion capacity in existing 
infrastructure in addition to the mechanical property tests could be used 
to determine the degree of structural damage of the affected concrete 
members. 

This would be part of a future comprehensive service life modeling tool 
that can provide an accurate estimate for the expected useful service life of 
a structure based on various inputs, e.g., climate data, region, chemical 
environment, mineralogy of materials, etc., taking into account ASR and 
freeze/thaw induced damage in aging navigation structures. For existing 
structures, these models are informed by field forensic investigations and 
laboratory testing. 
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The project directly benefits USACE by providing a reliable, accurate tool 
to predict the useful service life of aging concrete structures. This will in 
turn provide better data for budgeting decisions and reduce the amount of 
unpredicted infrastructure repair and/or replacement needs. In addition, 
the procedures used for service life modeling of existing infrastructure can 
be applied for new construction. 

1.3 Approach 

A detailed literature review was performed to determine the project scope, 
and input was obtained from various experts to help define the desired 
mechanisms and capabilities of the service life model to be developed. 
Expert elicitation was obtained from academia as well as collaborators at 
the U.S. Bureau of Reclamation, USACE Inland Navigation Design Center, 
and USACE Risk Management Center. In addition, current approaches to 
service life modeling for various types of concrete deterioration were 
documented. Some of these, such as corrosion of steel in concrete, can be 
directly leveraged for development of USACE-specific guidance. 

Field samples were obtained from concrete structures of various ages and 
localities showing various levels of distress due to AAR, freeze/thaw 
cycling, and/or carbonation. This required multiple site visits to inspect 
deteriorated structures and collect samples. 

Simple, accurate, rapid test methods were identified and developed to 
analyze the samples obtained from the field and generate the data needed 
for service life modeling. Alkali-silica reaction testing required a 
fundamental understanding of damage mechanisms in the field through 
understanding of mineralogy and exposure conditions. Accelerated test 
methods typically used for aggregate evaluation prior to construction were 
modified to predict future deterioration in concrete extracted from 
existing structures, and the results of these tests were calibrated against 
structures that have historical monitoring data available. Similar 
approaches were used to study other forms of deterioration. This extensive 
task leveraged previous research and developed standard test methods 
that can be implemented in a USACE-specific framework for forensic 
evaluation of existing structures and design of new structures. 

The data from analysis of the field samples were compiled and used to 
develop a service life model for concrete structures that accounts for ASR, 
freeze/thaw cycling, and carbonation. Simple modeling approaches that 
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utilize simplified structural geometries, e.g., 1D deterioration processes, 
were developed initially. These methods can be used for conservative 
estimation of future deterioration. Potential for more complex applications 
of these models using two-dimensional (2-D) and three-dimensional (3-D) 
multiphysics finite element formulations, e.g., use of COMSOL, Abaqus, 
etc., or other analysis techniques were also conceptualized. This work was 
the study of a follow-on work unit focused on implementation of these 
deterioration models into multiphysics structural modeling tools. 

Case studies were performed to test the accuracy of the model; structures 
were analyzed according to the procedure described here, and results of 
the model were compared to historical data. These included samples 
produced using known materials that have comparable lock term field 
performance data such as historically significant aggregates, e.g., Jobe, Las 
Placitas, Spratt, and Sudbury, that also have corresponding field exposure 
blocks that have been monitored for decades. Structures that have had 
long-term monitoring, e.g., Chickamauga L&D and Mactaquac Dam, in 
place were also used as test beds to calibrate deterioration models based 
on field performance. 

A framework was developed describing how to approach the estimation of 
useful life for a concrete structure, and this framework will be used to 
produce guidelines in the form of technical reports and/or engineering 
technical letters. These publications focus on initial field forensic 
investigations and supporting laboratory techniques, identification of 
modes of deterioration, recommendations for tests to perform, and 
procedures for fitting to computations and closed-form-solution models 
for deterioration. 
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2 Literature Review 

2.1 Residual expansion 

Very little is known about the service life expectancy of concrete structures 
affected by alkali-aggregate reaction (AAR). In-situ monitoring of concrete 
structures exhibiting AAR damage is the best way to assess current 
expansion, but it is costly and may take several years to obtain data. 
Periodic measurements of residual expansions under laboratory 
conditions can assess the future behavior of ASR-affected structures in a 
more cost efficient and timely manner, but there are many differing 
research opinions on relevant test methods. 

The most common laboratory tests for expansion-based measurements of 
potential AAR are found in ASTM C1293 Concrete Prism Test (CPT) and 
ASTM C1260 Accelerated Mortar Bar Test (AMBT). The Microbar Test 
(MBT) is a non-standardized test that follows a similar protocol to the 
AMBT except bars of different lengths, cross-sectional areas, aggregate 
gradations, and mixture proportions. Of the literature reviewed, the MBT 
appeared to be the least favorable test method due to moderate to no 
correlation between the MBT and CPT (Lu et al. 2008; Leemann and Merz 
2013). Other non-standardized test methods developed include measuring 
residual expansion in cores extracted from either existing concrete 
structures damaged by AAR (Merz and Leemann 2013) or from realistic 
laboratory concrete specimens designed to replicate potential field AAR 
conditions (Multon et al. 2008). The expansion of the cores is measured 
using a length comparator by embedding extensometer studs on the face 
of each core. 

A fundamental concept in the AAR risk assessment is the influence of the 
environmental conditions on the extracted cores. Variations in the testing 
parameters can include temperature, humidity, storage conditions, e.g., 
water or NaOH, sample conditioning, aggregate gradation, size of testing 
specimen, location of where core is extracted in a structure, amongst 
others. Common laboratory testing temperatures are 20 ⁰C, 38 ⁰C, 60 ⁰C, 
and 80 ⁰C. A consensus amongst researchers is the AAR reactions are 
accelerated by the relative humidity and temperature. In efforts to 
correlate the rate of residual expansion of laboratory tests to field 
concrete, Berube et al. (2002) suggested the use of a coefficient “Potential 
Rate of Expansion” (PRE) for application to various conditions. The 
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coefficients take the following parameters into consideration: residual 
expansion in the laboratory (EXP), absolute degree of reactivity of 
aggregate (ABR), water-soluble alkali content (ALK), humidity effect 
(HUM), temperature effect (TEM), and the effect of reinforcement and 
other restraints (STR). The coefficient PRE is a qualitative indicator to 
approximate the potential rate of expansion caused by ASR to concrete 
structures in service. However, this method does not take in consideration 
other important information like the prediction of how much time the 
expansion will continue, the rates of expansion and deformation, the age of 
the structure, and modeling results. 

Further research is needed to understand the relationship of the variations 
in testing parameters obtained with AAR-induced damage expansion 
accelerated tests. A hybrid of the methods described by Multon et al. 
(2008) and Merz and Leemann (2013) is the basis for the test matrix 
presented to assess the potential for ASR residual expansion in cores 
extracted from slabs of concrete materials exposed to various storage 
conditions and temperatures and the extent of damage on their 
mechanical properties. 

2.2 Reduction in mechanical properties 

Over time, ASR reduces the mechanical properties of affected concretes. 
This outcome has been demonstrated in a number of laboratory 
experiments involving accelerated conditions using relatively high 
temperatures and alkaline soak solutions to simulate the most severely 
exposed conditions in structures. 

Giaccio et al. (2008) investigated the effect of ASR on mechanical 
properties for concretes made in accordance with ASTM C1293. 
Compressive strength and modulus of elasticity were measured on 100- x 
200-mm and 150- x 300-mm cylinders and compared with companion 
prism expansions. Modulus of elasticity was more sensitive to ASR 
damage, exhibiting a more significant reduction than compressive 
strength for cylinders of both sizes. In fact, reactive specimens 
demonstrated an average 21 percent increase in compressive strength but 
an average 25 percent reduction in modulus of elasticity over time. Multon 
et al. (2005) reported a similar pattern for concrete specimens with the 
same alkali loading and similar laboratory conditioning. 
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3 Materials and Mixture Proportions 

3.1 Materials 

An ASTM C150 Type I/II portland cement with an equivalent alkali 
content (Na2Oeq) of 0.54 percent was used in all mixtures. The chemical 
composition of the cement is provided in Table 1. The manufacturer’s mill 
certification is provided in Appendix A. 

Table 1. Chemical composition 
of portland cement used in 

testing. 

Compound Wt. % 

SiO2 19.7 

Al2O3 4.4 

Fe2O3 3.2 

CaO 64.5 

MgO 2.3 

SO3 3.5 

Loss on ignition 2.5 

Na2Oeq 0.54 

Two known reactive coarse aggregates (CA) and one known non-reactive 
fine aggregate (FA) were used in this study. One reactive coarse aggregate 
CA1 used to produce concrete M1 was a metapelite green schist, and the 
other reactive coarse aggregate CA2 used to produce concrete M2 was an 
intermediate to felsic. Both contain alkali-silica reactive constituents. X-
ray diffraction analysis results for both CA1 and CA2 are provided in 
Appendix B. 

3.2 Mixture proportions 

All mixtures are denoted as M1 or M2, depending on which reactive coarse 
aggregate was used. M1 mixtures used the limestone aggregate, and M2 
mixtures used the granite aggregate. Because of variations in mixture 
proportions and alkali loadings, mixtures are further denoted based on the 
experimental program in which they were used. 
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Aggregate gradations and mixture proportions for mortar bars and 
concrete prisms used in the standardized test methods followed guidance 
provided by ASTM C1260 and ASTM C1293. To create mortar bars for 
ASTM C1260, the reactive coarse aggregates were crushed into fine 
aggregate sizes. Mixtures used in the standardized test methods are 
denoted as M1S and M2S. 

Four concrete mixtures were developed for measuring residual expansion 
and mechanical properties of ASR-affected concrete. Two mixtures were 
used to cast large blocks from which drilled cores were taken to measure 
residual expansion. The other two mixtures were used to cast cylinders to 
measure mechanical properties. Aggregate gradations and mixture 
proportions for all mixtures generally followed ASTM C1293 guidance. The 
coarse aggregates were graded as shown in Table 2 with a fine-to-coarse 
aggregate ratio of 40:60. 

Table 2. Aggregate grading requirements in accordance with ASTM C1293. 

Sieve Size Mass Fraction 

Passing Retained Coarse Intermediate 

¾- in ½-in 1/3 - 

½-in 3/8-in 1/3 ½ 

3/8-in #4 1/3 ½ 

The block and cylinder mixture proportions were the same except that the 
cylinder mixtures incorporated sodium hydroxide (NaOH) in the mixing 
water to boost the Na2Oeq to 1.25 percent. The unboosted block mixtures 
used for residual expansion are denoted as mixtures M1R and M2R (R 
denoting the use for residual expansion coring); the boosted cylinder 
mixtures for mechanical properties are denoted as mixtures M1M and 
M2M (M denoting the use for mechanical properties measurements). 
Table 3. provides the concrete mixture proportions for these materials. 
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Table 3. Concrete mixture proportions for measuring residual expansion and 
mechanical properties. 

Material 

Weight (lb/yd3 ) 

M1R M2R M1M M2M 

Type I/II cement 710 710 710 710 

Limestone coarse 
aggregate 1976 - 1976 - 

Granite coarse 
aggregate - 1976 - 1976 

Non-reactive FA 822 822 822 822 

NaOH - - 6.48 6.48 

Water/cement ratio 0.45 
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4 Experimental Program 

Expansion-based measurements of ASR damage are the most common 
test methods used to assess the ASR susceptibility of aggregates. Two 
standardized methods were used to test both mortar and concrete 
specimens, i.e., ASTM C1260 and ASTM C1293. 

Residual expansion measurements were obtained for up to 12 months on 
cores drilled from blocks and stored in various exposure conditions at 
different temperatures. The three exposure conditions were sealed, 
modified ASTM C1260 conditions with cores submerged in 1 N NaOH, and 
modified ASTM C1293 conditions of 100 percent RH with cores stored 
over water. The four temperatures used were 23, 38, 60, and 80 ⁰C. 

All expansion measurements were performed using a digital Humboldt 
length change comparator accurate to 1.0 μm, as shown in Figure 1. 

Figure 1. Humboldt length comparator used to measure 
length change. 

 

 



ERDC/GSL TR-19-11  10 

  

Mechanical properties of compressive strength, modulus of elasticity, and 
splitting tensile at various ages were obtained to assess the correlation 
between ASR damage and reductions in mechanical properties. 

4.1 Standardized test methods 

The standard rapid expansion test, commonly referred to as the 
accelerated mortar bar test (AMBT), was performed according to the 
ASTM C1260, Standard Test Method for Potential Alkali Reactivity of 
Aggregates (Mortar-Bar Method). In this test, four 1- x 1- x 11.25-in. 
mortar bars (Figure 2) containing the fine proportion of the reactive 
aggregates used in this study were immersed in a 1 N NaOH solution at 
80 °C for 28 days while expansions were measured. According to ASTM 
C1260, mortar bars exhibiting less than 0.1 percent expansion at 15 days 
are deemed innocuous, and mortar bars producing expansion greater than 
0.2 percent are deemed reactive. Mortar bar expansions between 0.1 
percent and 0.2 percent are deemed potentially reactive, and further 
testing on the aggregates is recommended. 

Figure 2. Fresh mortar bars cast for ASTM C1260 testing. 
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The standard concrete prism test (CPT) was performed in accordance with 
the ASTM C1293, Standard Test Method for Determination of Length 
Change of Concrete Due to Alkali-Silica Reaction. Three test specimens 
with dimensions 3- × 3- × 11.25-in. were cast using the mixture 
proportions described in the preceding chapter. Sodium hydroxide 
(NaOH) was added to the mixing water to boost the Na2Oeq to 1.25 percent 
by mass of cement. Testing was conducted in a 38 °C storage environment 
with the prisms positioned on a rack above a 0.8-in. water layer within a 
sealed container lined with moist wicking paper to keep the RH > 95 
percent, as shown in Figure 3. Expansion readings were recorded at 7, 28, 
and 56 days and at 3, 6, 9, and 12 months. According to ASTM C1293, an 
aggregate is deemed to be reactive, if concrete prism expansion at 1 year is 
greater than or equal to 0.04 percent. 

Figure 3. Prisms in a sealed container at 38 ⁰C and > 95% RH in accordance with 
ASTM C1293. 

 

4.2 Simulated residual expansion testing 

Two 24- x 24- x 12-in. blocks were cast in the laboratory from the concrete 
mixtures M1R and M2R. The blocks were allowed to cure for 7 days in the 
forms at 23 °C before formwork was removed and the blocks were cored. 
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Twenty-five 4- x 11.25-in. cores were taken from each concrete block for a 
total of 50 core specimens. The cores remained at approximately 23 °C in 
the laboratory while being instrumented with stainless steel gage studs for 
length change measurements. Pre-conditioning and conditioning of the 
cores are divided into two categories, i.e., early-age and late-age. 

4.2.1 Early-age conditioning and testing 

Three cores from each M1R and M2 mixture were tested under one of 
three environmental conditions, i.e., sealed, modified ASTM C1260, and 
modified ASTM C1293, at one of four temperatures, i.e., 23, 38, 60, and 
80 °C. Prior to conditioning, these cores were stored in the laboratory at 
approximately 23 °C and ambient humidity for 28 days after casting the 
concrete blocks from which they were cored. Expansion measurements 
were taken every 7 days for the first 28 days of conditioning and then 
monthly up to 1 year. 

The sealed cores were to represent concrete in the internal part of a 
structure that is exposed to the least amount of water, and ASR is driven 
only by the alkali hydroxides in the pore solution. 

The modified ASTM C1260 conditioning involved immersing cores in 1 N 
NaOH at various temperatures to accelerate ASR and represented the 
most severe exposure conditions. 

The modified ASTM C1293 conditioning was representative of concrete 
supplied by moisture in the air. 

4.2.2 Late-age conditioning and testing 

Late-age testing was performed on three cores from each mixture 
approximately 4 months after remaining in ambient laboratory conditions 
to investigate the effect of aging prior to exposure to 1 N NaOH at 80 °C. 
This modified ASTM C1260 exposure condition was selected based on the 
results of the early-age conditioning conditions that identified the 1 N 
NaOH high-temperature exposure to be the most viable for producing 
measureable expansion. Table 44 provides a summary of the residual 
expansion tests conducted in this study. 
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Table 4. Summary of residual expansion testing for M1R and M2R cores. 

Mixture 
ID 

Pre-
conditioning 
designator 

Pre-
conditioning of 

specimens 
before testing 

Age of 
specimens at 
conditioning 

(days) Conditioning 
Conditioning 
temperature 

M1R 

Early age 

Stored in 
ambient lab 
temperature  
environment  

28 

Sealed 23, 38, 60, 80 
⁰C 

Immersed in 1 
N NaOH 

(modified 
ASTM C1260) 

23, 38, 60, 80 
⁰C 

Over Water 
(modified 

ASTM C1293) 

23, 38, 60, 80 
⁰C 

Late age 

Immersed in 
tap water at 23 
+/- 2 ⁰C for 35 

days 

117 

Immersed in 1 
N NaOH 

(modified 
ASTM C1260) 

80 ⁰C 

M2R 

Early age 

Stored in 
ambient lab 
temperature  
environment 

28 

Sealed 23, 38, 60, 80 
⁰C 

Immersed in 1 
N NaOH 

(modified 
ASTM C1260) 

23, 38, 60, 80 
⁰C 

Over water 
(modified 

ASTM C1293) 

23, 38, 60, 80 
⁰C 

Late age 

Immersed in 
tap water at 23 
+/- 2 ⁰C for 35 

days before 
testing 

117 

Immersed in 1 
N NaOH 

(modified 
ASTM C1260) 

80 ⁰C 

4.3 Mechanical properties 

To determine the mechanical properties of ASR-damaged concrete, 3- x 
6-in. cylinders were cast and subjected to similar conditioning regimes as 
the M1M and M2M residual expansion cores. Test methods for evaluating 
the concrete mechanical properties were as follows: (1) compressive 
strength in accordance with ASTM C39, (2) splitting tensile strength in 
accordance with ASTM C496, and (3) static modulus of elasticity in 
accordance with ASTM C469. An Instron 600DX loading frame was used 
for all tests. Conditioning of the cylinders for testing concrete mechanical 
properties is divided into two phases, i.e., immediate conditioning and 
delayed conditioning. 
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4.3.1 Immediate conditioning 

In immediate conditioning, the cylinders were stored in a moist curing 
room at 23 °C and 100 percent RH for 24 hr prior to demolding. The 
cylinders were then immersed in 1 N NaOH and brought up to 80 °C, 
where they remained until they were tested. Tests were conducted after 4, 
7, 28, and 56 days of conditioning. 

4.3.2 Delayed conditioning 

It was concluded that the progression of ASR and the initial strength gain 
of the concrete were in competition in the immediate conditioning regime. 
Therefore, delayed conditioning, using only aggregate M2, was later 
established to investigate the effect of curing duration on the reduction in 
mechanical properties due to ASR deterioration. The M1 aggregate was not 
used in the delayed conditioning phase due to unexpected low residual 
expansion results. 

An additional set of cylinders was cast and cured for 90 days in a moist 
room at 23 ⁰C and 100 percent RH to permit the concrete to reach a 
relatively steady state prior to conditioning in the 1 N NaOH solution at 
80 ⁰C until testing. Control cylinders were also cast and stored at 23 ⁰C 
and 100 percent RH without exposure to 1 N NaOH during this phase. 
Table 5 provides a summary of the mechanical properties conditioning and 
testing. 
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Table 5. Summary of conditioning of M1M and M2M cylinders for measuring 
mechanical properties. 

Mixtur
e ID 

Total 
number of 
specimen

s 

Conditioning 
designator 

Curing and 
conditioning 

Test 
temperatur

e (°C) 
Test methods 

Concrete 
test age 
(days) 

Immediate conditioning 

M1M 36 Immediate 
conditioning 

Cured 24 hr 
then 

submerged 
in 1 N NaOH 

80 

Compressive 
strength 

4, 7, 28, 
56 Splitting tensile 

Modulus of 
elasticity 

M2M 36 Immediate 
conditioning 

Cured 24 hr 
then 

submerged 
in 1 N NaOH 

80 

Compressive 
strength 

4, 7, 28, 
56 Splitting tensile 

Modulus of 
elasticity 

Delayed conditioning 

M2M 

90 Control 

Cured at 
100% RH 

until testing 
age 

23 

Compressive 
strength 

1, 4, 7, 
28, 56, 
91, 95, 

98, 119, 
147 

Splitting tensile 
Modulus of 
elasticity 

45 Delayed 
conditioning 

Cured 90 
days at 

100% RH 
then 

submerged 
in 1 N NaOH 

80 

Compressive 
strength 91, 95, 

98, 119, 
147 

Splitting tensile 

Modulus of 
elasticity 

 

 



ERDC/GSL TR-19-11  16 

  

5 Results and Discussion 

5.1 Standardized test methods 

5.1.1 ASTM C1260 accelerated mortar bar test 

The results of ASTM C1260 are provided in Table 6 and Figure 4. The M1S 
mortar bars expanded nearly 4.7 times more than the M2S mortar bars at 
28 days. At day 7, the M1S aggregate surpassed the 0.2 percent expansion 
limit presented in the standard. The M2S aggregate appeared to be 
innocuous at 14 days, but expansion at 28 days fell between the 0.1 and 
0.2 percent limits in the standard, meaning that further testing should be 
conducted on the aggregate in order to draw conclusions about its 
reactivity. 

Table 6. Summary of results from the ASTM C1260 AMBT. 

Specimen 
age (days) 

Average length change (%) 

M1S M2S 

3 0.031 0.005 

7 0.221 0.017 

14 0.410 0.082 

28 0.656 0.116 
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Figure 4. Average length change of M1S and M2S mortar bars in ASTM C1260. 

 

5.1.2 ASTM C1293 concrete prism test 

The results of ASTM C1293 are summarized in Table 7 and illustrated in 
Figure 5. Each data point represents the average expansion of three 
concrete prisms. The M1S prisms showed greater expansion than the M2S 
prisms. The final ASTM C1293 expansions exhibited by M1S and M2S 
were 0.284 percent and 0.157 percent, respectively. Both aggregates were 
considered reactive based on an expansion limit of 0.04 percent suggested 
in ASTM C1293. 

Table 7. Summary of average length change of M1S and 
M2S prisms in ASTM C1293. 

Specimen age 
(days) 

Average length change (%) 

M1S M2S 

28 0.011 0.009 

56 0.021 0.019 

90 0.032 0.024 

180 0.184 0.082 

270 0.251 0.141 

365 0.284 0.157 
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Figure 5. Average length change of M1S and M2S prisms in ASTM C1293. 

 

5.2 Residual expansion 

5.2.1 Sealed cores 

The average length changes of sealed M1R and M2R cores are shown in 
Figure 6. and 7, respectively. 
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Figure 6. Average length change of sealed M1R cores. 

 

Figure 7. Average length change of sealed M2R cores. 

 

All sealed cores experienced shrinkage rather than expansion over time. 
Initially, M1R and M2R cores at 60 and 80 °C expanded, but they began to 
exhibit shrinkage by the 14-day reading. At 360 days of conditioning, cores 
conditioned at 80 °C demonstrated the most shrinkage compared to cores 
conditioned at lower temperatures. This shrinkage was possibly caused by 
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moisture intake of ASR product, which led to drying of the cores and 
internal self-desiccation. Boosting the mixing water with alkalis may have 
permitted expansion of the sealed cores. The results indicate that self 
desiccation is an important driver for ASR-induced expansion, since it was 
clearly suppressed, and the total length change was dominated by 
shrinkage. This condition was identified to not be a viable candidate to 
consider for future residual expansion capacity testing for in-situ concrete 
from existing structures. 

5.2.2 Modified ASTM C1260 

Expansions of M1R and M2R cores subjected to modified ASTM C1260 
conditions are presented in Figure 8 andFigure 9, respectively. A gap in 
the data for the M1R cores at 80 °C exists due to evaporation of the 
solution and subsequent drying of the cores caused by faulty container 
lids. After the drying had been detected, the containers were replenished 
with 1 N NaOH solution, and readings continued to be taken on those 
cores. 

Figure 8. Expansion of M1R cores in modified ASTM C1260 conditions. 
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Figure 9. Expansion of M2R cores in modified ASTM C1260 conditions. 

 

The expansions of the cores increased as the conditioning temperatures 
increased in modified ASTM C1260 conditions. M2R cores exhibited 
higher expansions than M1R cores at all temperatures. Because both the 
specimen type and size used in this study differed significantly from those 
of specimens used in the standardized test method, the expansion limit 
specified in the standard does not apply here. However, expansions are 
considered to be significant for both mixtures in this conditioning regime. 

5.2.3 Modified ASTM C1293 

The expansions of M1R and M2 drilled cores in modified ASTM C1293 
conditions are provided in Figure 10 and 11, respectively. Length change 
measurements on cores conditioned at 60 and 80 °C concluded at 120 
days of conditioning rather than at 360 days due the inability to maintain 
100 percent RH at the high temperatures from rapid loss of moisture from 
the containers. Nonetheless, these high temperature tests did result in an 
acceleration of expansion. 
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Figure 10. Expansion of M1R cores in modified ASTM C1293 conditions. 

 

Figure 11. Expansion of M2R cores in modified ASTM C1293 conditions. 

 

At higher conditioning temperatures, the cores experienced increasingly 
higher expansions. At all temperatures, M2R cores expanded more than 
M1R cores. Aggregate M1R is known to be highly reactive and has been 
used in previous laboratory ASR studies as a reactive benchmark 
aggregate. In this study, the relatively low expansions achieved by 
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specimens containing the aggregate in all M1 tests were unexpected. As a 
result, petrographic analysis was performed on the aggregate, and it was 
determined that the mineralogy was different from past analyses. 

Neither M1R nor M2R cores expanded enough to reach the 0.04 percent 
expansion limit of ASTM C1293, even at elevated temperatures (60 and 80 
°C) at 120 days. This is almost certainly due to the lack of alkali boosting in 
the mixtures. The standard and accelerated ASTM C1293 have been shown 
to induce alkali leaching from the concrete prisms (Ideker et al. 2010). 
Alkali leaching in this study likely resulted in a shortage of alkali 
hydroxides available to participate in ASR. 

5.2.4 Effect of late-age conditioning in modified ASTM C1260 

The impact of the late-age conditioning on concrete core expansion is 
summarized in Table 8 and illustrated in Figure 12. 

An approximate 3 percent loss in expansion resulted from the late-age 
conditioning for both M1R and M2R cores at 1 year. This is possibly due to 
alkali leaching when the cores were submerged in water 35 days prior to 
testing. Another possible explanation is that early-age expansion, which 
occurred during the initial 4-month curing period, was not captured in the 
data because measuring began later. Regardless of the cause, the impact of 
the conditioning time was negligible in regards to the final age expansion 
for both mixtures. 

Table 8. Comparison of early- and late-age conditioning of cores in modified C1260 
conditions. 

Mixture ID ¹Early-age expansion ²Late-age expansion % Difference 

M1R 0.370% 0.358% 3.2% 

M2R 0.579% 0.561% 3.1% 

¹ Conditioning of specimens began 28 days after coring from concrete block.  
² Conditioning of specimens began approximately 4 months after coring from concrete block. 



ERDC/GSL TR-19-11  24 

  

Figure 12. Comparison of core expansions at early- and late-age testing. 

 

5.3 Mechanical properties 

5.3.1 Immediate conditioning 

The results of compressive strength, splitting tensile strength, and 
modulus of elasticity of M1M and M2M cylinders stored in 1 N NaOH at 
80 °C up to 56 days are summarized in Table 9 and shown in Figures 13-
15. Overall, the M2M cylinders resulted in higher strengths and modulus 
of elasticity compared to the M1M cylinders. No reductions in the strength 
over time were observed due to the continued hydration of the cement 
and/or due to the expansive gel filling any cracks due to the ASR 
formation. 

Table 9. Results obtained for mechanical property tests after immediate exposure to 
1 N NaOH at 80 °C. 

Days of 
exposure to 1 
N NaOH at 80 

°C 

Compressive strength 
(psi) 

Splitting tensile strength 
(psi) 

Modulus of elasticity 
(ksi) 

M1M M2M M1M M2M M1M M2M 

4 3310 3880 430 380 2.56 2.73 

7 3660 3880 460 420 3.15 3.02 

28 3730 4420 595 670 3.47 3.67 

56 4400 5197 595 686 3.75 4.23 
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Figure 13. Compressive strength of M1M and M2M cylinders exposed to 1 N NaOH at 
80 °C. 

 

Figure 14. Splitting tensile strength of M1M and M2M cylinders exposed to 1 N NaOH 
at 80 °C. 
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Figure 15. Modulus of elasticity of M1M and M2M cylinders exposed to 1 N NaOH at 
80 °C. 

 

5.3.2 Delayed conditioning 

The effect of ASR on the mechanical properties of the M2M cylinders was 
investigated after delayed conditioning. Compressive strength, splitting 
tensile strength, and modulus of elasticity for each conditioning regime of 
M2M cylinders are shown in Figure 16-18. In this case, a control series was 
also tested to serve as a baseline for comparison to aid in identification of 
strength degradation. 
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Figure 16. Compressive strengths of M2M control, immediate-conditioning, and 
delayed-conditioning cylinders. 

 

Figure 17. Splitting tensile strengths of M2M control, immediate-conditioning, and 
delayed-conditioning cylinders. 

 

 



ERDC/GSL TR-19-11  28 

  

Figure 18. Moduli of elasticity of M2M control, immediate-conditioning, and delayed-
conditioning cylinders. 

 

The reductions in the mechanical properties for immediate and delayed 
conditioning in comparison with the control cylinders are summarized 
Table 10. In the table, the control cylinders are indicated by “A,” and the 
conditioned cylinders are indicated by “B.” All results are the average of 
three cylinders. 

The control cylinders performed as expected over time. Results of 
cylinders immediately conditioned in 1 N NaOH for compressive strength, 
splitting tensile strength, and modulus of elasticity showed average 
reductions of 18, 17, and 3 percent, respectively, compared to the control 
cylinders. Delayed conditioning in 1 N NaOH resulted in average 
compressive strength, splitting tensile strength, and modulus of elasticity 
reductions of 10, 7, and 25 percent, respectively, compared to the control 
cylinders. 
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Table 10. Results of mechanical properties of M2M cylinders for immediate and 
delayed conditioning. 

Days of 
conditioning 

¹Immediate Conditioning 
Compressive strength 

(psi) 
Splitting tensile strength 

(psi) 
Modulus of elasticity 

(ksi) 

A B % 
Reduction A B % 

Reduction A B % 
Reduction 

7 
458

0 
388

0 15 
66
0 420 36 

3.1
1 3.02 3 

28 
558

0 
442

0 21 740 670 9 
3.7
5 3.67 2 

56 
639

0 
519

7 19 
72
0 686 5 

4.4
4 4.23 5 

 Average: 18  17  3 

Days of 
conditioning 

²Delayed conditioning 
Compressive strength 

(psi) 
Splitting tensile strength 

(psi) 
Modulus of elasticity 

(ksi) 

A B % 
Reduction A B % 

Reduction A B % 
Reduction 

7 
635

0 
553

0 13 740 640 13 
4.5
6 3.20 30 

28 
636

0 
616

0 3 740 695 6 
4.5
6 3.63 20 

56 
661

0 
578

0 13 740 720 3 
4.6
0 3.42 26 

 Average: 10  7  25 
¹ Conditioned cylinders were immersed in 1 N NaOH at 80 °C after curing for 24 hr. 
² Conditioned cylinders were immersed in 1 N NaOH at 80 °C after curing for 90 days at 100% RH. 
A – Control cylinders 
B – Conditioned cylinders 

The immediate- and delayed-conditioning compressive strength 
reductions were in agreement with Ahmed et al. (2003) who reported an 
average 12.7 percent reduction compared to control specimens at 1 year for 
4- x 4- x 4-in. cubes. Conditioning in that study involved immersing the 
specimens in water at 38 °C. Marzouk and Langdon (2003) reported an 
average reduction of 24 percent at 12 weeks for 3- x 6-in. cylinders in 
NaOH at 80 °C. Both the immediate- and delayed-conditioning reductions 
in compressive strength in this study were lower than 24 percent, but 
conditioning was ended 28 days sooner than was done in the study by 
Marzouk and Langdon. Giaccio et al. (2008) conditioned 4- x 8-in. 
cylinders in water at 38 °C and reported reductions of 28, 63, and 
2.5 percent at 75, 250, and 745 days, respectively. Each of those reductions 
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was based on a different mixture and used a different reactive aggregate or 
aggregate combination than the other two mixtures. 

Reductions in splitting tensile strength and modulus of elasticity were 
much lower than those reported by Ahmed et al. (2003); they observed 
average reductions of 35.6 and 65.2 percent for splitting tensile strength 
(4- x 4-in. cylinders) and modulus of elasticity (6- x 12-in. cylinders), 
respectively, at 1 year in water at 38 °C. Multon et al. (2005) reported 15 
and 37 percent reductions in splitting tensile strength (4- x 8-in. cylinders) 
and modulus of elasticity (6- x 12-in. cylinders), respectively, for boosted 
specimens sealed in aluminum for 1 year. Giaccio et al. (2008) observed 
52, 189, and 24 percent reductions in modulus of elasticity for 4- x 8-in. 
cylinders at 75, 250, and 745 days, respectively; those cylinders were from 
different mixtures, as previously described. 

In this study, delaying the conditioning had the most significant effect on 
the modulus of elasticity, which is the mechanical property reported in the 
literature to be the most sensitive to ASR deterioration. For immediate 
conditioning, the cylinders continued to gain in both strengths and 
modulus of elasticity during the 56-day conditioning period. For delayed 
conditioning, however, reductions in the mechanical properties were 
observed to take place between the 28-day and 56-day readings. Studies in 
the literature typically carried out measurements up to 1 year and showed 
relatively high reductions in these properties. Had conditioning and 
measurements continued beyond 56 days in this study, an increase in 
reductions of the mechanical properties would likely have been observed. 
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6 Conclusions and Recommendations 

The following conclusions and recommendations for future research can 
be made based on the results of this study. 

• Expansions for M1S were higher than expansions for M2S in both 
ASTM C1260 and ASTM C1293. However, the experimental residual 
expansions tests modifying the ASTM C1260 and C1293 on core 
samples resulted in lower expansions of the M1R coarse aggregate than 
anticipated. It is unclear why the M1R showed less expansion than the 
M2R in the residual expansion test methods. This will be a subject of 
further investigation.  

• Expansions increased as conditioning temperatures increased in all 
modified test methods for residual expansion. 

• If no external alkalis are to be supplied by immersing laboratory 
specimens in solution, then the mixing water must be boosted to 
provide enough alkalis to promote ASR in conditions where alkali 
leaching occurs. The unboosted M1R and M2R cores in this study did 
not achieve significant expansions in the sealed and modified ASTM 
C1293 conditions despite the use of elevated temperatures. 

• Not measuring the expansion of the residual expansion cores during 
for 4 months after coring may have led to a lower result for the overall 
ASR expansion. However, only a 3 percent reduction in expansion was 
observed between the early- and late-age conditioning regimes at 1 
year. Therefore, if overall expansion after a long period of time, e.g., 1 
year, is of primary interest, then a substantial interval between casting 
and conditioning specimens is unnecessary. 

• Delayed conditioning of the cylinders used for measuring mechanical 
properties affected the modulus of elasticity more than it affected the 
compressive and splitting tensile strengths. Only a 3 percent reduction 
in the modulus of elasticity was observed in cylinders immediately 
conditioned compared to a 25 percent reduction in the modulus of 
elasticity for cylinders conditioned after 90 days of curing. In the case 
of immediate conditioning, it appears that the inherent strength gain 
over time counteracted the reduction in mechanical properties up to 
56 days. 

• Studies on the mechanical properties of ASR-affected concretes in the 
literature typically involved conditioning and measurements up to 1 
year and showed significant reductions in those properties. In most 
cases, these reductions did not occur until at or beyond 75 days of 
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conditioning. It is recommended that studies be conducted for longer 
than 56 days to properly capture decreases in compressive strength, 
splitting tensile strength, and modulus of elasticity. 
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Appendix A: Material Reports 

Holcim Type I/II Cement 
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Green Brothers Concrete Sand  
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Appendix B: XRD Summary Reports 

CA1:  CMB 160148  WPF Report 
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CA2  CMB 160136 WPF Report 
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Appendix C: ASTM C1260 Summary Reports 

M1: CMB 160148  ASTM C1260 Report 
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M2: CMB 160136 ASTM C1260 Report 
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Appendix D: ASTM C1293 Summary Reports  
M1: CMB 160148 ASTM C1293 Results 
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A. M2: CMB 160136 ASTM C1293 Results 
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Appendix E: Sealed Cores 

 
Summary of average expansions under sealed test conditions. 
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Summary of sealed core graphs for M1 aggregate: 
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Summary of sealed core graphs for M2 aggregate: 
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Appendix F: Modified ASTM C1260 

 
Summary of average expansions under modified ASTM C1260 test 
conditions: 
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Summary of modified ASTM C1260 graphs for M1 aggregate:  
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Summary of modified ASTM C1260 graphs for M2 aggregate: 
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Appendix G: Modified ASTM C1293 

 
 
Summary of average expansions under modified ASTM C1293 test 
conditions. 
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Summary of modified ASTM C1293 graphs for M1 aggregate: 
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Summary of modified ASTM C1293 graphs for M2 aggregate: 
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Appendix H: Effect of Extended Conditioning 

 
M1: CMB 160148   
M1 
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M2: CMB 160136   
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60, and 80⁰C. Compressive strength, splitting tensile strength, and modulus of elasticity were measured for cylinders immersed in NaOH at 80°C up to 
56 days to generate correlations between ASR damage and mechanical properties. For unboosted cores, the 80°C modified conditioning regime 
appeared to be the most effective in producing significant residual expansion in a short period of time. Late-age conditioning had essentially no impact 
on the expansion of cores at one year. Modulus of elasticity was influenced most and was more accurately captured by delaying conditioning. 
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