
ER
D

C/
G

SL
 T

R-
19

-2
2 

G
eo

te
ch

ni
ca

l a
nd

 S
tr

uc
tu

re
s 

La
bo

ra
to

ry
 

Ultra-Accelerated Alkali-Silica Reaction 
Testing Using Autoclaving Methods 
Robert D. Moser, Stephanie G. Wood, Monica A. Ramsey, 
Jeb S. Tingle, E. Rae Reed-Gore, Cody M. Strack, and Craig A. Rutland  

May 2019 

Approved for public release; distribution is unlimited. 



  

The U.S. Army Engineer Research and Development Center (ERDC) solves 
the nation’s toughest engineering and environmental challenges. ERDC develops 
innovative solutions in civil and military engineering, geospatial sciences, water 
resources, and environmental sciences for the Army, the Department of Defense, 
civilian agencies, and our nation’s public good. Find out more at 
www.erdc.usace.army.mil. 

To search for other technical reports published by ERDC, visit the ERDC online library 
at http://acwc.sdp.sirsi.net/client/default. 

http://www.erdc.usace.army.mil/
http://acwc.sdp.sirsi.net/client/default


 ERDC/GSL TR-19-22 
May 2019 

Ultra-Accelerated Alkali-Silica Reaction Testing 
Using Autoclaving Methods 

Robert D. Moser, Stephanie G. Wood, Monica A. Ramsey,  
E. Rae Reed-Gore, Jeb S. Tingle, and Cody M. Strack 
Geotechnical and Structures Laboratory 
U.S. Army Engineer Research and Development Center 
3909 Halls Ferry Road 
Vicksburg, MS  39180 

Craig A. Rutland 
U.S. Air Force Civil Engineer Center 
Tyndall Air Force Base, FL  32403 
 

 

Final report 

Approved for public release; distribution is unlimited.  

Prepared for U.S. Air Force Civil Engineer Center 
Tyndall AFB, FL  32403 

 Under Project JCL6F0, “Expedient Evaluation of Alkali-Silica Reactivity (ASR) of 
Aggregates” 



ERDC/GSL TR-19-22  ii 

  

Abstract 

This study focused on development and evaluation of a novel autoclaving 
procedure for the rapid evaluation of concrete aggregates for alkali-silica 
reaction susceptibility. The use of high pressure and temperature 
autoclaving methods was selected to speed evaluation timeframes from 
months to a few days. A total of 30 aggregates of varying mineralogy and 
reactivity were evaluated as part of the study that was divided into two 
phases. The first phase of research focused on development and 
optimization of the autoclaving procedures, including temperature, alkali 
loading, and test duration. Results from Phase 1 were used to identify 
optimal testing parameters that were then used during a Phase 2 round 
robin testing study, which included internal laboratory testing as well as 
four external laboratories. Strong correlation was observed between 
autoclave expansion results and the results of ASTM C1260 and C1293 
standard test methods. In addition, within- and multi-laboratory 
variability were within acceptable bounds provided by ASTM standards. 
Overall, the research indicated that autoclaving is a viable option for rapid 
evaluation of aggregates using testing procedures that can be completed in 
approximately three days. 

 

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 

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 (ASTM International 2015) 
concrete prism test and the ASTM C1260 (ASTM International 2014) 
accelerated mortar bar test. ASTM C1293 requires one year to acquire 
expansion results using ordinary portland cement concrete. If testing the 
effectiveness of mitigation measures, such as the use of supplementary 
cementitious materials, 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 (Lu et al. 2008). However, due to 
its long duration, it is used primarily as a research tool and not as a 
routine test method in practice. ASTM C1260 requires only 16 days to 
complete the test. 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 positives, meaning the aggregate appears reactive in the 
test but has not proven to be reactive otherwise. 

Even the relatively short duration of the ASTM C1260 test method is often 
too long to support military construction operations. In some cases, the 
timeline between project identification, contracting, design and 
specification development, and construction may not allow for multiple 
weeks or months for materials testing. In the case of contingency military 
concrete construction operations, even more rapid evaluation of materials 
is desired. The result of these application-centric drivers is the constant 
need for rapid evaluation of materials through novel test methods that 
provide data in a matter of days rather than weeks or months. 

A number of autoclave test methods have been developed for ultra-rapid 
testing for ASR in concrete aggregates (Tang et al. 1983; Tamura 1987; 
Nishibayashi et al. 1987; Fournier et al. 1991; Nishibayashi et al. 1996; 
Giannini and Folliard 2013). These methods satisfy the timelines desired 
for rapid military construction, with testing completed in days, including 
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aggregate preparation, mixing, curing, and testing. 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 hr for 
mortar bars and between 4 and 24 hr for concrete prisms. The method 
described by Fournier et al. (1991) and Bérubé et al. (1992) 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 included 40 aggregates. The test method produced reactivity 
classifications in agreement with ASTM C1293 81% of the time based on a 
total of 106 aggregates tested and was the basis for the testing performed 
in Part II of this study. 

1.2 Research scope 

This study is divided into two parts. The objective of Part I 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 according to ASTM C1260 
and the 5-hr autoclaved mortar bar test described by Fournier et al. (1991). 
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 hr. 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. 

Part II involved a multi-laboratory autoclave study 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 hr, and expansions were measured. The research was led 
by the U.S. Army Engineer Research and Development Center’s (ERDC’s) 
Geotechnical and Structures Laboratory. Four other laboratories at The 
University of Alabama, The University of Texas at Austin, Clemson 
University, and CTL Group also participated in the study. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Aggregates 

The aggregates were provided by ERDC and are listed in Table 1, including 
the aggregate abbreviations, size fractions, mineralogies based on x-ray 
diffraction (XRD), results of ASTM C1260 tests performed at ERDC, and 
ASTM C1293 expansions from ERDC and the literature (Folliard et al. 
2006, Leśnicki et al. 2013, Latifee and Rangaraju 2015). To test the coarse 
aggregates in mortar bars, the aggregates were crushed into fine fractions. 
Reactivity classifications based on ASTM C1778 guidance on interpreting 
14-day ASTM C1260 expansions are also provided in the table. 

Table 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 0.030 

NR2 Coarse Dolostone; dolomite 0.013 0.026 0.034 

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 0.106 

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 0.109 

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 … 
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Aggregate 
Abbreviation 

Coarse/ 
Fine Rock Type; Mineralogy 

ASTM C1260 
Expansion, % 

ASTM C1293 
Expansion, % 14 Days 28 Days 

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 … 

HR3 Coarse Dense limestone; calcite, dolomite, quartz 0.399 0.524 0.204 

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 0.590 

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 0.167 

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 0.251 

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 

 

2.1.2 Cements 

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 (Wood et al. 
2016). Results of the cement oxide analyses are provided in Table 2. 
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Table 2. Cement oxide analysis. 

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 

2.2 Methods 

2.2.1 Autoclave test method 

2.2.1.1 Part I: examination of test parameters 

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 hr 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 min. The lengths of the mortar bars were 
measured once again to determine the expansion after autoclaving. 
Giannini and Folliard (2013) provided details on the autoclaving procedure 
followed in this study. 

The influence of three test parameters on the reactivities of the aggregates, 
as indicated by the expansion of the mortar bars, were investigated, i.e., 
(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 hr. Autoclaving duration is the amount of time the autoclave remained 
at peak temperature. 
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2.2.1.2 Part II: Round robin study 

Aggregates were graded and proportioned by ERDC in accordance with 
ASTM C1260 and provided to the other laboratories. The material 
proportions, i.e., w/cm of 0.47 and specimen size of 25 by 25 by 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 hr inside a 
moist curing room at 23°C before they were demolded. An initial length-
change measurement was made at 23°C after demolding the mortar bars. 
The bars were then autoclaved for 5 hr at 130°C (0.17 MPa gauge 
pressure), following the same parameters used by Fournier et al. (1991).  

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 min, similar to the 
cooling step described in ASTM C151. The temperature of the hot water as 
the cooling process began was approximately 90°C. Final length-change 
measurements were taken after cooling the bars to 23°C. 

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. 

2.2.2 Aggregate characterization 

2.2.2.1 X-ray diffraction (XRD) 

The mineralogy of the aggregate samples was determined using X-ray 
diffraction (XRD) analysis. In preparation for XRD analysis, a portion of 
the sample was ground in a Pulverisette (Fritsch Co., Idar-Oberstein, 
Germany) and passed through a 45-μm (No. 325) sieve. Random 
orientation powder mounts of bulk samples were analyzed using XRD to 
determine the mineral constituents present in each sample. XRD patterns 
were gathered from an X-Pert Pro Multipurpose Powder Diffractometer 
system that used standard techniques for phase identification (Panalytical 
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Inc.). The run conditions included Co-Kα radiation, scanning from 2 to 
70 º 2θ with a step size less than 0.02 and collection of the diffraction 
patterns accomplished using the PC-based Windows version of X-Pert Pro 
Data Collector, and analysis of the patterns using the Jade2010 program 
(Materials Data Inc.). 

2.2.2.2 Petrographic analysis 

The samples were examined in accordance with ASTM C 295, Standard 
Guide for Petrographic Examination of Aggregates for Concrete with the 
modification on the number of particles examined. ASTM C 295 
recommends that a minimum of 150 particles in each aggregate sieve 
fraction should be studied and their mineralogy identified. Generally, 
300 particles per sieve fraction were identified, when available, to 
decrease the statistical degree of error. The Rock Color Chart from the 
Geological Society of America was used to determine the color of the 
aggregates. The colors were identified and then labeled using the same 
identification as the Rock Color Chart. The identification of the aggregate 
colors is helpful for future examination of hardened concrete. 

2.2.2.3 Refractive index 

The samples were placed in immersion oil with a 1.544 refractive index. 
For fine aggregates, portions of the 600-µm (No. 30) sieve size were 
ground into powder mounts and examined to determine whether the 
quartz grains had an index of refraction (IOR) greater than or less than 
1.544. Some of the more common phases that may be potentially reactive 
in portland cement concrete include fused quartz (IOR=1.4583), pure 
chalcedony (IOR=1.537), and chalcedonic chert (IOR=1.530 - 1.535). 
Commonly, these phases are identified with quartz. Since the indices of 
refraction for these siliceous phases are lower than that of quartz 
(IOR=1.544), this analysis is a common way to discern these phases. 

2.2.3 Alkali leaching 

Following autoclave testing, water from the bottom of the autoclave was 
collected and analyzed to determine the amount of alkalis that had leached 
from specimens during testing. Alkali metal contents (i.e., Na, K, and Ca) 
were measured using inductively coupled plasma spectroscopy methods. 
The concentration of alkalis measured was extrapolated to the total mass of 
alkalis in solution to compare to the total alkali loading in test specimens. 
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3 Part I: Examination of Test Parameters 

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 3, along with coefficients of variations (CVs), and are further 
illustrated in Figures 1-3. 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-hr 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. (1991). Because these limits were developed for autoclave testing using 
specific parameters (3.5% alkali loading at 130°C for 5 hr), they are used in 
this paper as merely a guide when different test parameters were applied. 
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. The vertical dashed lines in the figures indicate the expansion 
limits recommended by ASTM C1778 based on 14-day expansions in ASTM 
C1260. 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. 

Table 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 1. Autoclave expansions versus 14-Day ASTM C1260 expansions. Alkali 
loading, autoclaving temperature, and autoclaving duration were (a) 2.5%, 

130°C, and 5 hr and (b) 3.5%, 110°C, and 5 hr. 
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Figure 2. Autoclave expansions versus 14-Day ASTM C1260 expansions. Alkali 
loading, autoclaving temperature, and autoclaving duration were (a) 3.5%, 

120°C, and 5 hr and (b) 3.5%, 130°C, and 5 hr. 
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Figure 3. Autoclave expansions versus 14-Day ASTM C1260 expansions. Alkali 
loading, autoclaving temperature, and autoclaving duration were (a) 3.5%, 

130°C, and 24 hr and (b) 4.5%, 130°C, and 5 hr. 

 

 

Figure 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. 

The test parameters shown in Figure 2 were more in line with ASTM 
C1260 classifications for these aggregates. Figures 2a and 2b are quite 
similar, but the difference between the effects of 120 and 130°C 
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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 hr autoclaving duration most 
effectively sorted aggregates by their ASTM C1260 performance. 

Figure 3 shows mortar bar expansions based on more severe test 
parameters. When the mortar bars were conditioned for 24 hr, 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. 

3.2 Influence of alkali loading 

Figure 4 shows the influence of alkali loading on mortar bar expansion 
when autoclaving temperature and duration remain constant at 130°C and 
5 hr. As in the previous figures, the horizontal dashed lines represent the 
0.150 and 0.250% expansion limits proposed by Fournier et al. (1991). The 
solid lines connecting data points exist as guides only and do not indicate 
linear relationships among the data. 
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Figure 4. Influence of alkali loading on mortar bar expansion when autoclaving 
temperature and duration remain constant at 130°C and 5 hr. 

 

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 hr; mortar bar expansions at 3.5% alkali loading were 4.07 times greater, 
on average, compared to expansions at 2.5% alkali loading. Aggregate 
VHR1 exhibited the least amount of change, increasing in expansion by a 
factor of 1.50; aggregate MR2 exhibited the greatest change, increasing in 
expansion by a factor of 9.32. Fournier et al. (1991) 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. 

Increasing the alkali loading from 3.5 to 4.5% at 130°C for 5 hr had 
significantly less impact on the resulting mortar bar expansions. For the 
six aggregates tested, expansions at 4.5% alkali loading were, on average, 
increased by a factor of 1.13 compared to 3.5% alkali loading. One 
aggregate, VHR1, exhibited a slightly reduced expansion for this increase 
in overall alkalinity. Aggregate MR1 was the only aggregate to produce a 
somewhat significant increase in expansion (factor of 1.36) 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% had minimal effect on expansions 
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for most aggregates, 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. 

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 (Kuroda et al. 2000; Kuroda et al. 
2012; Chatterji and Christensen 1990). Kagimoto et al. (2014) 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. Additionally, temperatures used in this study 
exceed those in the literature. The higher temperatures appear to have 
increased the pessimum alkali loading beyond those used here. 

3.3 Influence of autoclaving temperature 

Figure 5 shows the influence of autoclaving temperature on expansion 
when alkali loading and autoclaving duration remain constant at 3.5% and 
5 hr. For these six aggregates, there was an average increase in mortar bar 
expansion by a factor of 1.33 when the temperature of the autoclave was 
increased from 110 to 120°C at 3.5% Na2Oeq for 5 hr. The expansions of 
aggregates MR1, MR2, and HR2 corresponded to less severe reactivity 
classifications when the autoclaving 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-hr 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 a factor of 1.40. 
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Figure 5. Influence of autoclaving temperature on mortar bar expansion when 
alkali loading and autoclaving duration remain constant at 3.5% and 5 hr. 

 

3.4 Influence of autoclaving duration 

Figure 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 hr with 3.5% Na2Oeq at 130°C, the mortar bar expansions 
increased by a factor of 1.88, on average. Aggregate NR2 was most affected 
by this change in duration with expansion experiencing an increase by a 
factor of 4.13 and exceeding the expansion of MR1. Because of this lack of 
distinction between a non-reactive and reactive aggregate, it is suggested 
that 24-hr autoclaving durations be avoided when testing mortar bars of 
this size. 
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Figure 6. Influence of autoclaving duration on mortar bar expansion when alkali 
loading and autoclaving temperature remain constant at 3.5% and 130°C. 

 

A summary of the changes in expansion resulting from modifications of 
the test parameters are provided in Table 4. The parameters in bold were 
altered while the other parameters listed were held constant. For instance, 
in the second column of the table, the differences in expansion are shown 
for an increase in alkali loading from 2.5 to 3.5% at 130°C for 5 hr; the 
factor is the expansion at 3.5% alkali loading divided by the expansion at 
2.5% alkali loading. 

Table 4. Summary of influence of test parameter modifications on mortar bar expansions. 

Aggregate 

Change in Expansion, % 

2.5 to 3.5% 
130°C 

5 hr 

3.5 to 4.5% 
130°C 

5 hr 

3.5% 
110 to 120°C 

5 hr 

3.5% 
120 to 130°C 

5 hr 

3.5% 
130°C 

5 to 24 hr 

NR2 2.16 1.13 1.22 1.48 4.13 

MR1 2.90 1.36 1.58 1.40 1.45 

MR2 9.32 1.01 1.23 1.11 1.35 

HR1 2.44 1.10 1.12 1.15 1.32 

HR2 6.11 0.21 1.61 1.17 1.78 

VHR1 1.50 0.97 1.21 0.98 1.26 

Average 4.07 1.13 1.33 1.21 1.88 
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3.5 Benchmark aggregates 

The average mortar bar expansions of the NR1 and HR3 aggregates, which 
were tested more extensively, are given in Tables 5 and 6 and are 
illustrated in Figures 7a and 7b, respectively. As in the previous figures, 
the horizontal dashed lines define the expansion limits described by 
Fournier et al. (1991) for the 5-hr 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. 

Table 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. 
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Table 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 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 hr. This 
was one of only two instances in which NR1 reached levels of expansion 
exceeding the proposed threshold for reactive aggregates in this study; it 
also appeared to be reactive when tested at 130°C using 3.0% Na2Oeq for 
24 hr. 
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3.5.1 Influence of alkali loading 

Mortar bars with NR1 showed an average reduction in expansion by a 
factor of 0.56 when alkali loading was increased from 2.5 to 3.0% at 105°C 
for 16 hr. This reduction is not considered to be significant because both 
expansion values are quite small (< 0.02%). 

Figure 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 hr 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 an increase in expansion by a factor of 8.48. Raising the 
alkali loading from 2.0 to 3.0% at 130°C for 5 hr increased the expansion 
by a factor of 1.97. The alkali loading affected the expansion of HR3 more 
than temperature or autoclaving duration. 

Figure 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 (Wood et al. 2016). 



ERDC/GSL TR-19-22  21 

  

3.5.2 Influence of autoclaving temperature 

Figure 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 hr using 3.0% Na2Oeq at 105, 115, and 130°C, respectively, 
the mortar bar expansions continued to increase. Expansion increased by a 
factor of 5.26 when the autoclaving temperature was raised from 105 to 
130°C with 3.0% Na2Oeq for 24 hr and by a factor of 9.85 when the duration 
was 48 hr for this temperature difference and alkali loading. Even when the 
temperature was increased from 115 to 130°C using 3.0% Na2Oeq for 48 hr, 
the increase in expansion was a substantial factor of 6.63. 

The fact that the non-reactive, crystalline quartz sand expands at all in the 
autoclave is likely due to thermal expansion. Mu et al. (1996) 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 (Razafinjato et al. 2016; Kizilkanat et al. 2013). 
Therefore, it is reasonable to assume that small expansions (<0.06%) of 
mortars containing the non-reactive siliceous aggregates in this study were 
caused by thermal effects rather than ASR. 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 hr.  

When the autoclaving temperature was increased from 105 to 115°C using 
no added alkalis (0.52% Na2Oeq) for 48 hr, an average expansion increase 
by a factor of only 1.06 was observed for HR3. Expansion increased by a 
factor of just 1.10 when the temperature was raised from 105 to 130°C for 
24 hr with no alkali boosting. At 3.0% Na2Oeq, however, an increase in 
expansion by a factor of 1.60 was observed for the same temperature 
increase using 5 hr 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. (1991). 
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Figure 9. Influence of autoclaving temperature on expansion of mortar bars 
containing (a) NR1 and (b) HR3. 

 

 

3.5.3 Influence of autoclaving duration 

The effects of autoclaving duration on mortar bar expansions with 
aggregates NR1 and HR3 are presented in Figures 10a and 10b, 
respectively. For aggregate NR1, there was an average reduction in 
expansion by a factor of 0.97 when autoclaving duration was increased 
from 24 to 48 hr at 105°C with 3.0% alkali loading. The impact on 
expansion due to prolonged durations of autoclaving was relatively small 
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until a high autoclaving temperature (130°C) was used. When the 
autoclaving duration was raised from 16 to 24 hr at 130°C with 3.0% 
Na2Oeq, expansion increased by a factor of 1.70. With alkali loading and 
temperature held constant, a duration increase from 24 to 48 hr resulted 
in an increase in expansion by a factor of 1.82. Expansions exceeding 
0.15% for NR1 are likely due to some degree of ASR in the mortar bars, 
and further work is planned to study the extent of ASR in autoclaved 
mortar bars with non-reactive aggregates. 

When no alkalis were added, increasing the autoclaving duration from 
24 to 48 hr 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 hr. 

A summary of the percent changes in expansion resulting from 
modifications of the test parameters are provided in Tables 7 and 8 for the 
benchmark aggregates. The parameters in bold were altered while the 
other parameters listed were held constant. 
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Figure 10. Influence of autoclaving duration on expansion of mortar bars 
containing (a) NR1 and (b) HR3. 
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Table 7. Summary of influence of test parameter 
modifications on NR1 expansion. 

Alkali Loading, Temperature, Duration 
Change in Expansion, 
by factor 

2.0 to 3.0%, 105 °C, 16h 0.56 

3.0%, 105 to 115 °C, 48h 1.48 

3.0%, 105 to 130 °C, 24h 5.26 

3.0%, 105 to 130 °C, 48h 9.85 

3.0%, 115 to 130 °C, 48h 6.63 

3.0%, 105 °C, 16 to 24h 3.78 

3.0%, 105 °C, 24 to 48h 0.97 

3.0%, 115 °C, 6 to 48h 4.08 

3.0%, 130 °C, 16 to 24h 1.70 

3.0%, 130 °C, 24 to 48h 1.82 

Table 8. Summary of influence of test parameter 
modifications on HR3 expansion. 

Alkali Loading, Temperature, Duration 
Change in Expansion, 
by factor 

0.56 to 1.0%, 130 °C, 24h 1.14 

1.0 to 1.5%, 130 °C, 24h 1.92 

1.5 to 2.0%, 130 °C, 24h 8.48 

2.0 to 3.0%, 130 °C, 5h 1.97 

3.0 to 3.5%, 130 °C, 5h 1.02 

0.5%, 105 to 130 °C, 24h 1.10 

2.0%, 115 to 130 °C, 24h 1.06 

3.0%, 105 to 130 °C, 5h 1.60 

0.52%, 105 °C, 24 to 48h 0.90 

0.56%, 130 °C, 24 to 48h 1.14 

2.0%, 130 °C, 5 to 24h 1.61 

3.5.4 Variability in test results 

A total of 72 autoclaved mortar bar tests involving 267 mortar bars were 
performed in this study. Of those, 62 tests resulted in single-operator 
expansion CVs less than 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. (2016) 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-hr autoclave 
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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 Part II: Round Robin Test Study 

4.1 Expansion results and reactivity classifications 

Table 9 presents average mortar bar expansions measured after 
autoclaving for 5 hr, along with reactivity classifications based on 
expansion limits proposed by Fournier et al. (1991), which are also 
provided in the table. Some tests used only three mortar bars because 
specimens occasionally broke during demolding. 

Multi-laboratory autoclave expansion results were compared to results 
from ASTM C1260 for these aggregates in Figure 11. 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. (1991) for the 5-hr autoclave test. 
Vertical error bars show the range of single-bar expansions measured 
across all five laboratories. 

Table 9. Average autoclave mortar bar expansion 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 
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Aggregate 

Average Autoclave Expansion, % 

Autoclave 
Reactivity 

Classification2 Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 

Multi-
laboratory 
Average 

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. (1991) for 5-hr autoclave test. 
NR – expansion < 0.150% 
R – expansion ≥ 0.150% 
HR – expansion ≥ 0.250% 
a Three bars tested. 

Figure 11. 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. (1991) 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 
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C1293. The authors stated the reason was unknown, but both aggregates 
exhibited non-reactive expansions in the NBRI test method (Hooton and 
Rogers 1993). 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 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 (Ideker 
et al. 2004; Giannini et al. 2014; Tremblay et al. 2012). 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 performance data 
are 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. (1992), which included the 
results from Fournier et al. (1991), 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 is 
known to provide a significant number of false positive and false negative 
results, caution should be taken when comparing results from a new test 
method with ASTM C1260 results. ASTM C1293 data were available for 
some of the aggregates tested in this study and are presented in Table 1. 
Average multi-laboratory expansions in the autoclave were compared to 
ASTM C1293 expansions and are shown in Figure 12. Vertical error bars 
show the range of single-bar expansions measured across all laboratories. 
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Figure 12. Average multi-laboratory autoclave expansions versus ASTM C1293 
expansions. 

 

There was agreement between the autoclave method and ASTM C1293 for 
10 out of the 10 aggregates shown. Average expansions for aggregates HR1, 
VHR2, and VHR4 were considerably larger than the expansions they 
produced in ASTM C1293. The coarse fractions of these aggregates were 
used in ASTM C1293 and had to be crushed into fine aggregates for the 
autoclave test. Crushing could cause some reactive silica in the aggregates 
to become more readily available for ASR (Latifee and Rangaraju 2015), 
altering its reactivity. This would explain the significant difference in 
expansion of aggregates HR1, VHR2, and VHR4 between the two test 
methods. 

Several aggregates in this study were classified at a lower reactivity level 
based on their autoclave test results compared to their original 
classification based on ASTM C1260 results. VHR3 is the most notable 
disparity (non-reactive per autoclave results), but MR2, MR3, HR2, and 
VHR1 also would be characterized as being less-reactive based on the 
autoclave test. It is possible that modifying the parameters (temperature, 
duration, and alkali loading) of the autoclave test may improve the 
agreement between its results and that of other standardized tests, 
including ASTM C1260. The behavior of various silica morphologies under 
autoclaving conditions with very high alkali loadings is not well-
understood, and the authors have made progress through investigating the 
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effects of varying the test parameters (Wood et al. 2018). Additionally, a 
more in-depth comparison of aggregate petrography against the autoclave 
test results may provide valuable information. Lastly, it should be noted 
that ASTM C1260 is a severe test that can yield false positive results. In the 
absence of corroborating field performance data, it is unclear which test 
(ASTM C1260 or the autoclave) has yielded overly conservative results for 
these five aggregates. 

4.2 Within-laboratory precision and variability 

Statistical calculations were based on ASTM C802. 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 10. The 
average within-laboratory CV was 5.9%. The 10% single-operator, within-
laboratory CV limit proposed by Grattan-Bellew (1997) was exceeded for 
only 2 of the 20 aggregates tested. 

Table 10. Within- and multi-laboratory standard deviations and coefficients of variation 
for mortar bar expansions. 

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 
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Aggregate 

Within-laboratory 
Standard 
Deviation 

Within-
laboratory CV, % 

Multi-laboratory 
Standard 
Deviation 

Multi-
laboratory 

CV, % 
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 

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% (Rogers 
1999). The within-laboratory precision for concrete prisms with average 
expansions greater than 0.014% in ASTM C1293 was 12% (ASTM 
International 2015). 

4.3 Multi-laboratory precision and variability 

Multi-laboratory standard deviations and CVs are provided in Table 10. Of 
the multi-laboratory CVs, 75% exceed the 12% limit suggested by Grattan-
Bellew (1997). The average multi-laboratory CV was 20.0%. 

In comparison to standardized tests, Rogers (1999) 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% 
(ASTM International 2015). 

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 in ASTM C1260 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 mortar mixture 
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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%. 

Four aggregates (MR4, MR6, HR2, and HR5) produced expansions within 
each of the three reactivity categories set forth by Fournier et al. (1991). 
Three aggregates (MR7, VHR1, and VHR3) exhibited expansions that fell 
within two of the reactivity categories. These minimum and maximum 
expansions recorded among the five laboratories are indicated by the error 
bars in Figure 11. The instances involving aggregates MR4 and MR6 were 
attributed to Laboratory 5 being an outlier. In cases such as these in which 
aggregates may be classified in more than one reactivity category, it is 
recommended that additional testing be performed on the aggregates in 
question. 

4.4 Alkali leaching 

Table 11 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 sodium ions 
(Na+) and potassium ions (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 mortars 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. For the purposes of this study, it is assumed 
that mortar properties were relatively uniform and did not significantly 
affect the amount or rate of alkali leaching. The same assumption is true 
for aggregate properties. 
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Table 11. Alkali concentrations in autoclave water samples and calculated leached 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 (Wood et al. 2016). Rivard et al. (2007) 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 2, 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. 
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5 Conclusions/Summary 

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 hr at temperatures up to 130°C. Based on 
previous autoclave studies (Fournier et al. 1991, Giannini and Folliard 
2013), 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 hr. 

• A 24-hr 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 
o 5 ≤ Duration ≤ 12 hr 

This study investigated the effectiveness of the 5-hr autoclaved mortar bar 
test method in identifying ASR potential in concrete aggregates. Five 
laboratories participated in testing, and 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. 
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• For the 10 aggregates for which ASTM C1293 expansions were 
obtained, agreement was 100% 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-hr 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. 
Nonetheless, the 5-hr autoclave test method appears to be a viable 
alternative to traditional ASR test methods to support the needs of rapid 
materials evaluation of military contingency concrete construction 
operations. 
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6 Provisional Test Method 

6.1 Scope 

This provisional test method provides an assessment of the potential for 
alkali-silica reaction of aggregate in mortar bars using an autoclave. 

6.2 Procedure 

Preparation of mortar: 

• Testing will utilize same mixture proportions as ASTM C1260 mortar 
bars. 

• Aggregate and cement have been provided for each material to be 
tested. 

• The materials provided are sufficient to produce (4) 1- x 1- x 11.25-in. 
mortar bars. 

• Materials provided include 1,320 g of aggregate that has been prepped 
to the correct gradation and 587 g of Type I-II portland cement 
(Holcim – St. Genevieve) with Na2Oeq of 0.54%. 

• Volume of DI mix water is 276 mL. 
• Boost alkali loading in mortar to 3.5% by weight of cement by addition 

of 22.44 g of NaOH to water. 
• Prep molds and place gauge studs according to ASTM C1260. 
• Label molds according to aggregate serial number and sample number 

for each batch. 
• Mix batch according to provisions of ASTM C1260/ASTM C305. 
• First, add water to the bowl then introduce cement and mix for 30 sec 

on low.  
• Then slowly add test aggregate and mix for 30 sec.   
• Then change mixer to medium speed and mix an additional 30 sec.  
• Then stop the mixer and scrape the bowl with a spatula for 15 sec, 

taking care to mix the bottom of the mortar.   
• Allow mortar to sit for 90 sec with the cover on.  
• Finally, remove the cover and mix for 60 sec at medium speed.   
• The clearance between the lower end of the paddle and the bottom of 

the bowl should be 5.1 mm.  
• Fill all molds within 2 min and 15 sec after completion of the mixing. 
• Cure specimens in moist cabinet for 48 hr at 23°C before demolding. 
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Autoclave mortar bar expansion test: 

• Remove samples from moist cabinet and demold. 
• Relabel with aggregate serial number and sample number. 
• Take photographs of specimens. 
• Make initial length measurements of mortar bars at room temperature 

using a length-change comparator. 
• Place mortar bars into autoclave with 500 mL of H2O added (same as 

for cement soundness measurement using autoclave expansion 
technique). If using an automated steam autoclave, ensure that 
reservoir has sufficient water to perform test. 

• Pressurize/heat autoclave to reach temperature of 130°C. This should 
correspond to pressure of ~25 psi. Maintaining correct temperature is 
most important. This is different from ASTM C151. If using an 
automated autoclave, this can be set to the desired temperature. 

• Once a stable temperature/pressure is reached, continue testing for 
5 hr. This is different from ASTM C151. 

• Cool autoclave and vent (same as for cement soundness test). If using 
an automated autoclave, use provided cooling cycle followed by 15 min 
of cooling in water prior to making final length-change measurement.  

• When sample temperature has equilibrated to room temperature, 
measure length change using comparator. 

• Take post-test photographs of specimens. Note any damage observed 
visually. 

• Store sample in plastic bag for characterization. Label bag according to 
aggregate name/serial number and “mortar bar autoclave test.” 
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Appendix A: Multi-Laboratory Round Robin 
Testing Reports 

A.1 Laboratory 1 Final Report – The University of Alabama 
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A.2 Laboratory 2 Final Report – The University of Texas at Austin 
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A.3 Laboratory 3 Final Report – Clemson University 
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A.4 Laboratory 4 Final Report – CTL Group 
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Appendix B: Petrographic Analysis of 
Aggregates 

B.1 Vulcan-Cookville Coarse Aggregate Sample (CMB No. 120010) 

The Vulcan-Cookeville coarse aggregate sample (CMB 120010) was 
classified as a dense limestone. The color of the particles varied from 
grayish orange pink (5YR 7/2), pale brown (5YR 5/2), very pale green (10G 
8/2) to medium light gray (N6), light gray (N7), very light gray (N8) to 
white (N9) in color (Figure B1). The particles ranged from angular to sub-
angular in shape with some quartz inclusions. Aggregates were mostly 
dense with a small percentage being vuggy or fractured. Analysis of the 
XRD patterns (Figure B2) indicated that the predominant phase in the 
material was calcite. The weight percent data obtained by whole pattern 
fitting using Jade 2010 software is shown in Figure B3. Calcite (CaCO3) 
(66.4%), dolomite (CaMg(CO3)2) (30.6%), quartz (SiO2) (2.5%), and trace 
amounts of chlorite ((Mg,Fe2+)5Al2Si3O10(OH)8) and feldspar (NaAlSi3O8) 
were identified for this sample. The quartz within the sample had an index 
of refraction that was equal to or greater than 1.544 of the immersion oil, 
indicating no chalcedony present in the sample. 

Figure B1. Vulcan-Cookeville Coarse Aggregate Sample (CMB 120010). 
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Figure B2. X-ray pattern for Vulcan-Cookeville Coarse Aggregate Sample (CMB 
120010). 

 

Figure B3. Whole pattern fit with mineral percentages for Vulcan-Cookeville 
Coarse Aggregate Sample (CMB 120010). 

 

B.2 Rogers-Gordonville Coarse Aggregate Sample (CMB No. 
120016) 

The Rogers-Gordonville coarse aggregate sample (CMB 120016) was 
classified as a dense dolostone. The color of the particles varied from very 
pale orange (10YR 8/2), medium light gray (N6), light gray (N7), very light 
gray (N8) to white (N9) in color (Figure B4). The particles ranged from 
angular to sub-angular in shape with some quartz and sphalerite 
inclusions. The aggregates were mostly dense with a small percentage 
being vuggy or fractured. Analysis of the XRD pattern (Figure B5) 
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indicated that the predominant phase in the material was dolomite. The 
weight percent data obtained by whole pattern fitting using Jade 2010 
software is shown in Figure B6. Dolomite (CaMg(CO3)2) (74.8%), quartz 
(SiO2) (17.3%), calcite (CaCO3) (5.7%), and microcline (KAlSi3O8) (2.1%) 
were identified for this sample. The quartz within the sample had an index 
of refraction that was equal to or greater than 1.544 of the immersion oil, 
indicating no chalcedony present in the sample. 

Figure B4. Rogers-Gordonville Coarse Aggregate Sample (CMB No. 120016). 
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Figure B5. X-ray pattern for Rogers-Gordonville Coarse Aggregate Sample (CMB 
No. 120016). 

 

Figure B6. Whole pattern fit with mineral percentages Rogers-Gordonville 
Coarse Aggregate Sample (CMB No. 120016). 

 

B.3 Cookville Coarse Aggregate Sample (CMB No. 120021) 

The Cookeville coarse aggregate sample (CMB 120021) was classified as an 
ooilitic to dense limestone. The color of the particles varied from light 
greenish gray (5Y 8/1), medium gray (N5), medium light gray (N6), light 
gray (N7), very light gray (N8) to white (N9) in color (Figure B7). The 
particles ranged from angular to sub-angular in shape with some quartz 
inclusions. The aggregates were mostly dense with a small percentage 
being vuggy or fractured. Analysis of the XRD patterns (Figure B8) 
indicated that the predominant phase in the material was calcite. The 
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weight percent data obtained by whole pattern fitting using Jade 2010 
software is shown in Figure B9. Calcite (CaCO3) (84.7%), dolomite 
(CaMg(CO3)2) (9.8%), and quartz (SiO2) (5.5%) were identified for this 
sample. The quartz within the sample had an index of refraction that was 
equal to or greater than 1.544 of the immersion oil, indicating no 
chalcedony present in the sample. 

Figure B7. Cookville Coarse Aggregate Sample (CMB No. 120021). 
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Figure B8. X-ray pattern for Cookville Coarse Aggregate Sample (CMB No. 
120021). 

 

Figure B9. Whole pattern fit with mineral percentages Cookville Coarse 
Aggregate Sample (CMB No. 120021). 

 

B.4 Rogers-Liberty Coarse Aggregate Sample (CMB No. 120032) 

The Rogers-Liberty coarse aggregate sample (CMB No. 120032) was 
classified as a dense limestone. The color of the particles varied from 
medium dark gray (N4), medium gray (N5), medium light gray (N6), light 
gray (N7), very light gray (N8) to white (N9) in color (Figure B10). The 
particles ranged from angular to sub-angular in shape with some quartz 
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inclusions. The aggregates were mostly dense with a small percentage 
being vuggy or fractured. Analysis of the XRD patterns (Figure B11) 
indicated that the predominant phase in the material was calcite. The 
weight percent data obtained by whole pattern fitting using Jade 2010 
software is shown in Figure B12. Calcite (Ca(CO3) (73.1%), dolomite 
(CaMg(CO3)2) (20.1%), quartz (SiO2) (6.8%), with trace amounts of albite 
(NaAlSi3O8) were identified for this sample. The quartz within the sample 
had an index of refraction that was equal to or greater than 1.544 of the 
immersion oil, indicating no chalcedony present in the sample. 

Figure B10. Rogers-Liberty Coarse Aggregate Sample (CMB No. 120032). 
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Figure B11. X-ray pattern for Rogers-Liberty Coarse Aggregate Sample (CMB 
No. 120032). 

 
Figure B12. Whole pattern fit with mineral percentages Rogers-Liberty Coarse 

Aggregate Sample (CMB No. 120032). 

 

B.5 China Lake Coarse Aggregate Sample (CMB No. 120102) 

The China Lake coarse aggregate sample (CMB No. 120102) was classified 
as an intermediate to felsic igneous rock. The color of the particles varied 
from moderate orange pink (10R 7/4), very pale orange (10YR 8/2), 
grayish orange (10YR 7/4), pale yellowish orange (10YR 8/6), yellowish 
gray (5Y 8/1), pinkish gray (5YR 8/1), medium dark gray (N4), medium 
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gray (N5), medium light gray (N6), to white (N9) in color (Figure B13). 
The particles ranged from angular to sub-angular in shape. The aggregates 
were mostly dense with a small percentage being vuggy or fractured. 
Analysis of the XRD patterns (Figure B14) indicated that the predominant 
phase in the material was a calcium-rich feldspar. The weight percent data 
obtained by whole pattern fitting using Jade 2010 software is shown in 
Figure B15. Anorthite (48.4%), quartz (SiO2) (17.6%), magnesio-
hornblende (9.3%), albite (9.2%), orthoclase (6.6%), biotite (5.0%), 
clinopyroxene (2.5%), and trace amounts of talc (0.8%), clinochlore 
(0.3%), and cristobalite (0.3%) were identified for this sample.  

Figure B13. China Lake Coarse Aggregate Sample (CMB No. 120102). 
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Figure B14. X-ray pattern for China Lake Coarse Aggregate Sample (CMB No. 
120102). 

 

Figure B15. Whole pattern fit with mineral percentages China Lake Coarse 
Aggregate Sample (CMB No. 120102). 

 

B.6 Spratt Coarse Aggregate Sample (CMB No. 130001) 

The Spratt coarse aggregate sample (CMB No. 130001) was classified as a 
dense limestone. The color of the particles varied from medium dark gray 
(N4), medium gray (N5), medium light gray (N6), light gray (N7), very 
light gray (N8) to white (N9) in color (Figure B16). The particles ranged 
from angular to sub-angular in shape with some quartz inclusions. 
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Analysis of the XRD patterns (Figure B17) indicated that the predominant 
phase in the material was calcite. The weight percent data obtained by 
whole pattern fitting using Jade 2010 software are given in Figure B18. 
Calcite (CaCO3) (82.5%), dolomite (CaMg(CO3)2) (12.1%), and quartz 
(SiO2) (5.3%) were identified for this sample.  

Figure B16. Spratt Coarse Aggregate Sample (CMB No. 130001). 
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Figure B17. X-ray pattern for Spratt Coarse Aggregate Sample (CMB No. 
130001). 

 

Figure B18. Whole pattern fit with mineral percentages Spratt Coarse 
Aggregate Sample (CMB No. 130001). 

 

B.7 NC Rhyolite Coarse Aggregate Sample (CMB No. 130002) 

The NC rhyolite coarse aggregate sample (CMB No. 130002) was classified 
as metapelite green schist. The color of the particles varied from grayish 
blue (5B 5/6), very light gray (N8), medium light gray (N6), medium gray 
(N5) to medium dark gray (N3) in color, with dark yellowish orange (10YR 
6/6) staining (Figure B19). Analysis of the XRD patterns (Figure B20) 
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indicated that the predominant phase in the material was muscovite. 
Figure B21 contains the weight percent data obtained by whole pattern 
fitting using Jade 2010 software. Muscovite (KAl2(AlSi3O10)(OH)2) (39%), 
chlorite/clinochlore ((Mg, Fe)3(Si,Al)4O10-(OH)2·(Mg,Fe)3(OH)6)(31%), 
quartz (SiO2) (18%), albite (Na(AlSi3O8)) (9%), orthoclase (KAlSi3O8) (1%), 
and trace amounts of cristobalite (SiO2) were identified for this sample.  

Figure B19. NC Rhyolite Coarse Aggregate Sample (CMB No. 130002). 
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Figure B20. X-ray pattern for NC Rhyolite Coarse Aggregate Sample (CMB No. 
130002). 

 

Figure B21. Whole pattern fit with mineral percentages NC Rhyolite Coarse 
Aggregate Sample (CMB No. 130002). 

 

B.8 Las Placitas Coarse Aggregate Sample (CMB No. 130006) 

The Las Placitas coarse aggregate sample (CMB No. 130006) was classified 
as a quartzite and granite mixture. The color of the particles varied from 
very pale orange (10YR 8/2), pale yellowish orange (10YR 8/6), grayish 
orange (10YR 7/4), light brown (5YR 6/4), greenish gray (SG 6/1), grayish 
green (5GY 6/1), dark greenish gray (5GY 4/1, 5G 4/1), very light gray 
(N8), light brown (5YR 6/4) to moderate brown (5YR 4/4) in color (Figure 
B22).The aggregates were angular to well-rounded, mostly dense with a 
small fraction being vuggy (vesicular). Analysis of the XRD patterns 
(Figure B23) indicated that the predominant phase in the material was 
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sodium feldspar. Figure B24 contains the weight percent data obtained by 
whole pattern fitting using Jade 2010 software. Albite (Na(AlSi3O8)) 
(38%), quartz (SiO2) (27%), muscovite (KAl2(AlSi3O10)(OH)2) (17%), 
orthoclase (KAlSi3O8) (10%), calcite (CaCO3) (5%), cristobalite (SiO2) 
(2%), actinolite (Ca2(Mg,Fe2+)5Si8O22(OH)2 (1%), and trace amounts of and 
chlorite/clinochlore ((Mg, Fe)3(Si,Al)4O10-(OH)2·(Mg,Fe)3(OH)6) and 
hematite (Fe2O3) were identified for this sample.  

Figure B22. Las Placitas Coarse Aggregate Sample (CMB No. 130006). 
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Figure B23. X-ray pattern for Las Placitas Coarse Aggregate Sample (CMB No. 
130006). 

 

Figure B24. Whole pattern fit with mineral percentages Las Placitas Coarse 
Aggregate Sample (CMB No. 130006). 

 

B.9 Sudbury Coarse Aggregate Sample (CMB No. 130030) 

The Sudbury coarse aggregate sample (CMB No. 130030) was classified as a 
green schist, quartzite and granite mixture. The color of the particles varied 
from moderate orange pink (5YR 8/4), pale yellowish orange (10YR 8/6), 
very pale orange (10YR 8/2), grayish orange (10YR 7/4), light brown (5YR 
5/6), dark yellowish brown (10YR 4/2), grayish blue (5B 5/6), light 
brownish gray (5YR 6/1), greenish gray (5G 6/1), grayish green (5GY 6/1), 
yellowish gray (5Y 8/1), medium bluish gray (5B 5/1), dark greenish gray 
(5GY 4/1, 5G 4/1), white (N9), very light gray (N8), light gray (N7), medium 
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light gray (N6), medium gray (N5), medium dark gray (N4) in color 
(Figure B25). Analysis of the XRD patterns (Figure B26) indicated that the 
predominant phase in the material was muscovite. Figure B27 contains the 
weight percent data obtained by whole pattern fitting using Jade 2010 
software. Muscovite (KAl2(AlSi3O10)(OH)2) (28%), albite (Na(AlSi3O8)) 
(24%), chlorite/clinochlore ((Mg, Fe)3(Si,Al)4(O10-OH)2·(Mg,Fe)3(OH)6) 
(20%), quartz (SiO2) (20%), orthoclase (KAlSi3O8) (5%), ferropargasite 
(NaCa2(Fe,Mg)Al(Si6Al2)O22(OH,Cl)2) (4%), and trace amounts of 
cristobalite (SiO2) and calcite (CaCO3) were identified for this sample. 

Figure B25. Sudbury Coarse Aggregate Sample (CMB No. 130030). 

 



ERDC/GSL TR-19-22  178 

  

Figure B26. X-ray pattern for Sudbury Coarse Aggregate Sample (CMB No. 
130030). 

 

Figure B27. Whole pattern fit with mineral percentages Sudbury Coarse 
Aggregate Sample (CMB No. 130030). 

 

B.10 Jobe Coarse Aggregate Sample (CMB No. 130037) 

The Jobe coarse aggregate sample (CMB No. 130037) was classified as 
complex alluvial gravel with granite/rhyolite, basalt, welded tuff, chert and 
amber. The color of the particles varied from pale red (5R 6/2), dark red (5R 
3/4), grayish red (10R 4/2), moderate reddish brown (10R 4/6), grayish 
orange pink (10R 8/2), grayish blue (5B 5/6), white (N9), very light gray 
(N8), medium light gray (N6), medium gray (N5) to medium dark gray (N3) 
in color (Figure B28). Analysis of the XRD patterns (Figure B29) indicated 
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that the predominant phase in the material was microcline. Figure B30 
contains the weight percent data obtained by whole pattern fitting using 
Jade 2010 software. Microcline ((K,Na,Ca,Ba)AlSi3O8) (56%), quartz (SiO2) 
(18%), calcite (CaCO3) (17%), albite (Na(AlSi3O8)) (5%), muscovite 
(KAl2(AlSi3O10)(OH)2) (2%), cristobalite (SiO2) (1%), and hematite (Fe2O3) 
(1%) were identified for this sample.  

Figure B28. Jobe Coarse Aggregate Sample (CMB No. 130037). 
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Figure B29. X-ray pattern for Jobe Coarse Aggregate Sample (CMB No. 
130037). 

 

Figure B30. Whole pattern fit with mineral percentages Jobe Coarse Aggregate 
Sample (CMB No. 130037). 

 

B.11 Adairsville Coarse Aggregate Sample (CMB No. 130038) 

The Adairsville coarse aggregate sample (CMB No. 130038) was classified 
as a dolostone. The color of the particles varied from grayish blue (5B 5/6), 
very light gray (N8), medium light gray (N6), medium gray (N5) to 
medium dark gray (N3) in color (Figure B31). Analysis of the XRD 
patterns (Figure B32) indicated that the predominant phase in the 
material was dolomite. Figure B33 contains the weight percent data 
obtained by whole pattern fitting using Jade 2010 software. Dolomite 
(Ca,Mg(CO3)2) (99%), with trace amounts of quartz (SiO2), ankerite 
(Ca(Fe+2Mg)(CO3)2), feldspar (KAlSi3O8/(Ca,Na)(Si,Al)4O8) were 
identified for this sample.  
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Figure B31. Adairsville Coarse Aggregate Sample (CMB No. 130038). 
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Figure B32. X-ray pattern for Adairsville Coarse Aggregate Sample (CMB No. 
130038). 

 

Figure B33. Whole pattern fit with mineral percentages Adairsville Coarse 
Aggregate Sample (CMB No. 130038). 

 

B.12 Beltane Opal Coarse Aggregate Sample (CMB No. 130039) 

The Beltane opal coarse aggregate sample (CMB No. 130039) was 
classified as an opal. The color of the particles varied from white (N9), 
pinkish gray (5YR 8/1), very pale orange (10YR 8/2), moderate orange 
pink (5Yr 8/4) to pale yellowish orange (10YR 8/6) in color (Figure B34). 
Analysis of the XRD patterns (Figure B35) indicated that the predominant 
phase in the material was tridymite. Figure B36 contains the weight 
percent data obtained by whole pattern fitting using Jade 2010 software. 
Tridymite (SiO2) (39%), cristobalite α (SiO2) (28%), quartz (SiO2) (20%), 
cristobalite β (SiO2) (8%), and kaolinite (Al2Si2O5OH4) (5%) were 
identified for this sample.  
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Figure B34. Beltane Opal Coarse Aggregate Sample (CMB No. 130039). 

 
 
 

Figure B35. X-ray pattern for Beltane Opal Coarse Aggregate Sample (CMB No. 
130039). 
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Figure B36. Whole pattern fit with mineral percentages Beltane Opal Coarse 
Aggregate Sample (CMB No. 130039). 

 

B.13 Calera Coarse Aggregate Sample (CMB No. 130040) 

The Calera coarse aggregate sample (CMB No. 130040) was classified as a 
dolostone. The color of the particles varied from grayish blue (5B 5/6), 
light bluish gray (10B 5/1), very light gray (N8), medium light gray (N6) to 
medium gray (N5) in color (Figure B37). Analysis of the XRD patterns 
(Figure B38) indicated that the predominant phase in the material was 
dolomite. Figure B39 contains the weight percent data obtained by whole 
pattern fitting using Jade 2010 software. Dolomite (Ca,Mg(CO3)2) (73%), 
calcite (CaCO3) (26%), and quartz (SiO2) (1%) with trace amounts of 
anorthite (CaAl2Si3O8) were identified for this sample.  
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Figure B37. Calera Coarse Aggregate Sample (CMB No. 130040). 

 
 
 
 

Figure B38. X-ray pattern for Calera Coarse Aggregate Sample (CMB No. 
130040). 
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Figure B39. Whole pattern fit with mineral percentages Calera Coarse 
Aggregate Sample (CMB No. 130040). 

 

B.14 Green Brothers Fine Aggregate Sample (CMB No. 130041) 

The Green Brothers fine aggregate sample (CMB No. 130041) was classified 
as quartz gravel. The color of the particles varied from moderate red (5R 
4/6), moderate reddish brown (10R 4/6), pale yellowish orange (10YR 8/6), 
moderate orange pink (5YR 8/4), light brown (5YR 5/6), moderate 
yellowish brown (10YR 5/4), moderate brown (5YR 3/4) and grayish brown 
(5YR 3/4) in color (Figure B40). Analysis of the XRD patterns (Figure B41) 
indicated that the predominant phase in the material was quartz. Figure 
B42 contains the weight percent data obtained by whole pattern fitting 
using Jade 2010 software. Quartz (SiO2) (94%), orthoclase (KAlSi3O8) (5%), 
and iron (Fe) (1%) were identified for this sample.  
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Figure B40. Green Brothers Fine Aggregate Sample (CMB No. 130041). 
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Figure B41. X-ray pattern for Green Brothers Fine Aggregate Sample (CMB No. 
130041). 

 
 
 

Figure B42. Whole pattern fit with mineral percentages Green Brothers Fine 
Aggregate Sample (CMB No. 130041). 
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B.15 Calera Coarse Aggregate Sample (CMB No. 130040 - No. 67) 

The Calera coarse aggregate sample (CMB No. 130030 – No. 67) was 
classified as a dolostone. The color of the particles varied from grayish 
blue (5B 5/6), light bluish gray (10B 5/1), very light gray (N8), medium 
light gray (N6) to medium gray (N5) in color (Figure B43). Analysis of the 
XRD patterns (Figure B44) indicated that the predominant phase in the 
material was dolomite. Figure B45 contains the weight percent data 
obtained by whole pattern fitting using Jade 2010 software. Dolomite 
(CaMg(CO3)2) (60.8%), calcite (CaCO3) (36.3%), and quartz (SiO2) (2.9%) 
were identified in this sample.  

Figure B43. Calera Coarse Aggregate Sample (CMB No. 130040 - No. 67). 
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Figure B44. X-ray pattern for Calera Coarse Aggregate Sample (CMB No. 
130040 - No. 67). 

 

Figure B45. Whole pattern fit with mineral percentages Calera Coarse 
Aggregate Sample (CMB No. 130040 - No. 67). 
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B.16 Calera Coarse Aggregate Sample (CMB No. 130040) 

The Calera coarse aggregate sample (CMB No. 130040) was classified as a 
dolostone. The color of the particles varied from grayish blue (5B 5/6), 
light bluish gray (10B 5/1), very light gray (N8), medium light gray (N6) to 
medium gray (N5) in color (Figure B46). Analysis of the XRD patterns 
(Figure B47) indicated that the predominant phase in the material was 
dolomite. Figure B48 contains the weight percent data obtained by whole 
pattern fitting using Jade 2010 software. Calcite (CaCO3) (61.5%), 
dolomite (CaMg(CO3)2) (35.6%), and quartz (SiO2) (2.9%) were identified 
in this sample. 

Figure B46. Calera Coarse Aggregate Sample (CMB No. 130040). 
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Figure B47. X-ray pattern for Calera Coarse Aggregate Sample (CMB No. 
130040). 

 

Figure B48. Whole pattern fit with mineral percentages Calera Coarse 
Aggregate Sample (CMB No. 130040). 
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B.17 Green Brothers Fine Aggregate Sample (CMB No. 140037)  

The Green Brothers fine aggregate sample (CMB No. 140037) was 
classified as quartz gravel. The color of the particles varied from moderate 
red (5R 4/6), moderate reddish brown (10R 4/6), pale yellowish orange 
(10YR 8/6), moderate orange pink (5YR 8/4), light brown (5YR 5/6), 
moderate yellowish brown (10YR 5/4), moderate brown (5YR 3/4) and 
grayish brown (5YR 3/4) in color (Figure B49). Analysis of the XRD 
patterns (Figure B50) indicated that the predominant phase in the 
material was quartz. Figure B51 contains the weight percent data obtained 
by whole pattern fitting using Jade 2010 software. Quartz (SiO2) (94.2%), 
microcline (KAlSi3O8) (5.7%), and trace amounts of cristobolite (SiO2) 
were identified for this sample.  

Figure B49. Green Brothers Fine Aggregate Sample (CMB No. 140037).  
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Figure B50. X-ray pattern for Green Brothers Fine Aggregate Sample (CMB No. 
140037).  

 

Figure B51. Whole pattern fit with mineral percentages Green Brothers Fine 
Aggregate Sample (CMB No. 140037).  
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B.18 Nevada Coarse Aggregate Sample (CMB No. 140084) 

The Nevada coarse aggregate sample (CMB No. 140084) was classified as a 
complex gravel with fine conglomerate to arkose aggregates.  The color of 
the particles varied from white (N9), very light gray (N8), light gray (N7), 
medium light gray (N6), medium gray (N5), medium dark gray (N4), 
grayish pink (5R 8/2), grayish orange pink (10R 8/2), moderate orange 
pink (10R 7/4), light red (5R 6/6), pale reddish brown (10R 5/4), grayish 
red (10R 4/2), dark reddish brown (10R 3/4), very pale orange (10YR 8/2), 
grayish orange (10YR 7/4), dark yellowish orange (10YR 6/6), moderate 
yellowish brown (10YR 5/4) in color (Figure B52). Analysis of the XRD 
patterns (Figure B53) indicated that the predominant phase in the material 
was quartz. Figure B54 contains the weight percent data obtained by whole 
pattern fitting using Jade 2010 software. Quartz (SiO2) (56.0%), microcline 
(KAlSi3O8) (20.6%), calcite (CaCO3) (10.9%), muscovite 
(KAl2(AlSi3O10)(OH)2) (10.0%), cristobalite (SiO2) (1.7%) and trace amounts 
of albite (Na(Al3O8)) and iron (Fe) were identified for this sample.  

Figure B52. Nevada Coarse Aggregate Sample (CMB No. 140084). 
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Figure B53. X-ray pattern for Nevada Coarse Aggregate Sample (CMB No. 
140084). 

 

Figure B54. Whole pattern fit with mineral percentages Nevada Coarse 
Aggregate Sample (CMB No. 140084). 
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B.19 Nevada Fine Aggregate Sample (CMB No. 140085) 

The Nevada fine aggregate sample (CMB No. 140085) was classified as a 
complex gravel. The color of the particles varied from white (N9), very 
light gray (N8), light gray (N7), medium light gray (N6), medium gray 
(N5), medium dark gray (N4), grayish pink (5R 8/2), grayish orange pink 
(10R 8/2), moderate orange pink (10R 7/4), light red (5R 6/6), pale 
reddish brown (10R 5/4), grayish red (10R 4/2), dark reddish brown (10R 
3/4), very pale orange (10YR 8/2), grayish orange (10YR 7/4), dark 
yellowish orange (10YR 6/6), moderate yellowish brown (10YR 5/4) in 
color (Figure B55). Analysis of the XRD patterns (Figure B56) indicated 
that the predominant phase in the material was quartz. Figure B57 
contains the weight percent data obtained by whole pattern fitting using 
Jade 2010 software. Quartz (SiO2) (27.3%), calcite (CaCO3) (27.1%), 
anorthite (CaAl2Si3O8) (25.8%), orthoclase (KAlSi3O8) (8.9%), cristobalite 
(SiO2) (6.5%), stilbite (Na1.6Ca4(Al9Si27O72(H2O)31.52) (2.4%), 
chlorite/clinochlore ((Mg, Fe)3(Si,Al)4O10-(OH)2·(Mg,Fe)3(OH)6) (1.2%), 
and biotite (K0.78Na0.22Mg1.63Fe0.85Ti0.33Al1.55Si2.84O11(OH)) (0.9%) were 
identified for this sample. 
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Figure B55. Nevada Fine Aggregate Sample (CMB No. 140085). 
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Figure B56. X-ray pattern for Nevada Fine Aggregate Sample (CMB No. 
140085). 

 

Figure B57. Whole pattern fit with mineral percentages Nevada Fine Aggregate 
Sample (CMB No. 140085). 

 

B.20 Wabasha, MN, Coarse Aggregate Sample (CMB No. 150046) 
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classified a complex gravel with intermediate to felsic composition 
aggregates. The color of the particles varied from moderate orange pink 
(5YR 8/4), very pale orange (10YR 8/2), grayish orange (10YR 7/4), 
moderate red (5R 4/6), grayish brown (5Y 3/2), dusky yellowish brown 

10 20 30 40 50 60

Two-Theta (deg)

√0

25

50

75

100

125

SQ
R

T(
C

ou
nt

s)
140085140085140085

3.
34

2Å
3.

34
2Å

3.
34

2Å
3.

34
2Å

3.
34

2Å

3.
03

2Å
3.

03
2Å

3.
03

2Å
3.

03
2Å

3.
03

2Å

4.
25

3Å
4.

25
3Å

4.
25

3Å
4.

25
3Å

4.
25

3Å

3.
18

1Å
3.

18
1Å

3.
18

1Å
3.

18
1Å

3.
18

1Å

2.
28

2Å
2.

28
2Å

2.
28

2Å
2.

28
2Å

2.
28

2Å

1.
81

8Å
1.

81
8Å

1.
81

8Å
1.

81
8Å

1.
81

8Å

8.
95

2Å
8.

95
2Å

8.
95

2Å
8.

95
2Å

8.
95

2Å

2.
45

6Å
2.

45
6Å

2.
45

6Å
2.

45
6Å

2.
45

6Å

4.
04

7Å
4.

04
7Å

4.
04

7Å
4.

04
7Å

4.
04

7Å

2.
09

3Å
2.

09
3Å

2.
09

3Å
2.

09
3Å

2.
09

3Å

1.
87

4Å
1.

87
4Å

1.
87

4Å
1.

87
4Å

1.
87

4Å

3.
77

Å
3.

77
Å

3.
77

Å
3.

77
Å

3.
77

Å

7.
16

1Å
7.

16
1Å

7.
16

1Å
7.

16
1Å

7.
16

1Å

4.
48

1Å
4.

48
1Å

4.
48

1Å
4.

48
1Å

4.
48

1Å

2.
98

3Å
2.

98
3Å

2.
98

3Å
2.

98
3Å

2.
98

3Å

3.
42

Å
3.

42
Å

3.
42

Å
3.

42
Å

3.
42

Å

1.
97

9Å
1.

97
9Å

1.
97

9Å
1.

97
9Å

1.
97

9Å

3.
12

7Å
3.

12
7Å

3.
12

7Å
3.

12
7Å

3.
12

7Å

2.
56

5Å
2.

56
5Å

2.
56

5Å
2.

56
5Å

2.
56

5Å

2.
84

1Å
2.

84
1Å

2.
84

1Å
2.

84
1Å

2.
84

1Å

1.
60

3Å
1.

60
3Å

1.
60

3Å
1.

60
3Å

1.
60

3Å

1.
67

1Å
1.

67
1Å

1.
67

1Å
1.

67
1Å

1.
67

1Å

2.
16

3Å
2.

16
3Å

2.
16

3Å
2.

16
3Å

2.
16

3Å

Quartz, syn ● SiO 2Quartz, syn ● SiO 2

Calcite, syn ● CaCO 3Calcite, syn ● CaCO 3

Anorthite ● CaAl 2 Si 2 O 8
Anorthite ● CaAl 2 Si 2 O 8

Orthoclase ● K(AlSi 3 O 8 )Orthoclase ● K(AlSi 3 O 8 )

Cristobalite low ● SiO 2Cristobalite low ● SiO 2

Stilbite-Ca ● Na 1.6 Ca 4 (Al 9 Si 27 O 72 )(H 2 O) 31.52
Stilbite-Ca ● Na 1.6 Ca 4 (Al 9 Si 27 O 72 )(H 2 O) 31.52

Clinochlore IIb-2 ● (Mg,Fe) 5 Al(Si 3 Al)O 10 (OH) 8
Clinochlore IIb-2 ● (Mg,Fe) 5 Al(Si 3 Al)O 10 (OH) 8

Biotite-1M ● K .78 Na .22 Mg 1.63 Fe .85 Ti .33 Al 1.35 Si 2.84 O 11 (OH)Biotite-1M ● K .78 Na .22 Mg 1.63 Fe .85 Ti .33 Al 1.35 Si 2.84 O 11 (OH)



ERDC/GSL TR-19-22  200 

  

(10YR 2/2), grayish orange pink (10R 8/2), moderate orange pink (10R 
7/4), moderate reddish orange (10R 6/6), grayish red (10R 4/2), pale 
reddish brown (10R 5/4), moderate reddish brown (10R 4/6), dark 
reddish brown (10R 3/4), very dusky red (10R 2/2), moderate brown (5YR 
3/4), light bluish gray (5B 7/1), medium bluish gray (5B 5/1), yellowish 
gray (5Y 8/1), light gray (N7), medium light gray (N6), medium gray (N5), 
medium dark gray (N4), dark gray (N3) in color (Figure B58). Analysis of 
the XRD patterns (Figure B59) indicated that the predominant phase in 
the material was quartz. Figure B60 contains the weight percent data 
obtained by whole pattern fitting using Jade 2010 software. Quartz (SiO2) 
(25.4%), chlorite/clinochlore ((Mg, Fe)3(Si,Al)4O10(OH)2·(Mg,Fe)3(OH)6) 
(18.5%), albite (Na(Al3O8)) (15.2%) orthoclase (KAlSi3O8) (12.3%), 
actinolite (Ca2(Mg,Fe2+)5Si8O22(OH)2) (11.3%), dolomite (CaMg(CO3)2) 
(8.3%), muscovite (KAl2(AlSi3O10)(OH)2) (6.7%) and calcite (CaCO3) 
(2.4%) were identified for this sample.  

Figure B58. Wabasha, MN, Coarse Aggregate Sample (CMB No. 150046). 
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Figure B59. X-ray pattern for Wabasha, MN, Coarse Aggregate Sample (CMB 
No. 150046). 

 

Figure B60. Whole pattern fit with mineral percentages Wabasha, MN, Coarse 
Aggregate Sample (CMB No. 150046). 

 

B.21 Wabasha, MN, Fine Aggregate Sample (CMB No. 150047) 

Wabasha, MN, fine aggregate sample (CMB No. 150047) was classified a 
complex gravel with intermediate to felsic composition aggregates. The 
color of the particles varied from moderate orange pink (5YR 8/4), very pale 
orange (10YR 8/2), grayish orange (10YR 7/4), moderate red (5R 4/6), 
grayish brown (5Y 3/2), dusky yellowish brown (10YR 2/2), grayish orange 
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pink (10R 8/2), moderate orange pink (10R 7/4), moderate reddish orange 
(10R 6/6), grayish red (10R 4/2), pale reddish brown (10R 5/4), moderate 
reddish brown (10R 4/6), dark reddish brown (10R 3/4), very dusky red 
(10R 2/2), moderate brown (5YR 3/4), light bluish gray (5B 7/1), medium 
bluish gray (5B 5/1), yellowish gray (5Y 8/1), light gray (N7), medium light 
gray (N6), medium gray (N5), medium dark gray (N4), dark gray (N3) , in 
color (Figure B61). Analysis of the XRD patterns (Figure B62) indicated that 
the predominant phase in the material was quartz. Figure B63 contains the 
weight percent data obtained by whole pattern fitting using Jade 2010 
software. Quartz (SiO2) (38.8%), orthoclase (KAlSi3O8) (26.0%), albite 
(Na(Al3O8)) (10.8%), clinochlore ((Mg,Fe)3(Si,Al)4O10(OH)2· 
(Mg,Fe)3(OH)6) (8.7%), muscovite (KAl2(AlSi3O10)(OH)2) (5.2%), dolomite 
(Ca,Mg(CO3)2) (4.3%), actinolite (Ca2(Mg,Fe2+)5Si8O22(OH)2) (3.2%), and 
calcite (CaCO3) (3.1%) were identified for this sample. 

Figure B61. Wabasha, MN, Fine Aggregate Sample (CMB No. 150047). 
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Figure B62. X-ray pattern for Wabasha, MN, Fine Aggregate Sample (CMB No. 
150047). 

 

Figure B63. Whole pattern fit with mineral percentages Wabasha, MN, Fine 
Aggregate Sample (CMB No. 150047). 
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B.22 Adairsville, Atlanta, GA, Fine Aggregate Sample (CMB No. 
150093) 

The Adairsville, Atlanta, GA, fine aggregate sample (CMB No. 150093) was 
classified as a dolostone. The color of the particles varied from white (N9), 
very light gray (N8), light gray (N7), medium light gray (N6), medium gray 
(N5), medium dark gray (N4), dark gray (N3) in color (Figure B64). 
Analysis of the XRD patterns (Figure B65) indicated that the predominant 
phase in the material was dolomite. Figure B66 contains the weight 
percent data obtained by whole pattern fitting using Jade 2010 software. 
Dolomite (Ca,Mg(CO3)2) (98.9%), orthoclase (KAlSi3O8) (0.7%), quartz 
(SiO2) (0.4%), and calcite (CaCO3) (0.1%) were identified for this sample.  

Figure B64. Adairsville, Atlanta, GA, Fine Aggregate Sample (CMB No. 150093). 
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Figure B65. X-ray pattern for Adairsville, Atlanta, GA, Fine Aggregate Sample 
(CMB No. 150093). 

 

Figure B66. Whole pattern fit with mineral percentages Adairsville, Atlanta, GA, 
Fine Aggregate Sample (CMB No. 150093). 

 

B.23 Vulcan, Atlanta, GA, Fine Aggregate Sample (CMB No. 150094) 

The Vulcan, Atlanta, GA, fine aggregate sample (CMB No. 150094) was 
classified as a feldspar-rich gravel. The color of the particles varied from 
pale yellowish brown (10YR 6/2), dark yellowish orange (10YR 6/6), pale 
yellowish orange (10YR 8/6), yellowish gray (5Y 8/1), white (N9), very 
light gray (N8), grayish black (N2) and black (N1) in color (Figure B67). 
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Analysis of the XRD patterns (Figure B68) indicated that the predominant 
phase in the material was quartz. Figure B69 contains the weight percent 
data obtained by whole pattern fitting using Jade 2010 software. Anorthite 
(CaAl2Si3O8) (31.0%), albite (Na(Al3O8)) (22.9%), quartz (SiO2) (19.4%), 
microcline (KAlSi3O8) (17.9%), biotite (KFeMg2(Al3O10)(OH)2) (8.5%), and 
coesite (SiO2) (0.2%) were identified for this sample.  

Figure B67. Vulcan, Atlanta, GA, Fine Aggregate Sample (CMB No. 150094). 
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Figure B68. X-ray pattern for Vulcan, Atlanta, GA, Fine Aggregate Sample (CMB 
No. 150094). 

 

Figure B69. Whole pattern fit with mineral percentages Vulcan, Atlanta, GA, 
Fine Aggregate Sample (CMB No. 150094). 
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B.24 Vulcan, Atlanta, GA, Coarse Aggregate Sample (CMB No. 
150095) 

The Vulcan, Atlanta, GA, coarse aggregate sample (CMB No. 150095) was 
classified as intermediate to felsic crushed aggregate. The color of the 
particles varied from moderate reddish orange (10R 6/6), moderate 
orange pink (5YR 8/4), very pale orange (10YR 8/2), pale yellowish orange 
(10YR 8/6), dark yellowish orange (10YR 6/6), white (N9), medium dark 
gray (N4) and dark gray (N3) in color (Figure B70). Analysis of the XRD 
patterns (Figure B71) indicated that the predominant phase in the material 
was anorthite. Figure B72 contains the weight percent data obtained by 
whole pattern fitting using Jade 2010 software. Anorthite (CaAl2Si3O8) 
(44.8%), microcline (KAlSi3O8) (27.9%), quartz (SiO2) (20.1%), and biotite 
(KFeMg2(Al3O10)(OH)2) (7.2%) were identified for this sample.  

Figure B70. Vulcan, Atlanta, GA, Coarse Aggregate Sample (CMB No. 150095). 
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Figure B71. X-ray pattern for Vulcan, Atlanta, GA, Coarse Aggregate Sample 
(CMB No. 150095). 

 

Figure B72. Whole pattern fit with mineral percentages Vulcan, Atlanta, GA, 
Coarse Aggregate Sample (CMB No. 150095). 
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B.25 LG Everist Dell Rapids, SD, Fine Aggregate Sample (CMB No. 
150096) 

The LG Everist Dell Rapids, SD, fine aggregate sample (CMB No. 150096) 
was classified as quartz sand. The color of the particles varied from grayish 
pink (5R 8/2), pale red (5R 6/2), pale red (10R 6/2), moderate red (5R 
5/4), grayish red (10R 4/2), pale reddish brown (10R 5/4), and grayish red 
(10R 4/2) in color (Figure B73). Analysis of the XRD patterns (Figure B74) 
indicated that the predominant phase in the material was quartz. Figure 
B75 contains the weight percent data obtained by whole pattern fitting 
using Jade 2010 software. Quartz (SiO2) (95.3%), kaolinite (Al2Si2O5OH4) 
(4.5%), and trace amounts of cristobalite (SiO2) and tridymite (SiO2) were 
identified for this sample.  

Figure B73. LG Everist Dell Rapids, SD, Fine Aggregate Sample (CMB No. 
150096). 
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Figure B74. X-ray pattern for LG Everist Dell Rapids, SD, Fine Aggregate Sample 
(CMB No. 150096). 

 

Figure B75. Whole pattern fit with mineral percentages LG Everist Dell Rapids, 
SD, Fine Aggregate Sample (CMB No. 150096). 
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B.26 Knife River, Cheyenne, WY, Fine Aggregate Sample (CMB No. 
150097) 

Knife River, Cheyenne, WY, fine aggregate sample (CMB No. 150097) was 
classified a feldspar-rich sand. The color of the particles varied from 
moderate pink (5R 7/4), moderate orange pink (10R 7/4), moderate reddish 
orange (10R 6/6), moderate reddish brown (10R 4/6), pale reddish brown 
(10R 5/4), very pale orange (10YR 8/2), pale yellowish orange (10YR 8/6), 
dark yellowish orange (10YR 6/6), light brown (5YR 5/6), pale olive (10Y 
6/2), dark greenish gray (5GY 4/1), white (N9), very light gray (N8), dark 
gray (N3), and grayish black (N2) in color (Figure B76). Analysis of the XRD 
patterns (Figure B77) indicated that the predominant phase in the material 
was anorthite. Figure B78 contains the weight percent data obtained by 
whole pattern fitting using Jade 2010 software. Anorthite (CaAl2Si3O8) 
(27.1%), microcline (KAlSi3O8) (24.9%), albite (Na(Al3O8)) (24.8%), Quartz 
(SiO2) (19.1%), biotite (KFeMg2(Al3O10)(OH)2) (3.5%), and a trace amount 
of cordierite (Mg2Al4Si5O18) were identified for this sample.  

Figure B76. Knife River, Cheyenne, WY, Fine Aggregate Sample (CMB No. 
150097). 
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Figure B77. X-ray pattern for Knife River, Cheyenne, WY, Fine Aggregate Sample 
(CMB No. 150097). 

 

Figure B78. Whole pattern fit with mineral percentages Knife River, Cheyenne, 
WY, Fine Aggregate Sample (CMB No. 150097). 
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B.27 Spratt-Canada Coarse Aggregate Sample (CMB No. 150098) 

The Spratt-Canada coarse aggregate sample (CMB No. 150098) was 
classified as a dense limestone. The color of the particles varied from 
medium dark gray (N4), medium gray (N5), medium light gray (N6), light 
gray (N7), very light gray (N8) to white (N9) in color (Figure B79). The 
particles ranged from angular to sub-angular in shape with some quartz 
inclusions. Analysis of the XRD patterns (Figure B80) indicated that the 
predominant phase in the material was calcite. The weight percent data 
obtained by whole pattern fitting using Jade 2010 software are given in 
Figure B81. Calcite (CaCO3) (76.7%), dolomite (CaMg(CO3)2) (13.7%), and 
quartz (SiO2) (9.6%) were identified for this sample.  

Figure B79. Spratt-Canada Coarse Aggregate Sample (CMB No. 150098). 
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Figure B80. X-ray pattern for Spratt-Canada Coarse Aggregate Sample (CMB 
No. 150098). 

 

Figure B81. Whole pattern fit with mineral percentages Spratt-Canada Coarse 
Aggregate Sample (CMB No. 150098). 
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B.28 Sudbury-Canada Coarse Aggregate Sample (CMB No. 150098.1) 

The Sudbury-Canada coarse aggregate sample (CMB No. 150098.1) was 
classified as a green schist, quartzite, and granite mixture. The color of the 
particles varied from moderate orange pink (5YR 8/4), pale yellowish 
orange (10YR 8/6), very pale orange (10YR 8/2), grayish orange (10YR 
7/4), light brown (5YR 5/6), dark yellowish brown (10YR 4/2), grayish blue 
(5B 5/6), light brownish gray (5YR 6/1), greenish gray (5G 6/1), grayish 
green (5GY 6/1), yellowish gray (5Y 8/1), medium bluish gray (5B 5/1), dark 
greenish gray (5GY 4/1, 5G 4/1), white (N9), very light gray (N8), light gray 
(N7), medium light gray (N6), medium gray (N5), medium dark gray (N4) 
in color (Figure B82). Analysis of the XRD patterns (Figure B83) indicated 
that the predominant phase in the material was quartz. Figure B84 contains 
the weight percent data obtained by whole pattern fitting using Jade 2010 
software. Quartz (SiO2) (34.3%), chlorite/clinochlore ((Mg, Fe)3(Si,Al)4O10-

(OH)2·(Mg,Fe)3(OH)6) (26.2%), albite (Na(AlSi3O8)) (16.3%), muscovite 
(KAl2(AlSi3O10)(OH)2) (13.9%), anorthite (CaAl2Si3O8) (7.5%), and fluor-
riebeckite (Al0.35Ca0.01FFe4.37HK0.29Li0.33Mn0.18Na2.03O23Si7.75) were 
identified for this sample. 



ERDC/GSL TR-19-22  217 

  

Figure B82. Sudbury-Canada Coarse Aggregate Sample (CMB No. 150098.1). 
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Figure B83. X-ray pattern for Sudbury-Canada Coarse Aggregate Sample (CMB 
No. 150098.1). 

 

Figure B84. Whole pattern fit with mineral percentages Sudbury-Canada 
Coarse Aggregate Sample (CMB No. 150098.1). 
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B.29 Geneva, Utah, Fine Aggregate Sample (CMB No. 150099) 

The Geneva, Utah, fine aggregate sample (CMB No. 150099) was classified 
as quartz sand. The color of the particles varied from very pale orange 
(10YR 8/2), pale yellowish brown (10YR 6/2), pale yellowish orange (10YR 
8/6), grayish orange pink (5YR 7/2), moderate brown (5YR 4/4), white 
(N9), very light gray (N8) and dark gray (N3) in color (Figure B85). 
Analysis of the XRD patterns (Figure B86) indicated that the predominant 
phase in the material was quartz. Figure B87 contains the weight percent 
data obtained by whole pattern fitting using Jade 2010 software. Quartz 
(SiO2) (70.1%), dolomite (CaMg(CO3)2) (23.6%), orthoclase (KAlSi3O8) 
(5.6%), and trace amounts of tridymite (SiO2), cristobalite (SiO2), and 
calcite (CaCO3) were identified for this sample.  

Figure B85. Geneva, Utah, Fine Aggregate Sample (CMB No. 150099). 
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Figure B86. X-ray pattern for Geneva, Utah, Fine Aggregate Sample (CMB No. 
150099). 

 

Figure B87. Whole pattern fit with mineral percentages Geneva, Utah, Fine 
Aggregate Sample (CMB No. 150099). 
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B.30 Geneva, Utah, Coarse Aggregate Sample (CMB No. 150100) 

The Geneva, Utah, coarse aggregate sample (CMB No. 150100) was 
classified as quartz sandstone. The color of the particles varied from very 
pale orange (10YR 8/2), pale yellowish brown (10YR 6/2), pale yellowish 
orange (10YR 8/6), grayish orange pink (5YR 7/2), moderate brown (5YR 
4/4), white (N9), very light gray (N8) and dark gray (N3) in color 
(Figure B88). Analysis of the XRD patterns (Figure B89) indicated that the 
predominant phase in the material was quartz. Figure B90 contains the 
weight percent data obtained by whole pattern fitting using Jade 2010 
software. Quartz (SiO2) (73.7%), orthoclase (KAlSi3O8) (14.2%), dolomite 
(CaMg(CO3)2) (11.8%), and trace amounts of tridymite (SiO2) and calcite 
(CaCO3) were identified for this sample. 

Figure B88. Geneva, Utah, Coarse Aggregate Sample (CMB No. 150100). 
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Figure B89. X-ray pattern for Geneva, Utah, Coarse Aggregate Sample (CMB No. 
150100). 

 

Figure B90. Whole pattern fit with mineral percentages Geneva, Utah, Coarse 
Aggregate Sample (CMB No. 150100). 
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B.31 Geneva, Utah, Fine Aggregate Sample (CMB No. 1500101) 

The Geneva, Utah, fine aggregate sample (CMB No. 1500101) was 
classified as quartz-rich sand. The color of the particles varied from 
moderate red (5R 5/4), dark reddish brown (10R 3/4), very pale orange 
(10YR 8/2), moderate orange pink (5YR 8/4), grayish orange (10YR 7/4), 
dark yellowish orange (10YR 6/6), pinkish gray (5YR 8/1), yellowish gray 
(5Y 8/1), white (N9), very light gray (N8), light gray (N7), medium light 
gray (N6), and dark gray (N3) in color (Figure B91). Analysis of the XRD 
patterns (Figure B92) indicated that the predominant phase in the 
material was quartz. Figure B93 contains the weight percent data obtained 
by whole pattern fitting using Jade 2010 software. Quartz (SiO2) (77.1%), 
albite (Na(Al3O8)) (9.5%), dolomite (CaMg(CO3)2) (7.4%), orthoclase 
(KAlSi3O8) (5.2%), and trace amounts of calcite (CaCO3) (0.8%) and 
muscovite (KAl2(AlSi3O10)(OH)2) were identified for this sample.  

Figure B91. Geneva, Utah, Fine Aggregate Sample (CMB No. 1500101). 
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Figure B92. X-ray pattern for Geneva, Utah, Fine Aggregate Sample (CMB No. 
1500101). 

 

Figure B93. Whole pattern fit with mineral percentages Geneva, Utah, Fine 
Aggregate Sample (CMB No. 1500101). 
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B.32 Geneva, Utah, Fine Aggregate Sample (CMB No. 150102) 

The Geneva, Utah, fine aggregate sample (CMB No. 1500102) was 
classified as quartz-rich sand. The color of the particles varied from 
moderate red (5R 5/4), dark reddish brown (10R 3/4), very pale orange 
(10YR 8/2), moderate orange pink (5YR 8/4), grayish orange (10YR 7/4), 
dark yellowish orange (10YR 6/6), pinkish gray (5YR 8/1), yellowish gray 
(5Y 8/1), light brownish gray (5YR 6/1), white (N9), very light gray (N8), 
light gray (N7), medium light gray (N6), and dark gray (N3) in color 
(Figure B94). Analysis of the XRD patterns (Figure B95) indicated that the 
predominant phase in the material was dolomite. Figure B96 contains the 
weight percent data obtained by whole pattern fitting using Jade 2010 
software. Dolomite (CaMg(CO3)2) (39.6%), quartz (SiO2) (31.6%), calcite 
(CaCO3) (23.6%), albite (Na(Al3O8)) (3.9%), and trace amounts of 
orthoclase (KAlSi3O8) and muscovite (KAl2(AlSi3O10)(OH)2) were 
identified for this sample. 

Figure B94. Geneva, Utah, Fine Aggregate Sample (CMB No. 150102). 
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Figure B95. X-ray pattern for Geneva, Utah, Fine Aggregate Sample (CMB No. 
150102). 

 

Figure B96. Whole pattern fit with mineral percentages Geneva, Utah, Fine 
Aggregate Sample (CMB No. 150102). 
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B.33 Geneva, Utah, Coarse Aggregate Sample (CMB No. 150103) 

The Geneva, Utah, coarse aggregate sample (CMB No. 150103) was 
classified as a complex gravel. The color of the particles varied from 
grayish pink (5R 8/2), moderate red (5R 5/4), pale red (10R 6/2), pale 
reddish brown (10R 5/4), very pale orange (10YR 8/2), pale yellowish 
orange (10YR 8/6), medium bluish gray (5B 5/1), white (N9), very light 
gray (N8), light gray (N7), medium light gray (N6), and dark gray (N3) in 
color (Figure B97). Analysis of the XRD patterns (Figure B98) indicated 
that the predominant phase in the material was dolomite. Figure B99 
contains the weight percent data obtained by whole pattern fitting using 
Jade 2010 software. Dolomite (CaMg(CO3)2) (50.1%), quartz (SiO2) 
(28.9%), calcite (CaCO3) (19.5%), and trace amounts of albite (Na(Al3O8)), 
orthoclase (KAlSi3O8), and muscovite (KAl2(AlSi3O10)(OH)2) were 
identified for this sample. 

Figure B97. Geneva, Utah, Coarse Aggregate Sample (CMB No. 150103). 
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Figure B98. X-ray pattern for Geneva, Utah, Coarse Aggregate Sample (CMB No. 
150103). 

 

Figure B99. Whole pattern fit with mineral percentages Geneva, Utah, Coarse 
Aggregate Sample (CMB No. 150103). 
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B.34 Clayton/Yardville Fine Aggregate Sample (CMB No. 150104) 

The Clayton/Yardville fine aggregate sample (CMB No. 150104) was 
classified as quartz sand. The color of the particles varied from moderate 
red (5R 4/6), moderate reddish brown (10R 4/6), pale yellowish orange 
(10YR 8/6), very pale orange (10YR 8/2), light brown (5YR 5/6), yellowish 
gray (5Y 8/1), white (N9) and very light gray (N8) in color (Figure B100). 
Analysis of the XRD patterns (Figure B101) indicated that the 
predominant phase in the material was quartz. Figure B102 contains the 
weight percent data obtained by whole pattern fitting using Jade 2010 
software. Quartz (SiO2) (99.5%), tridymite (SiO2) (0.2%), and cristobalite 
(SiO2) (0.2%) were identified for this sample.  

Figure B100. Clayton/Yardville Fine Aggregate Sample (CMB No. 150104). 
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Figure B101. X-ray pattern for Clayton/Yardville Fine Aggregate Sample (CMB 
No. 150104). 

 

Figure B102. Whole pattern fit with mineral percentages Clayton/Yardville Fine 
Aggregate Sample (CMB No. 150104). 
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B.35 Arkadelphia Fine Aggregate Sample (CMB No. 152149) 

The Arkadelphia fine aggregate sample (CMB No. 152149) was classified as 
quartz sand. The color of the particles varied from pale reddish brown (10R 
5/4), grayish red (10R 4/2), moderate orange pink (5YR 8/4), grayish 
orange pink (10R 8/2), pale yellowish orange (10YR 8/6), pale yellowish 
brown (10YR 6/2), dark yellowish orange (10YR 6/6), moderate brown 
(5YR 4/4), pale brown (5YR 5/2), light brown (5YR 6/4), yellowish gray (5Y 
7/2), medium bluish gray (5B 5/1), dark greenish gray (5G 4/1), yellowish 
gray (5Y 8/1), white (N9), medium dark gray (N4), and dark gray (N3) in 
color (Figure B103). Analysis of the XRD patterns (Figure B104) indicated 
that the predominant phase in the material was quartz. Figure B105 
contains the weight percent data obtained by whole pattern fitting using 
Jade 2010 software. Quartz (SiO2) (92.4%), albite (Na(Al3O8)) (6.4%), 
dolomite (Ca,Mg(CO3)2) (0.9%), calcite (CaCO3) (0.2%), and cristobalite 
(SiO2) (0.1%) were identified for this sample.  

Figure B103. Arkadelphia Fine Aggregate Sample (CMB No. 152149). 
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Figure B104. X-ray pattern for Arkadelphia Fine Aggregate Sample (CMB No. 
152149). 

 

Figure B105. Whole pattern fit with mineral percentages Arkadelphia Fine 
Aggregate Sample (CMB No. 152149). 
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