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SUMMARY

Despite an extensive international research effort on alkali~carbonate
reactions spanning almost twenty years, there is still no agreement on the
most satisfactory testing methods for use in the control and acceptance of
aggregates from commercial sources. A major portion of the research effort
in Virginia has been directed toward this problem.

Four test methods were evaluated using a suite of 22 rocks exhibiting a
wide range of potential expansion and mineralogical compositions. The purposes
of the study were:

(1) To evaluate the ability of the methods to predict detrimental
expansions of concrete caused by alkali-carbonate reactions,
and

(2) to evaluate the capability of the: methods for characterizing
the reactive potential of commercial aggregate sources.

The aggregates were evaluated in concretes made with three cements having
different alkali contents. Testing methods included the measurement of the expansion
of concrete moist cured for 5 years, resistance of concrete to freezing and thawing,
expansion of mortar bars, and length changes of rock prisms stored in a NaOH solution.
Detailed petrographic examinations were made on both the concrete and rocks.

The results from the several testing methods were compared with each other,
with the results from testing of quarries conducted by the Virginia Department of High~
ways and those from tests by other agencies.

Based upon the results of this study the following conclusions are drawn:

(1) The expansion after 5 years of continuous moist storage of the
concretes made with high alkali cements and containing the
various aggregates ranged from 0.01% to 0.27%. Expansions
of the apparently nonreactive aggregates are generally higher
than values that have been reported in the literature. But an
expansion value of 0.05% appears to separate the aggregates
that evidence detrimental expansion in other test methods
from those that do not.

(2) The expansion of the rocks during testing in accordance with
ASTM C 586 in general reflected their behavior in concrete.
While the method is essentially a "screening method'", when
used in conjunction with other procedures, such as petrographic
examination, it can be used for providing a rapid quantitative
evaluation of potential for expansion of the aggregate in concrete.
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Correlation of the prism expansions at various ages with 5 year
expansions of concrete made with high alkali cement resulted in
correlation coefficients between 0.87 and 0.95. Slightly higher
correlations were found for 4- and 8-week prism expansions
than for those at either 1 week or later ages. This appears to
be related to the role of restraint in concrete and the time at
which expansion begins.

For concrete made with the medium alkali cement, the correlation
between 5-year expansions of concrete and expansions or prisms at
various ages, improved with increasing age of prism. The corre-
lation coefficients were less than those for the concretes with high
alkali cement. Very low correlation was obtained for the low alkali
cements, which is indicative of limited expansive reaction.

The correlation between concrete expansions and prism expansions
reduces as fewer prisms are used for the average. There appears to be
a slight decline in predictive power where less than 5 prisms are used;
but considering the fact that the variation of expansions within a given
lithology may be as large or larger than those between lithologies, the
use of only 1 or 2 prisms per lithology provides an adequate indicator

of the potential behavior of the rock in concrete and permits the sampling
of more lithologies.

The value of 0.2% at 16 weeks in C 586, which has been used in Virginia
to indicate potentially detrimentally reactive rocks, appears reasonable.
Considering the variability of the method and the shape of the expansion
vs. the curve, the value of 0.2% at 16 weeks is not too different from
the value of 0.1% at 84 days suggested for use in C 33. Either value
seems reasonable, but the more tolerant (.2% at 16 weeks) appears
sufficient.

The results from mortar bar tests (ASTM C 227) are indicative of ex-
pansion in eencrete. .The.expansions are of the same order as those in
concrete. Values  necessary to separate detrimentally expansive from
innocuous aggregates are about one-half of those used when the method
is applied to alkali-silica reaction. In view of the low expansions and
high variability, C 227 appears to be of limited value in testing for
alkali-carbonate reaction.

The characteristic reactive lithology described in ASTM C 294, when-
ever and wherever it occurs in a dolomitic limestone, will undergo re~
action or dedolomitization in an alkaline environment. Whether the
reaction will ultimately lead to expansion of a rock prism, concrete
beam, or mortar bar, insofar as the rock is concerned, depends upon
the perfection of the type lithology, including such factors as the calcite/
dolomite ratio and the grain size, and on the amount and distribution of
the reactive texture within the rock. The factors governing expansion
in concrete are related to the properties of the particular concrete in
question; e.g. water cement ratio, total water soluble alkalies, relative
amounts of paste and aggregates, etc.
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( 9) In sampling of ledge rock, as in quarries, for alkali-carbonate reactive
material should take cognizance of the evidence that the characteristic
reactive texture and composition are only subtly and indirectly related
to the primary factors of sedimentation. The texture is a secondary or
replacement fabric which may or may not conform faithfully and uniformly
to a given lithologic or stratigraphic unit as defined macroscopically in
the field. While this lithology is not completely random in distribution,
its presence or absence cannot be predicted with certainty in a given
sequence of dolomitic limestones, Sampling for the reactive lithology
and delineation of it should therefore be guided by petrographic considera-
tions, using as many thin or polished sections as necessary fo select
samples for further tests.

(10) Because of the variability that may exist, any thin or polished section that
shows even a minor area of characteristic reactive texture should be classi-
fied as reactive and the field sampling unit which it has been taken to repre-
sent should be considered suspect,

(11) While a total specification and acceptance program will vary with local
conditions, and include all testing consistent with time and funds, the
petrographic examination, while qualitative, appears to be the most satis-
factory method since it is cheap, fast, and sufficiently predictive of the
behavior of the aggregates in concrete. If one needs a guantitative measure-
ment from a direct test, the fabrication and testing of concrete beams is the
surest method, but the prism test will give a rapid and satisfactory prediction
of the concrete expansion at an early age. The choice between the petro-
graphic examination and prism test depends upon the equipment and/or
personnel available to the evaluating agency,
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INTRODUCTION

In the December 1956 issue of the ASTM Bulletin, Swenson described what in
the title of the article was designated "A Cement-Aggregate Reaction Undetected by
ASTM Tests" (Swenson 1956). Since this initial attention, several extensive research
projects, including that in Virginia, have been reported (HRB 1964) which have estab-
lished that detrimental reactions can occur between cement alkalies and certain other-
wise sound carbonate aggregates. Although several types of reactions have been identified,
most attention correctly has focused upon the reactions which result in defrimental expan-
sion with attendant cracking and deterioration. Despite the extensive research effort,
however, ASTM Committee C-9 on Concrete and Concrete Aggregates, acting upon the
recommendation of its Subcommittee I1I~e on Aggregates, in 1970 found itself unable to
place quantitative limits in its standard specification for aggregates because of lack of
agreement as to a test method and on specific limits on expansion using available test
methods. Instead, Commiitee C-9 has recently placed in its aggregate specification a
statement calling attention to the possible occurrence of the reaction but offering no
quantitative guidance as to its control. Thus, for those faced with the need to assure the
quality of aggregates for concrete, the situation is not greatly changed from that existing
at the time of Swenson's original paper on the subject.,

The first indication that some carbonate aggregates being quarried in Virginia
were alkali reactive came from measurements obtained in 1957 from a bridge that was
instrumented to measure volume change. Abnormal expansions were recorded from both
the bridge deck and special test beams fabricated for comparison. Subsequently labora-
tory and field investigations led to the initiation of the present research project, which
was designed to locate and study potentially reactive carbonate rocks in Virginia (Newlon
1961). The initial investigations were reported in 1962 (Newlon and Sherwood) and the

“*Currently, Senior Research Scientist, Research Institute for Advanced Studies,
Martin--Marrietta Corp.
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project was then organized into several identifiable parts. Several remedial meas-
ures designed to reduce the expansion of reactive combinations were studied (Newlon
and Sherwood 1963). The locations of potentially reactive aggregates were identified
from a statewide survey of commercial sources (Sherwood and Newlon 1964); and

the levels of alkalies in cement supplied in Virginia were evaluated (Newlon and Sher-
wood 1964)., Throughout the study attempts have been made to elucidate the mechanism
of the reaction (Sherwood and Newlon — 1964; Walker — 1967; and Hilton — 1968).

An important part of the project has been the evaluation of available methods of
testing aggregates and concrete to permit prediction of expansion and thus reduce the
detrimental effects which result when the reaction is unanticipated. This report covers
the part of the project directed toward evaluating various of the available test methods.

PURPOSE AND SCOPE

Four test methods were evaluated using a suite of rocks exhibiting a wide range
of potential expansion and mineralogical compositions. The purposes of this study were:

(1) To evaluate the ability of the methods to predict detrimental
expansions of concrete caused by alkali-carbonate reactions,
and

(2) to evaluate the capability of the methods for characterizing
the reactive potential of commercial aggregate sources.

In the study, the expansion of concrete specimens made in conformance with one
of the methods, ASTM C 157, "Length Change of Cement Mortar and Concrete'’, and
stored continuously moist was taken as the indicator of performance, the prediction of
which was the goal of the 3 remaining test procedures, some of which provide results
of an earlier age than does Method C 157 and/or eliminate the need to fabricate concrete
specimens.,

VARIABLES

Test Methods

As reflected in the literature, at least 5 methods have been utilized for testing
the potential reactivity of carbonate aggregates. These include:

(1) Expansion of concrete beams containing the aggregate when
tested in essential conformity with ASTM C 157, '"Length
Change of Cement Mortar and Concrete'.

(2) Expansion of mortar bars as described in ASTM C 227,
"Potential Alkali Reactivity of Cement-Aggregate Com-
binations (Mortar-Bar Method)'.
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(3) Expansion of rock specimens (prisms or cylinders) stored
in alkali solution using procedures of ASTM C 586, ""Potential
Alkali Reactivity of Cement-Aggregate Combinations (Rock
Cylinder Method), developed as a screening test for the alkali-
carbonate reaction,

{4) Petrographic examinations as outlined in ASTM C 295, "Pefro-
graphic Examination of Aggregates for Concrete'.

(5) Expansion of powders in the Powder Cell Test (Gillotf 1963), which
has not yet been standardized.

All of these methods except the Powder Cell Test were evaluated in this
project.

Materials
Aggregates

Twenty~two aggregaies were used. These were limesiones selected on the
basis of performance or compositional characteristics obtained during earlier studies
{(Sherwood and Newlon 1964). One of the aggregates, designated '"1-8"*, definitely has
been shown to be responsible for premature deterioration of concrete in highway struc-
tures in Virginia (Ozol and Newlon 1971).

For each of the 22 aggregates, a 300-lb. sample was obtained by selecting from
a quarry face, pieces of rock with lithologic characteristics comparable to those for the
same sample designation in the previously reported statewide survey of commercial
quarries (Sherwood and Newion 1964). From the 300-lb. sample 6 pieces were random-
ly selected. From each of these a single rock prism was made for storage in 1IN NaOH
solution and periodic measurements of length change in accordance with the method sub-
sequently standardized as ASTM C 586. Also a thin section corresponding to each rock
prism was made for petrographic examination. The remainder of the sample was
crushed and sized to permit the fabrication of concrete beams and moriar bars.

The variability of the rock properties within what was intended to be a homogeneous
sample makes characterization of the rocks difficult. Average values for important prop-
eriies are given in Table 1. The values obtained for each of the 6 pieces are given in
Appendix A, Of the 22 samples, all but 2 contained some dolomite although in 2 cases
dolomite comprised less than 10% of the carbonate fraction. Of the 22 samples, 7 were
predominantly dolomite, 12 were predominanily calcite, and 2 had approximately equal
amounts of the 2 minerals. Many had high insoluble residues. The material comprising
this residue was predominantly illific clay plus quariz. The absorpiions were all below

*Throughout the Virginia studies a ftwo-number designation has been used to identify
sources. The first number indicates a specific quarry and the second a specific
lithology. Thus "1-8" indicates a sample from Quarry 1 and Lithology 8.
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0.4% with the exception of aggregate 13-1, which had an absorption of 1.3%. All of the
aggregates would be judged physically sound on the basis of conventional acceptance
tests.

Table 1

Average Characteristics of Test Aggregates

Rock Ratio: Insoluble Absorption,
Calcite Residue, %
Dolomite %
1-8 37/63 28 0.3
1-X 68/31 17 0.2
5-1 81/18 22 0.3
6-2 0/100 13 0.2
7-5 14 /86 8 0.2
11-X 76/25 7 0.1
12-1 87/13 8 0.1
12-9 58/42 21 0.4
13-1 1/99 33 1.3
15-9 78/22 4 0.4
21-2 97/3 6 0.1
23-9 0/100 16 0.1
24-7 0/100 10 0.2
27-4 45/55 39 0.3
27-6 25/75 26 0.2
29-4 55/45 25 0.1
29-5 70/30 13 0.1
34~7 80/20 10 0.2
35-5 79/21 11 0.1
36-X 93/7 6 0.1
48-4 100/0 20 0.4
48-5 100/0 8 0.3

Cements

Three cements, intended to provide a range in alkali contents, were used in
the project. Throughout the report these cements will be designated as "high', "medium',
and "low", reflecting their relative alkali contents. The chemical composition of the ce-
ments is shown in Table 2. The cements were Type II, although the calculated C3A
content of the ""high' cement was 8.2%.

Subsequent to the initiation of this project, McCoy and Eshenour (1968) empha-
sized the importance of the water soluble alkalies. The total and water soluble alkali
contents for the 3 cements are shown in Table 3.



Table 2

Chemical Analyses of Cements ¢ 1689
(Values in Percent)

Constituent Cement Identified According to Anticipated
Alkali Level

Low Medium High
SiO2 23.88 22,12 - 21,76
A1203 3.78 4.40 4,68
Fe203 3. 28 2.80 2.48
CaO 63.25 64,60 63.46
MgO 1.38 1.64 2.51
SO3 2. 29 2,33 2,67
Ig. loss 1.16 0,76 1.52
Na20 0.08 0,20 0.32
KZO 0.53 0.72 0.96
Na20 (Equiv.) 0.43 0.67 0.95
CSS 39.4 54,7 50.4
CZS 38.8 22.4 24.4
C3A 4.5 6.9 8.2
C4AF 10,0 8.5 11.7
Type Cement 11 I I
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Alkali Content of Cements
(Values in Percent)

Cement Na20 KZO NazO (equiv.)
Total Water Soluble Total Water Soluble Total Water Soluble

YHigh* 0.32 0.05 0,96 0.52 0.95 0.39
"Medium' | 0,20 0.11 0.72 0.61 0.67 0.51
"Low" 0.08 0.01 0.53 0.14 0.43 0.10

It can be seen that the cement designated '""medium' actually has a higher
proportion of water soluble alkalies than that designated "high". Throughout this re-
port the cements are identified on the basis of the total rather than water soluble alkalies,
using the designations "high", "medium', and '"low". As will be seen subsequently this
ranking reflects the relative expansions of concrete containing the 3 cements.

TESTING PROGRAM

A single concrete mixture was made using each of the aggregates with each of the
3 cements. The coarse aggregates were artificially graded as shown in Table 4. The
supply of aggregate was not sufficient to permit extensive adjustments by trial mixtures.
For several of the aggregates, the supply was insufficient to permit mixing with all 3
cements. Sixty-one batches of concrete were prepared with the mixture characteristics
shown in Table 5.

Table 4

Gradation of Coarse Aggregates

Sieve Sizes Amount Retained, %
-1 +3/4 15
-3/4 + 3/8 35
-3/8 +4 35
~4 + 100 15
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Table 5

Important. Characterisiics of the 61 Concrete Batches Used in the Project

Average, X Standard Deviation, ¢
Cement Content, lb. ey 592 7.5
W.'C, by wi. 0.49 . 004
Slump, in. 2 3 0.75
Air Content, % 5.5 0,80

From each concrete batch, 3 beams 4" x 4" x 12" were made for measuremenis
of expansion in accordance with ASTM C 157, with the beams stored continuously in the
moist room. Expansion was measured periodically on each of the 3 beams for 18 monihs.
After 18 months. 1he single beam showing the greatest expansion for each combination
was removed from fest and subjected 10 a detailed petrographic examinaiion. The beam
showing the lowest expansion was tested for flexural and indirect iensile strengths. Ex-
pansion measurements have continued on the remaining beam from each combination.
which at age 18 months was that nearest the average of the sei of 3.

Three beams. 3" x 4" x 16" were also made from each baich for evaluating re-
sistance 10 freezing and thawing in accordance with ASTM C 291. This procedure was
intended fo assess the physical durability of the aggregates. The freezing and thawing
tests were begun after 14 days of motst curing followed by 7 days of drying in laboratory
air. The freezing and thawing tests were continued for 300 ¢ycles.,

From the fine material developed during crushing, 2 sets of mortar bars, of
2 bars each, were prepared for each cement-aggregate combination and tesied in con—
formance with ASTM C 227. The testing program is summarized in the schematic diagram
shown in Figure 1.
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LEDGE ROCK PETROGRAPHIC
(1 LITHOLOGY) EXAMINATION
(HIGHEST
EXPANSION EXPANSION)
(c157)
CONCRETE 3 BEAMS FLEXURAL AND
/r_’ (3 CEMENTS) FREEZING & INDIRECT TENSION|
/ THAWING (LOWEST
/ (c291) EXPANSION)
o/ 3 BEAMS |
=~/
":5[\ AR BARS
&/ "~ |MORTAR BAR PETROGRAPHIC
Y, (c227) EXAMINATION
/ (3 CEMENTS)
./ 6 ROCK PRISMS
300 LB. 6 RANDOM (c586)
SAMPLE PIECES THIN SECTIONS
(c295)

Figure 1. Schematic outline of testing program.

RESULTS

This project involved the preparation of 61 batches of concrete and the fab-
rication and testing of 366 concrete specimens, 132 rock prisms, and 264 mortar
bars. Even so, the number of specimens representing a given cement-aggregate
combination are too limited for a sophisticated statistical treatment of the concrete
and mortar bar data. The number of prisms representing a given aggregate are
sufficient to warrant statistical analyses. These analyses are important because
they draw attention to the inherent variability present on a microscale for rocks
which on a macroscale appear homogeneous. For the concrete data the usual param-
eters of average and standard deviation will be presented simply to provide indications
of the general levels of variability among the various cement-aggregate combinations.
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Length Changes

Concrete

The average length changes of the concretes containing the various cement-
aggregate combinations after 1 year of continuous moist storage are shown in Figures
2-4, along with the corresponding standard deviations from the length changes of the 3
beams from a single batch.

In Figure 2 the data are arranged in order of Increasing expansion for the con-
cretes made with high alkali cement. The data for the concretes made with medium and
low alkali cement are given in Figures 3 and 4. In these figures and in many that follow
in the report, the data for the various aggregates are presented in the same order as
those in Figure 2 1o facilitate comparisons among the results from the several test
methods and with those for the concrefes containing the high alkali cement.

It 1s apparent from the data in Figure 2 that the expansions at 1 vear for the
cement-aggregate combinations containing the high alkali cement represent almost a
continuum of values from 0.01 to 0.13%. The aggregates at the right end of the diagrams;
I.e.. those that are most reactive, show a definite relationship beiween expansion and
alkali vonient. For concretes containing the less reactive aggregates and those combina-
tions containing the low alkali cement the expansion is more or less random. The a erage
length change for all concretes containing high alkali cement was 0. 037%: medium, 0, 026%.
and low. 0, 022%, The corresponding standard deviations were 0.0056%. 0.0062%, and
0.0079%,

As indicated earlier, after 18 monihs, length change measurements were continued
onlv on the specimen nearesi the average of the 3. The length changes afrer 5 vears of
continuous moist storage for the single specimen ihat was nearesi the average at 18 months
are given in Figure 5. The arrangement 1s again by aggregate source m order of increag-
mg expansion, based upon l-vear expansions of the concrete made with high alkali cement
tFigure 2y,

Concretes contamning aggregates 1-8 and 12--9 show significantly higher expansions
at both 1 and 5 years than those containing the remaining aggregates. With the exception
of a few obvious anomalies, the expansions are related 10 the level of cement, alkalies
and show similar hehavior at both ages. In several cases af both ages the expansion values
show a greater divergence than would be expected solely from the differences in alkali
contents. The limited amount, of aggregate available permitied the preparation of only a
single baich so that exact accord would not be expecied. The largest anomaly is in the
behay ior of ronerete containing aggregate 13-1, in which that made with {he low cement
showed very high expansion.

The 5 -vear expansions of concreies vontaining the high cement range from 0.01%

to 0. 27% and present a progression similar to that for ihe l-vear data,

)
1
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The wide range of expansions raises the question as to what is "normal' ex~
pansion of concrete subjected to continuous moist storage. Despite the extensive
literature on volume changes of concrete, there are comparatively few published re-
sults for concrete specimens kept continuously moist. The emphasis in most of the
published research has been on drying shrinkage or autogenous volume changes, both
of which under normal circumstances are more realistic conditions for simulating
practical problems than is continuous moist storage. Washa (1966) states, ''the ultimate
amount of expansion (for moist storage) is usually less than 0.025 percent.'" L'Hermite
(1960) indicates that concrete cured moist for 1,000 days will swell about 0.01%. Gonner-
man, Lerch, and Whiteside (1953), in reporting comprehensive studies of expansion char-
acteristics of cement pastes and mortars, include a few data from measurements on
concrete. The average 5-year expansions from these tests approximate 0,02%.

No noncarbonate reference aggregates were incluced in this study, but some of
the limestone aggregates are undoubtedly, by all other criteria, nonexpansive. Thus,
the expansions of the concretes with nonreactive aggregate are greater than can be
reconciled with previously published values. It was reported in an earlier paper that
expansions of reference concretes containing a granite coarse aggregate were 0.030%
(Newlon and Sherwood 1964) after moist storage for 1 year. Comparable expansions
have been observed for "reference concretes' in unpublished studies being conducted
at the Waterways Experiment Station (Buck 1970). Since, with the exception of concretes
containing aggregates 1-8 and 12-9, there is no clearly defined separation among the ex-
pansions, the value of 0.05% expansion after 5 years continuous moist storage was taken
as a point of reference for discussion purposes. While this value is somewhat arbitrary,
the rationale for its selection is as follows:

(1) It is consistent with the addition of a tolerance to the value
measured by Newlon and Sherwood (1964) for concrete con-
taining a granite coarse aggregate.

(2) It has been used by Smith (1964) as a value for judging re-
activity although he also used a time of 84 days.

(3) It is consistent with the values reported by Swenson and
Gillott (1964) and Hadley (1964) for cement-aggregate combi-
nations giving expansions definitely lower than those combina-~
tions known to have detrimental performance records.

(4) It reflects the uncertainty as to the relationship of laboratory
expansions to field performance by doubling the values generally
considered as normal. If controls were placed on the use of
aggregates exhibiting potential for expansion, there would be
some justification for establishing a '"tolerant' rather than a
"restrictive" value, which could subsequently be refined with
further experience,

Rock Prisms

As noted earlier, a 1/4' x 1/4" x 1-1/4" prism was made from each of 6 rocks
randomly selected from the 300-1b. sample that had been selected to represent a given

- 14 -
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lithology. It is important to reemphasize that the 300-1b. sample was selected from
the ledge under the supervision of 2 of the authors using for comparison a hand sample
of the same lithology obtained from the previous statewide gathering (Sherwood and
Newlon 1964). This sample meets as closely as is humanly possible a uniform lithology
as described in ASTM Methods D 75 and C 295,

The 6 prisms were stored in 1N NaOH and tested in accordance with procedures
conforming to the subsequently adopted Method C 586. The average expansions for 4
samples (12-9, 1-8, 15-9, and 13-1) representing typical behavior by rocks with dif-
ferent expansion characteristics that will be the basis for subsequent discussion are
shown in Figure 6. In addition to the unrestrained expansions measured using C 586,
expansions measured for specimens of 12-9 and 1-8 under restraint using equipment
developed by Hilton (1968) are also shown. As seen in Figure 6, samples 12-9 and 1-8
without restraint expanded approximately 1.2 and 5.3% respectively. Under restraint,
intended to simulate that provided in concrete by the mortar matrix, the expansions of
both 12-9 and 1-8 were about 0.3%, despite the large difference in unrestrained expansions.
Hilton demonstrated that this was a logical consequence of textural differences between the
rocks. It is also understandable that because of the restraint offered by the mortar matrix
some plateau of expansion would be reached beyond which the unrestrained expansion of
aggregate would not be manifested in concrete. This point will be significant in subsequent
discussion.

6.0

_NOTE CHANGE
- IN SCALE

40 ™~ 12-9 1

20

Fe————

—— UNRESTRAINED
------ RESTRAINED

1.0

0.8

0.6

EXPANSION, %

WEEKS

Figure 6. Length change of typical rock prisms.
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The prism expansion of sample 15-9 is typical of those samples which showed
slight initial shrinkage with insignificant subsequent expansion. Sample 13-1 showed
initial shrinkage and subsequent expansion, which began between 4 and 8 weeks and
ultimately reached 0.5%. This behavior is fypical of rocks characterized as ""delayed
expanders' and studied extensively by Dolar~Mantuani (1964). Sample 13-1 is the only
lithology from any of the Virginia studies that has exhibited delayed expansion of this
magnitude and i1 was included in this evaluation for that reason.

The distribution of average expansions and standard deviations of the rock
prisms after 1 week, 16 weeks, and 1 year are shown in Figures 7-9. The expansions
are arranged from left to right in the same order as the l-year expansions of the corres-
ponding concretes shown earlier in Figures 2-4.

As is apparent in Figures 7-9, after 1 week only 1-8 and 12-9 showed significant
expansion. It is also obvious that the expansions of the 6 prisms from the given lithology
were highly variable at all ages as evidenced by the fact that in about one-half of the cases
the standard deviation is larger than, or of the same magnitude as, the average. Despite
this variability. there 1s for both the 16-week and 1-year data a general increase of prism
expansions, which reflects a relationship with the concrete expansions shown earlier in
Figures 2-5. While aggregate 12-9 shows much larger expansions at 16 weeks and 1 year
than does aggregate 1-8, the concrete expansions shown in Figure 5 are about the same.

-
S
L

- LEGEND 1
2 AVERAGE |
| sTANDARD DEVIATION ]

— —
-} o N
T T T
2

PRISM EXPANSION, %
(o ]

Figure 7. Lengih change of 6 prisms from each sample (age ~ 1 week).
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This is consistent with the findings of Hilton (1968) discussed in connection with Figure
6. The delayed expansion of aggregate 13-1 prisms was not reflected in the expansion
of concrete. Concrete containing aggregate 13-1 showed the lowest expansion of any
combination, except for the apparent anomalous behavior with the low alkali cement.
The failure of aggregate 13~1 to expand in concrete may also be explainable from con=-
siderations of the time of the onset of expansion and the degree of restraint offered by
the matrix. It is not difficult to visualize that for rapid expanders like 1-8 and 12-9,
the expansion would begin almost immediately, when the surrounding paste would offer
comparatively little restriant (i.e., it would have a low modulus of elasticity), and the
aggregate expansion would be reflected in the concrete expansion. When a rock begins
to expand after several months, the matrix has developed a much higher modulus of
elasticity and thus more restraint to the expansion.

For the prism expansions, there are only 4 significant anomalies in the ranking
of expansion as compared with that of the concrete. These are aggregates 23-9, 35-5,
5-1, and 29-5. The latter two show substantial expansions although less might be antic-
ipated from the concrete expansions. These differences are explained by differences in
the characteristics of the rocks in the prisms, and these supposedly similar rocks in
concrete. This lack of correspondence is discussed in detail later in the section on
petrographic examination.

Correlation Between Expansion of Prisms and Concrete

The rock prism test was developed as a rapid screening method. Its primary
attractions are simplicity and early indication of potential reactivity. Criticisms of
the procedure focus upon the variability of the results obtained from samples that pur=-
portedly represent the same rock and the uncertain agreement between the expansion of
unrestrained rock specimens and those when the aggregate is placed in concrete.

The average expansions at 1 year of concretes containing the high alkali cement
are plotted in Figure 10 as a function of the average expansions of the 6 prisms ai an
age of 8 weeks. The ranges of prism expansions are also indicated. Despite the vari-
ability of the prism expansions, there is a general prediction of concrete expansion by
the expansion of rock prisms. This relationship is typical of that obtained at other
ages.,

Correlation and regression analyses were made to compare concrete and rock
prism expansions using the results for all of the various combinations of ages at which
measurements were made from 1 week through 5 years. The following types of re~
lationships between concrete expansion (Y) and rock prism expansion (x) were considered.

Y=Ax+ B Y:Ax2+BX+C
Y =Alnx + B Y = Ax3~zL Bx2+C
Y:AX1/2+B Y=Ax3+Bx2+Cx+D

- 18 -
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Preliminary analyses suggested that the correlations involving the logarithmic
and square root functions were inappropriate because the negative values of x required
use of the quantity (x + 1}, which was boih cumbersome and of litile significance. The
shape of polynomials where the order of x was 3 or greater had no physical significance.
Thus the correlations centered on relationships of the form:

2
Y=Ax+ B, and Y Ax™ + Bx t+ C

The results from aggregates 13-1 and 12--9 were not used in these correlations.
For reasons that were discussed earlier, it was reasoned that both of these rocks pre-
sented somewhat unique behavior that was not typical of the behavior of the remaining 20
rocks. It is speculated that the relationship between the expansion of concrete and rock
prisms with expansions above some limiting value, say 1%. would be different from that
for less expansive rocks. It is likely that had more examples of such highly expansive
rocks been included in the study sample, a meaningful relationship could have been
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developed. Sample 13~1 was a delayed expander whose expansion was not reflected

in the concrete. While intensive studies have been made of this type of rock by Dolar-
Mantuani (1964), these have been limited to studies of rock without parallel studies of
concrete. The single sample in this project obviously does not permit generalization,
but it suggests that the delayed expansive tendency in rocks is not manifested in con-
crete, at least up to 5 years of exposure.

The correlation coefficients, r, and standard errors, Syx, are shown in Table 6
for the 3 cement-aggregate combinations. Prism expansions at 1 week, 4 weeks, 8 weeks,
16 weeks, and 1 year were correlated with concrete expansions at 6 months, 1 year, 13
years, and 5 years.

As would be expected, the correlation coefficients for the concrete made with low
alkali cement are very poor. This confirms the fact that the amount of expansive re-
action is low and only fo a very limited extent related to the reactivity of the aggregate
as manifested in the expansion of the rock prisms.

The correlation coefficients for the medium and high cements are both higher
than those for the low cement. The correlation with high alkali cement concrete is better
than that with the medium. The correlation coefficients generally improved with length
of exposure of the concrete. In the case of the rock prisms, it appears that after 4-8
weeks the improvement in the correlation did not improve significantly. In several cases,
particularly with the high alkali cement, it became slightly poorer. A typical plot of the
relationship between concrete and prism expansion is shown in Figure 11,

As seen in Table 6, the use of the polynomial improved the correlation, but only
slightly. The correlation coefficients between the prism expansions at any age and the
expansion of concretes containing the high alkali cement are between 0.858 and 0.933,
Those for the medium cement concretes are somewhat lower.

The correlation between the prism expansions and those from corresponding
concretes is sufficient to warrant the use of the prism test as a rapid and comparatively
simple indicator of reactivity. For the data developed in these tests, there is little im~
provement to be gained from running the prism tests beyond 4 weeks. Axon (Missouri
1967), from his studies, concluded that the prism test period could be reduced below
8 weeks based upon correlations with expansions at later ages although such shortening
would increase the number of delayed expanders that would go undetected. It should
be reemphasized that the highly expansive aggregate 12-9, which also expanded in con-
crete, and the delayed expanding aggregate 13-1, which did not, were excluded from
this correlation.

Despite the excellent correlation between the average values of prism and con-
crete expansions, the variability of the expansions of the 6 prisms taken from a macro-
scopically homogeneous lithology is bothersome. Similar behavior in other studies has
been the basis for opposition to the use of Method C 586 for specification purposes. The
method as adopted by ASTM in 1966 does not furnish guidelines as to the number of sam-
ples necessary to characterize a given source, but treats rather the accomplishment of
expansion measurement for a given piece of rock.

=20 -
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Figure 11, Concrete vs. prism length change.
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Because the 6 pieces of rock were randomly drawn from a single lithology,
some estimate of the infiuence of sample size can be obtained by treating the average
expansions indicated from 6, 5, 4, 3, 2, and 1 prisms respectively. The correlation
coefficients and standard errors so obtained based upon comparison of prism ex-
pansions at several ages with those for concreies made with high alkali cement after
5 years are shown in Table 7.

Table 7

Influence of Sample Size on Results of Simple Regression Analysis
Rock Prisms vs. Concrete Beams with High Alkali Cements (age 5 years)
{Aggregates 12-9 and 13-1 Removed)

Straight Line (Y = Ax + B)

1 wk. 4 wks. 8 wks. 16 wks. 52 wks.
Ave., of r Sxy r Sxy r SXy r Sxy r SXy
6 .898 .02 .945 .02 .932 .02 .903 .02 .%67 .03
5 896,02 924 .02 .893 .02 .873 .03 .831 .03
4 <873 .03 .865 .03 787 .03 .804 .03 734 .04
3 854 .03 L8710 .03 .869 .03 .817 .03 736 .04
2 .813 .03 803 .03 .800 .03 747 .04 .652 .04
1 829 .03 857 .03 .856 .03 .819 .03 087 .04

()
2nd Degree Polynomial Y : Ax“ + Bx + C)

6 938 .02 | .955 .02 954 .02 | .940 .02 |.925 .02
5 942 .02 947,02 926 .02 | .908 .02 | .s872 .03
1 940,02 | .915 .02 793 .03 | .812 .03 | .736 .04
4 955 .02 | .932 .02 918 .02 | .854 .03 |.741 .04
2 924 .62 | .910 .02 865 .03 | .767 .03 | .655 .04
1 909 .02 935 .02 932 .02 | .878 .03 | .625 .04

As would be expected, the correlation coefficient in general decreases as fewer
prism resulis are used to compute the average for use in the correlation. The decrease
is not, however, very great. Even if only 1 prism is used, the correlation coefficient
remains above 0.80, It can be seen, however, that the standard error of estimate in~
creases when 4 rather than 5 samples are used. Thus, less confidence could be placed
in the conclusions drawn from using fewer prisms. Although the applicability of this
relationship can be considered to hold only for the samples included in this study, the
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resulis do give some idea as to the improvement of the relationships with increased
sample size. The results also provide a certain degree of comfort that 1 or 2 samples
provide an adequate correlation and, therefore, an adequate indication for making pre-
liminary judgments of potential reactivity.

The fact that prism expansions at early ages correlate befter with concrete ex-
pansions than prism expansion at later ages is also reflected in these comparisons.

Mortar Bar Results

The expansions of mortar bars made and tested in conformance with ASTM C 227
are shown in Figure 12, The arrangement from left to right is that of the 1 year concrete
expansions shown earlier in Figure 2. For the mortar bars made with high alkali ce-
ment, there is a general pattern of agreement with the concrete data from Figure 2 and
the prism data from Figure 7 reflecting an increasing expansion with the degree of rock
reactivity. There are 3 anomalies in the results wherein the expansion of the mortar
bars was less than would be expected based upon the expansion of the concrete (1-X,
12-1, and 29-5). Two of these samples, 12-~1and 29-5, also showed lower expansions
in the prism test than were reflected in the expansions of concrete. The other samples
that showed lower prism expansion than the corresponding concreie expansion (23=9,
25-5, and 5-1) showed higher than average mortar bar expansion. All of the moriar bars
made with the medium cement showed substantially lower expansions than were observed
with either the high or low cements. The ""average" expansion for the 22 aggregaies and
the cement characteristics are summarized in Table 8, along with the alkali rontents.

One possible explanation for the results might be that the low expansion with the
medium cement was related to the possibility that the alkalies were so readily soluble that
a rapid reaction took place — a reaction that would not be reflected in the measurements
of the hardened mortar.

Table 8

Expansions of Moriar Bars Made with Cements
of Three Different Alkali Contenis

Cement Total Alkalies Mortar Bar Expansion,
H20 Sol. Total C 227, 6 months, %

high 0.39 0.95 - (137

medium 0.51 0.67 . 004

low 0.10 0.43 . 016

As reported in a detailed analysis of the mortar bar results (Hilion 1964), the
expansions were highly variable. As stated in Method C 227, the repeatability is con-
sidered satisfactory if the expansion of any specimen does not differ bv more than 0.003
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percentage points from the average value of the expansion of all specimens molded from
the same batch or mortar. Where the average expansion exceeds 0.02%, the repeat-
ability is acceptable if the expansion of any specimen does not differ from the average
by more than 15%. For this study, the repeatability is based on the deviation from the
average of 2 specimens since only 2 were made from each batch. Table 9 shows the

number of batches with an acceptable repeatability and the total number of batches
produced.

Table 9

Summary of Batch Repeatability for Mortar Bars

Designated Cement Total Number Total Batches with Percent Acceptable
Alkali Group of Batches Acceptable Repeatability Repeatability
Low 44 41 93
Medium 44 24 55
High 44 33 : 75
Totals 132 98 74 (Avg.)

During the progress of this project, Subcommittee O~b of ASTM Commiitee C=9
undertook a cooperative testing program to determine the ability of Method C 227 to dif-
ferentiate among the carbonate aggregates of different reactivities. Five of the aggre-
gates from the Virginia study were included in this testing program. These results are
discussed later in the report.

Comparison Between Expansion of Mortar Bars and Concrete

A comparison of the expansion of concrete beams and mortar bars at an age of 6
months is shown in Figure 13, The significant point of this plot is that the concrete ex-
pansion is of the same order as that of the mortar bars; i.e., no acceleration of expansion
is gained from processing the aggregate for use in mortar bars. The mortar bar test was
developed for use with the alkali-silica reaction in which reducing the size of the aggregate
accelerates the reaction and concommitantly the expansion. For the alkali-carbonate re-
action it has been conclusively demonstrated that the expansion increases with increasing
aggregate size (Swenson and Gillott 1960), so that little is to be gained by using the mortar
bar test for judging the alkali reactivity of carbonate aggregates.

The variability of the mortar bar method also reduces the usefulness of the pro-
cedure.
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Figure 13. Mortar bar vs. concrete expansion (6 months).

Resistance to Freezing and Thawing

When this project was initiated. ihere were, and to some degree there siill are,
questions as to the extent to which carbonate aggregates that are sasceptible to reaction
with cement, alkalies would be otherwise satisfaciory as concrete aggregates. Early
work with aggregate 1-8 had shown that it met conventional soundness requirements.
To evaluate the quality of the other aggregates, from each baich of concrete 3 beams
3" x 4" x 6" were fabricated and tested for resistance io freezing and thawing in ac-
cordance with ASTM Method C 291 (rapid freezing in air and thawing in water). The
beams were moist cured for 14 days, stored for 7 days in laboratory air at approxi=
mately 73°F and 50% RH and placed under fesi at an age of 21 days.

The resulis are shown in Figure 14, where the durability faciors for the various
cement-aggregate combinations are presented, again using the order of increasing ex-
pansion at 1 year of concreies containing the high alkali cement. Using the usual crite-
rion that a durability factor of less than 60% suggesis questionable performance, it is
seen that only aggregate 1-8 was below this value with both the high and low cements.
Observations made on these beams suggest thai this low result might be due to contam-
ination with a slightly weathered variety of the iypical aggregafe 1.-8.
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In the field situations where concrete containing aggregate 1-8 has been exposed
to freezing and thawing as well as deicing salts, it has sometimes been difficult to sepa=~
rate the effects of expansive reaction from those of freezing and thawing, but in at least
1 case there seems fo be little doubt that the balance was tipped to poor performance by
the reaction (Ozol and Newlon 1971). There is certainly no consistent relationship among
expansion, alkali content, and the durability factor, and except for aggregate 1-8 and
possibly 13-1 these rocks would all be classed as acceptable. As noted earlier, aggre-
gate 13-1 is untypical of most Virginia aggregates, particularly with respect to its high
absorption of 1.3%.

Strength

As explained earlier, the volume change specimen showing the lowest expansion
after 18 months was broken in flexure using one-third poini loading in accordance with
ASTM Method C 78. The 2 end portions were then sawed to provide blocks 4" x 4" x 3",
and these were tested for splitting tensile strength using procedures as outlined in ASTM
C 496. The specimens were approximately 2 years old at the time of testing. During the
period between removal from moist storage and testing, the specimens were stored in
laboratory air. All specimens were subjected to approximately the same conditions so
that any differences are comparaiively small when compared with the age at the time of
test. The strength results were highly variable and no consistent relationships were
found between expansion and tensile or flexural strengths.

Peirographic Examination*

Concrete

Each of the concrete beams available was cut with a diamond saw and a slab with
a finely ground finish was prepared for petrographic examination. The following features
were examined: (1) Cracks within the aggregate, (2) cracks within the aggregate which
extend Into the paste, (3) separations at the boundary between the aggregate and the paste,
14} cracks in the pasie apparently unrelated to cracks within the aggregate, and (5) rims
{internal) around the edge of the aggregate. Each feature was graded as to severity and
abundance by the following schedule:

NO - feature not observed
R ~- feature rare
NC - feature more frequent than rare but not common

C - feature of common occurrence
A  — feature abundani

VA - feature very abundant

"Note: The petrographic examinations of these concretes were conducted by Mrs. H. N.
Walker, Highway Materials Research Analyst, with the Research Council.
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A numerical value was assigned to each grade, and these values summed for
the first four features of each slab (all except rims). This sum was then used to place
the slabs in order of descending amount of deterioration. Whenever the sums for 2 or
more specimens were equal,the exact order was determined by further examination of
the slab and by considering those cracks which were in the paste more deleterious than
either the cracks entirely within the aggregate or boundary separations. A tabulation
of the results of this examination is given in Table 10 in which the slabs from the beams
are listed in order of descending deterioration; i.e., number 1 is the most deteriorated
slab while number 56 is least effected.

Of the 66 possible cement-aggregate combinations available, 4 were not mixed
due to a lack of aggregate. No beams were available for petrographic examination from
any of the 3 mixtures containing aggregate 1-X, the mixtures of aggregate 48-5 with high
alkali cement, aggregate 24-7 with high cement, or aggregate 27-4 with medium cement.
Thus, 56 beams were studied.

Detailed correlations of the features observed in the petrographic examination
with other properties are probably not warranted but several relationships are evident.
Of the 14 aggregates that had expansions as shown in Figure 5 greater than 0.05% after
5 years, 13 are represented in 20 of the 28 beams representing the most deteriorated
half of the specimens. Only aggregate 35-5 is absent. It is also evident that concretes
containing the high alkali cement were generally much more affected by cracking, sepa-
ration, etc. than those with low alkali cements. The differences between the most re-
active aggregates (1-8 and 12-9) when used with the 3 different cements are of particular
interest and are compared in Table 11,

The defects are obviously related to cement-aggregate interactions. The com-
plexity of these interactions is vividly demonstrated by the behavior of aggregate 12-9.
As shown in Table 11 cracks in the paste and boundary separations became less numer-
ous with lower alkali cements, Cracks in the aggregate showed a reverse trend. These
were associated with rims that developed in the aggregate. Typical sections from each
of the 3 concretes containing aggregate 12-9 are shown in Figures 15-17. As indicated
in Figures 15-17, the expansions of the 3 beams were proportional to the alkali contents
of the cement, as was the frequency of paste cracking. The tendency to form rims with-
in the aggregate however showed an opposite tendency. Pronounced rims are seen in
Figure 17 for the low alkali cement. The aggregate particles also exhibited cracking
that is confined to the rim area. Despite this cracking there is no evident separation
between either the outer rim and the inner aggregate or between the rim and the paste.
The mechanism of the formation of these cracks is not clear. Their presence implies
shortening of the rim as compared with the interior. Such relative movement would be
expected to generate some boundary separations but none are evident. It is conceivable
that some autogenous healing has taken place, but this is not observable. When etched
in 3N HCL, the rim areas are very slightly ''negative'; i.e., they appear slightly more
soluble than does the interior of the rock particle. Ideas relating to the formation of
rims have been summarized by Hadley (1964), and the susceptibility of rocks in Virginia
to such rim formation has been previously presented (Sherwood and Newlon 1964).

At this time, no significance is placed on the conditions shown in Figures 15-17
beyond the fact that they emphasize the vast differences in the behavior of this aggregate
when mixed with different cements and reemphasize the dynamic processes which occur
at the paste-aggregate interface. :
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Table 10

Occurrence of Defects as Observed During Petrographic Examination

Rank Aggregate Cement Cracks in Cracks in Aggregate Boundary Cracks Rims
Alkali Content Aggregate Extending into Paste Separations in Paste
1 11-X High NC-C NC-C NC VA NO-R
2 29-5 High NC C NC A-VA NO
3 5-1 High NC NC NC A-VA NO
4 12-9 High NC C NC A VA
5 1-8 High NC NC NC A-VA NC
6 294 High NC-C C R A NO
7 7-5 High NC-C C NC C NO
8 21-2 High C NC NC C NO
9 11-X Medium C NC-C NC C R
10 274 High R=-NC NC R VA NO
11 21-2 Low VA R-NC NC NC NO
12 23-9 High NC-C C R NC C
13 34~7 High NC NC R A NO
14 11-X Low VA R-=-NC R R-NC R-NC
15 27-6 High NC NC-C R C-A R
16 12-1 High NC NC NC C NO
17 36-X High NC C NO R NO
18 12-1 Low C R R NC NC
19 1-8 Medium NC R R C NO
20 15-9 Low NC NC R NC NO
21 27-6 Medium C R NC R NO
22 34-7 Low NC R R-NC NC-C NO
23 29-5 Medium NC-C R NC R NC
24 6~2 Medium R~NC R R C NC
25 12-9 Medium NC NO NC NC VA
26 15-9 High R NC R NC NO
27 29~4 Low NC-R NC-R NC NC NO
28 48-4 High NC NC R R NO
29 27~4 Low NC R R NC NO
30 5-1 Medium NC R NO-R NC-C NO
31 34-7 Medium NC R R NC NO
32 29-5 Low C NO R R NT
33 6-2 High R R R NC NO
34 15-9 Medium NC R R R NO
35 13-1 High NC R R R VA
36 7-5 Low C NO R R NO
37 7=-5 Medium NC NO NC R NO
38 5-1 Low NC R R R NO
39 35-5 Medium R NO-R R NC NO
40 24=-7 Medium NC NO-R R R R
41 35-5 Low NC NO R R~NC NO
42 48-5 Medium R NO NC R NO-R
43 35-5 High R R R R NO
44 12-9 Low A NO NO NO A
45 36-X Medium NC NO R R C
46 23~9 Medium NC NO NC NO R
47 27-6 Low NC NO R R NC~C
48 29-4 Medium NC NO R NO-R NO-R
49 13~1 Low NC-C NO NO-R NO- VA
50 13-1 Medium R NO R R VA
51 48-5 Low R NO R R NO
52 24-7 Low R NO R R NC
53 36-X Low NC NO R NO NO
54 1-8 Low R«NC NO R NO NC
55 6-2 Low NC NO R NO-R R
56 23-9 Low NO-R NO R NO R
Table 11

Condition of Concrete Containing Most Reactive Aggregates (1-8 and 12-9)

Rank in Aggregate Cement Cracks in Cracks in Aggregate Boundary Cracks Rims
Table 10 Alkali Content Aggregate Extending into Paste Separations in Paste
4 12-9 High NC C NC A VA
5 1-8 High NC NC NC A-VA NC
19 1-8 Medium NC R R C NO
25 12-9 Medium NC NO NC NC VA
44 12-9 Low A NO NO NO A
54 1-8 Low R-NC NO R NO NC
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Figure 15,

Aggregate 12-9 with high alkali cement. Expansion of concrete
after 1 year equals 0.096%. Primary features are cracks in
aggregates, cracks in aggregates extending into the mortar and
very minor rims on aggregates. (3X)

Figure 16.

Aggregate 12-9 with medium alkali cement. Expansion of concrete
after 1 year equals 0. 086%. Primary features are slight boundary
separation, cracks extending into the mortar and some rims on
aggregates. (3x)
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Figure 17. Aggregate 12-9 with low alkali cement. Expansion of concrete
after 1 year equals 0.025%. Primary features are lack of cracking
in mortar and pronounced rims on aggregates and cracks within rim
areas,

(7x)

The characteristics observed in the petrographic examinations of the concretes
confirm in practically all cases the expansive behavior of the various cemeni. aggregate
combinations.

Rocks
Consideration of previous work on the petrography of ihe rocks involved in the
alkali-carbonate reaction tempts one to atiempt to verify the ideas that:

(1) All limestones which possess the characteristic texture and
composition as described in ASTM C 294 and shown in Figure
18 will react or dedolomitize in an alkaline environment; and

(2) all limestones which dedolomitize in an alkaline environment
possess the characteristic texture and composition.

The words ""dedolomitize" or "react! are used particularly rather than the word
"expand", since recognition must be given to both the propensity for a rock to react
chemically and, depending on considerations related io texture and structure, to mani-
fest that reaction in expansion if conditions are favorable for that.
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Figure 18. Classical reactive texture as seen in thin sections of
aggregate 1-8. (380x)

The foregoing syllogistic ideas might then be modified to include these addi-
tional ones.

All rocks that possess the characteristic texture and composition may expand
in an alkaline environment or in concrete.. All rocks which expand in an alkaline en-
vironment or in concrete do possess the characteristic texture and composition. Or,
alternatively, no rock that does dedolomitize or expand in alkaline solution or in con-
crete does not possess the characteristic texture and composition.

Reliable and unequivocal answers to these propositions, if they are posed in'
the form of questions, will measurably aid the correlation of methods for detecting
the reaction.

As noted earlier, thin sections were made from each of the 6 randomly selected
rock samples from which a prism was made. The section was taken adjacent to the
prism location.

In order to test the propositions outlined above, an attempt was made to organize
the test samples according to the scheme illustrated in Figure 19.

Ideally there should be the mutually exclusive organization depicted in the chart,
where all those samples that have the characteristic texture do expand in rock prism
and in concrete and all those samples that do not have the characteristic texture and
composition do not.
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ROCK |ROCK PRISM |MORTAR-BAR "23;‘“:;:\:
N PAN EXPAN EXPAND
CHARACTERISTIC| 12-9 12-9
POTENTIALLY 1-8 | 1-8
REACTIVE 29-4 29-4
TEXTURE Fioa - ar_k
.5 iy
Pt 7y
11-X ~——— 11X
6-2 6-2
NOT 7.5 7.5
POTENTIALLY 25 29.4:
REACTIVE - % o
TEXTURE 12-1 12-1
23-9«—1 939
L [ .
131 13-1

Figure 19. Schematic representation of relationship between petrographic
characteristics of rocks and expansion of rocks, mortar bars,
and concrete beams.

The initial grouping of the samples is shown in Figure 19. Most, but not
all, of the samples fall in the anticipated categories. For simplicity, not all of the
samples in the study are shown, but rather illustrations of proper arrangement and
several types of deviations which are typical of the entire suite of samples are pre-
sented.

It was now necessary to examine critically the deviations from the anticipated
categories, mindful of the facts that the rock expansion represented the average of 6
separate prisms, that each of the 6 prisms had a corresponding thin section, and that
the concrete beam and mortar bar aggregates were composites and that thus their be~
havior in concrete would represent the composite behavior of all of the samples from
which the prisms and thin sections were made. Immediately, the possibility of sample
variability could be examined as a chief reason to account for inconsistent behavior.
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If close microscopic inspection of the anomalous or irrational samples, with regard to
outright variability or systematic lithologic gradation did not explain the anomalous be~
havior, then other operational variables in the system would need to be examined.

Based on examinations of all of the thin sections in the entire suite of samples
studied, there are no other operational variabilities affecting the relationship between
the characteristic lithology and the propensity of that lithology to react (and of virtually
all those samples that react to expand) in an alkaline solution or in concrete. The char-~
acteristic lithology will expand if possible, and those rocks that expand in alkaline solu-
tion or in concrete have the characteristic lithology.

Some of the reasons for the initially untidy organization in Figure 19 can be
illustrated.

With regard to the sample designated 5-1, initial observation of thin sections
connected with the selection of a portion for the prism test indicated no characteristic
reactive texture, as shown in Figure 20, and the prisms did not expand. However, the
beams and the mortar bars expanded .08% and .05% respectively. Thin sections of the
beams that expanded showed the characteristic reactive texture in the coarse aggregate
as illustrated in Figure 21. The same material was not in the beams and mortar bars
as in the thin sections and prisms. The differences in materials was not due to a mix-
up of samples or other error or oversight. The anomalous behavior due to gross
sample variability of the apparently homogeneous lithology present in Quarry 5 will be
discussed in the next section of the report.

Another sample, 11-X, the original thin sections of which did indicate the
presence of the characteristic texture, did not expand in rock prisms or mortar bars but
did expand in concrete beams. Reexamination of the thin sections indicated an intrin-
sically nonhomogeneous lithology, with, in many cases, veins of sharply defined reac-
tive type material in an innocuous type matrix (see Figures 22 and 23). The variable
behavior in this case can be attributed to interlithologic variability rather than to gross
sample variability.

Similarly, sample 12-1 was not classed as petrographically potentially reactive
but its rock prism did expand .3%, and its beam .07% percent, and the mortar bar only
.02%. Most of the 12-1 thin sections are composed of areas of uniform microspar with
a few isolated dolomite rhombs as seen in Figure 24, but there are areas of well de-
veloped characteristic reactive textures, such as shown in Figure 25. It must be pre-
sumed that the concrete beams have a sufficient amount of the reactive phase to expand.

To conclude the discussion of anomalous samples, it is helpful to examine the
behavior of the samples designated 23-9 and 13-1, neither of which was classed grossly
as having the characteristic reactive texture, but the first of which (23-9) expanded in
concrete beams and mortar bars but not in rock prisms and the second of which (13-1)
showed delayed expansion in rock prisms but not in concrete beams or mortar bars.
Both of these rocks are richer in dolomite than the typical reactive rock. By chemical
analysis the dolomite constitutes over 90% of the carbonate fraction in both. Together
they illustrate anomalous behavior once again due to a given lithology not being where
it is presumed to have been, but also the influence of composition and texture on a
particular kind of behavior as described below.
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Figure 20. Texture of aggregate 5-1 representing material in prisms
that did not expand. (125x)

Figure 21. Texture of aggregate 5-1 representing material in concrete
beams that expanded. (125x)
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Figure 22, A vein of reactive texture in aggregate 11-X enclosed by an
innocuous texture. (45X)

Figure 23. A close-up ot the area shown in Figure 22. (125x)
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1 showing areas of uniform microspar

Figure 24, Usual texture of aggregate 12-

(125x)

hombs.

with a few isolated dolomite r

An area of well developed reactive texture in aggregate

Figure 25,

(125x%)

12-1.
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The rock (23-9) that did not expand in rock prisms is shown in Figure 26.
It is a relatively coarsely crystalline subhedral mosaic of dolomite. The aggregate
23-9 that caused the concrete beam to expand .06% is shown in Figure 27. It is
finer grained with more euhedral dolomite rhombs in a mixture of fine grained cal-
cite and dolomite. There appears to be little interstitial clay. Numerous areas of
the coarse grained mosaic phase intergrade imperceptibly with the other end member;

i.e., the isolated rhomb phase. Figures 26 and 27 illustrate only those two end
members.

The other rock, 13-1, which expanded in rock prisms but not in mortar bars
or concrete beams, is shown in Figures 28 and 29 and is similar to the isolated rhomb
phase of 23-9. It has, however, more quartz, silt, and sand and greater porosity and
absorption. In this case the same lithology is present in the concrete beams as in the
thin sections. This rock is the delayed expander mentioned earlier and its petrography
corresponds extremely well to those delayed expanders described by Dolar-Mantuani
(1964). It is presumed that the consistency in its behavior, i.e., why it expands in rock
prism and not in concrete, is accounted for by the idea mentioned earlier = that when
this rock approaches the threshold for expansion in concrete, mortar matrix is stronger
and more able fo resist expansion than it is in the case of the much more frequently en-
countered early expanding type of rock.

In retrospect, it appears that this highly dolomitic, more porous, more quart-
zose, and less argillaceous lithology is a variant of the characteristic reactive rock
and should be considered as such.

It is suggested that a possible reason for the delayed expansion is an original
deficiency of calcite in the rock. Hadley (1964) has written that one of the products of
the dedolomitization reaction is calcium carbonate and has shown that the reaction is
maximized and accelerated as the proportion of calcite and dolomite approaches 59/50.
In these more highly dolomitic reactive rocks which are slow ito expand but
which are nevertheless reactive, perhaps the production of calcite (or calcium car-
bonate) in the early stage of the reaction supplies an amount which increasingly approaches
the ideal proportion for ready reaction at a later time.

In summary of these illustrations, petrographic studies of the rocks show that
all deviations from consistent behavior with respect to characteristic reactive texture,
reactivity, and expansion have been resolved by examination of the samples in question,
and that all the deviations relate to variability of some kind.

Variability of the kind exhibited by a nonhomogeneous or mixed lithology, as for
instance within a given thin section or suite of adjacent thin sections, can account for
the situation where mortar bars, beams, and rock prisms do not agree and can cause
a misclassification of the rock as to whether or not the characteristic reactive texture
is present. Samples 11-X and 12-1 are of this type. In order to counter the threat of
this kind of situation one might use many thin sections concentrated from a relatively
small area.
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Figure 26. Texture of aggregate 23-9 representing material in prisms that
did not expand. (125x)

Figure 27. Texture of aggregate 23-9 representing material in concrete that
showed expansion. (125x)
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Texture of aggregate 13-1 that showed delayed expansion in prisms

but no expansion in mortar bars or concrete.

Figure 28.

(460x)

-1

Close-up of texture of aggregate 13

Figure 29.
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Another variability is of a gross or large-scale nature, where a given thin
section or group of sections are uniform and where mortar bars or beams may uni-
formly contain a uniformly different lithology, but from the same sample horizon as
the prism and thin section samples. Samples 23-9 and 5-1 are of this type. For this,
one needs again many thin sections but covering a larger area. Needless to say, both
of those types of variability are idealized end points which do exist geologically and
which are frequently encountered. But also existing are situations where both of those
types of variability may be superimposed and cohabit a rock unit,

Results from Multiple Sampling of Virginia Quarries

Variability of the types illustrated in the petrographic examination is bothersome
and obviously must be considered in any ‘evaluation of test methods. Despite this vari-
ability, however, experience has demonstrated that quarries can be identified and subse~
quently confirmed as possessing or not possessing potentially reactive rocks with a degree
of certainty sufficient for practical purpose.

During the summer of 1962, 42 Virginia quarries were visited and 226 samples
were collected. Within each quarry samples were chosen to represent each clearly iden- |
tifiable lithology. The least number of samples from a single quarry was 2, and the most
was 12. The results of physical, chemical and expansion tests on these samples were
presented in an earlier report (Sherwood and Newlon 1964), Subsequently 6 additional
quarries were similarly sampled. Based upon the results from these two preliminary
samplings, the Virginia Department of Highways in 1964 conducted in-depth surveys of

-7 quarries which from the preliminary survey appeared to have potentially reactive
material.

Independently but using generally similar criteria for sample selection, the Corps
of Engineers in 1963 sampled 5 quarries which were in the original statewide survey, 2
of which had also been included in the detailed sampling by the Virginia Department of
Highways. Consideration of the results obtained from these several independent sam-
pling and testing programs provides some insight as to the ability to characterize
production from commercial quarries. The quarries involved in these several sam-
plings are shown in Table 12,

Comparing the Virginia statewide survey and that of the Corps of Engineers, both
of which were aimed at preliminary screening of sources, it is interesting to observe that
each quarry was characterized in each survey by approximately the same number of sam-
ples. Apparently the gross lithologies as viewed by the 2 sampling parties were identi-
fied in the same way.

For all samples from these 3 gatherings, length change measurements were made
on rock prisms or cylinders. In Virginia the criterion used to identify aggregates show-
ing expansions which might be viewed with caution was 0.2% at 16 weeks (112 days). The
Corps of Engineers used 0.1% at 84 days (12 weeks). Experience has shown that these 2
criteria are not greatly different with regard to separating specific aggregates. Using
these criteria, the portion of the samples from the 3 sample gatherings indicated as
expansive are shown in Table 13,
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Table 12

Number of Samples Gathered in Multiple Sampling of Quarries

Quarry  Preliminary Statewide Survey Detailed Study, Va. Corps of Engineers

Research Council, Dept. of Highways, Preliminary,
1962 1964 1963
1 18 72 -
5 2 69 -
11 ’ 26 47 -
12 5 124 7
13 8 - 7
15 7 - 3
21 7 - 9
27 6 107 -
29 5 124 -
48 5} 31 4

Table 13

Amounts of Potentially Reactive Material as Indicated from
Various Samplings

Virginia Virginia Corps of
Statewide Survey Detailed Survey Engineers
Quarry | No. of Potentially* No. of  Potentially* No. of  Potentially**
Samples Reactive, Samples Reactive, Samples Reactive,

% % %
1 18 44 72 21 = -
5 2 50 69 27 - —_
11 6 20 47 9 —_— -
12 5 60 124 6 10 53
13 8 12 == - 7 15
14 7 0 — —_— 3 0
15 10 10 - - 9 30
27 6 33 107 4 — -
29 5 0 124 2 - —
48 5 20 31 19 5 70

* > 0,2% at 112 days
*% > 0,1% at 84 days
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From the data in Table 13 the indications from the preliminary samplings
of the Research Council and the Corps of Engineers show excellent agreement for
3 quarries (12, 13, and 14), fair agreement for one (15), and poor agreement for
the other (48). It can also be seen that the more extensive samplings usually indi-

cated the presence of less reactive material than did the prehmmary samplings.
The reason for this is not clear.

The distribution of rock prism expansions from the detailed surveys are
shown in Figures 30 through 36. Also indicated on the figures are the measurements
obtained from the earlier statewide surveys and the "average' expansion indicated from
each survey. These averages and the corresponding standard deviations are given in
Table 14, From these data it can be seen that the 3 quarries (11, 27, and 29) which,
based on the detailed survey had comparatively liftle expansive material, were so
characterized by both surveys.

Table 14
Average Expansions, ).E, and Variability of Expansion from the

Preliminary and Detailed Samplings of Seven Quarries
(Values in Percent)

Quarry = Statewide o 2 Detailed o
1 ‘ +, 223 0.275 +, 087 0.244

5 +.192 ———- -.212 0.370

11 +.069 0.148 +,024 0.120
12 +.527 0.728 +, 148 0.640
27 +.045 0.124 +,031 0.077
29 ~-.002 0.002 -.005 0.070
48 +.147 0.264 +, 293 0.815

Quarry 12, which had a comparatively small volume of reactive material
showed a high average expansion because of the presence of several beds of very
highly expansive rock. It is also of interest to note that while the averages for
a quarry change with the 2 surveys, the variability remains comparatively the
same.
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Figure 30. Distribution of length changes for prisms from Quarry 1. The bars
represent results from the detailed survey (1964) and the numbers
in parentheses indicate the number of samples exhibiting the indi-
cated expansion in the preliminary statewide survey (1962).
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Figure 31. Distribution of length changes for prisms from Quarry 5 in the same
form as shown in Figure 30.
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Figure 32. Distribution of length changes for prisms from Quarry 11 in the same
form as shown in Figure 30.
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Figure 33. Distribution of length changes for prisms from Quarry 12 in the same
form as shown in Figure 30.
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Figure 36. Distribution of length changes for prisms from Quarry 48 in the
same form as shown in Figure 30.

The problems of sampling and characterizing commercial sources are
emphasized by the situations shown in Figures 37, 38, and 39. In Figure 37 are
shown 66 rock prisms taken from a continuous core from the face of Quarry 27,
Three of these were detrimentally expansive. As is obvious from the photograph,
there is no correlation between expansion and appearance. Figures 38 and 39
illustrate the occurrence of expansive material in close proximity to non-expansive
material. The expansions at 16 weeks of rock prisms taken from the locations in-
dicated in Figure 38 were as follows:

12-4CC +0.450
12-5A =0. 059
"12-5B +0., 159
12-5C +0. 007
12-5CC -0, 055
12-5D 40,179
12-5E ~0.022

Similarly the prism expansions at 16 weeks for the samples shown in Figure 39

were:
12-3A +2, 96
12-3AA +0.015
12-3B =0. 007
12-4A +1,532

—~ 49 -



*aduexeodde ur suonelIRA |

OpMM 9y} 9J0N *oAIsuBdxo A[TBIUOUILIIOP OJOM TG PUB ¥ ‘9F SWSTIJ
*1g £1xend) WOJJ ©J00 SNONUIUOD B WOJJ UoNe) swstad Yoo XIs-KAx1g *L¢ oanSLg

- 50 -

|
m_




1735

'L:

*8300.1 sAIsuedx9-uou pue aAlsuedxo
A1erexopouwt yo Arwrxoad esoo oy) Supensnfl g1 A1Iend Jo o0v g °gg oandijg

-51 -



-52 -

and non-expansive rocks.

expansive

Figure 39. Another face of Quarry 12 illustrating the close proximity of highly
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In many Virginia quarries, the bedding is not so clearly defined as that in
Figures 38 and 39. In quarry 1, for example, the identification of beds is greatly
complicated by structural features as seen in Figure 40, Such situations emphasize
the need to utilize geologists in characterizing and directing the sampling of quarries.
Despite the obvious complexities, the general agreement among the several surveys
discussed in this section is encouraging.

While agreement among the several surveys is not exact, there does appear
to be sufficient concurrence among the results to give a degree of confidence in the
ability of the rock cylinder method, properly applied as a screening test, to warn
of the occurrence of potentially reactive carbonate rocks in commercial sources.

Relationship of Virginia Results to Other Studies

During the conduct of this project, close contact was maintained with other
agencies conducting similar studies of alkali carbonate reactivity.

In some cases, samples were exchanged and comparative or relative tests
conducted on materials which have been discussed in this report. Some of these re-
sults have been published and these along with other unpublished work offer some
confirmations and some extensions of the studies conducted in Virginia.

Mortar Bar Studies

McCoy and Eshenour (1968), in their studies of the significance of alkali solu-
bility on expansion of mortar bars tested in accordance with ASTM Method C 227,
utilized aggregate 1~8. Their testing program also included a carbonate sand from
South Dakota (Buck 1962) and a weli-khown siliceous sand from the Republican River
in Nebraska that has been intensively studied as an example of alkali silica reactivity.
Some results obtained by McCoy and Eshenour are presented in Table 15.

In order to evaluate the applicability of the mortar bar method (ASTM C 227)
to the detection of alkali carbonate reactivity, Subcommittee II-b of ASTM Committee
C-9 conducted cooperative tests using 5 aggregates from the Virginia research project
and 2 supplied by the Waterways Experiment Station of the Corps of Engineers. Four
laboratories participated, including the National Research Council of Canada (NRCC),
the Portland Cement Association {PCA), the Waterways Experiment Station (WES), and
the Virginia Highway Research Council (VHRC).

The 5 aggregates supplied from Virginia were 1-8, 12-9, 27-4, 29-5, and 36-X.
The samples were obtained from the crushed material used in the mortar bar studies
described earlier. WES furnished 2 samples that had been studied by ‘Buck and Dolch
(1966) and found to be reactive in the sense of forming rims. One sample, a fine grained,
non-dolomitic limestone from Missouri, was designated KAN-4 G-6 (3). It was selected
for examination from a 250~lb. ledge rock obtained in 1964. The second WES sample
was from Jowa and was designated OM-16 (G-1) (2). It was likewise selected from a
ledge-rock sample, crushed, washed, and sieved to appropriate sizes.
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Work of McCoy and Eshencur

Work of

Table 15

v

Relationship of Mortar Bar Expansions to Alkali Contents as Determined by
McCoy and Eshenour (1968)

1739

Cement

NasO Equivalent

Mortar Bar Expansion,

Total % Water (ASTM C 227), Percent
Soluble 1 month 3 months 6 months 1 year
Aggregate 1-8
A 0.83 0.48 0.026 0.040 0.054 0.068
B 0,83 0.32 0.024 0.037 0.049 0,062
C 0.84 0.14 0.018 0.028 0.034 0,048
Watertown Sand (South Dakota)
A 0.83 0.48 0.013 6,022 0.028 0.036
B 0.83 0.32 0.008 0.014 0.015 0.022
C 0.84 0.14 0.002 0.005 0.005 -~ 0.010
Aggregate 1-8
C 0.84 0.14 0.018 0.028 0.034 0,048
D 0.62 0.19 0.024 0.042 0.052 0.964
E 0.45 0.19 0.020 0.034 0.042 0.058
Republican River
C 0.84 0.14 0.060 0.156 0.21z 0.30¢
D 0.62 0.19 0.031 0.138 0.186 0.204
E 0.45 0.19 0.012 0.102 0.175 0.224
Aggregate 1-8
% High 0.95 0.39 +0.075
§ Medium 0.67 0.51 +0.026
Low 0.43 0.10 +0, 030
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Sufiisient cement to conduet the required tests was furnished the participating
laboratories by the Research Counzil from the cement designated high alkali in this
report and previously described in Table 2. Additionally, some of the participants
used their local cements and/or aggregates for comparative purposes.

The results obitained by the 4 laboraiories are summarized in Figure 41 and
in Tables 16-20, The values obtained by each laboratory are given in Table 16. In
Table 17 are shown the rankings of the several aggregates from the mortar bar tests
as well as the Research Council's prism and concrete tests described earlier in this
report. Using the criteria shown in the table, it can be seen that after 12 months the 3
definitely expansive aggregates (1-8, 12-9, and 27-4) were separated from the remainder
by all laboratoriecs. One laboratorv also separated aggregate 36-X. After 6 months the
same separations were made except that the results from 1 laboratory (WES) were low
based upon the arbitraryv criferia established. At 3 months 2 labs (PCA and VHRC)
separated the 3 aggregates; 1 lab (NRCC) separated 2, and the resulis from the third
lab were low, although the proper ranking within the lab was obtained. One lab (PCA)
separated an additional aggregate (56-X.

Although the orders of ranking of the aggregates differ slightly among the labra-
tories, there is a generally consistent paitern to the results, and the definitely expansive
rocks are identified by most participants.

Analyses of the data are given in Tables 18 and 19 to show the repeatability of
Method C 227. In this method "repeatability” is considered satisfactory if te difference
in the value for percentage expansion of any given specimen in a group from the average
" value for percentage expansion of the group does not exceed 0.003%, except that if the
average expansion exceeds 0.020%, the repeatability is considered satisfactorv if the
percentage expansion of each specimen molded from the same cement-aggregate combi-
nation is within 15% of ihe average.

When these criteria are applied to the 12-month data in Table 17, the repeat-
ability requirements are met for all samples by 2 labs (PCA and NRCC). The other 2
labs (VHRC and WES) exceed the requirements in 2 cases. At 3 and 6 months 1 lab (PCA)
meets the repeatability for all cases. The remaining labs exceed the limits in from 1 to
4 cases, although the limits are usually only slightly exceeded. The most difficulty is
an early age and/or low espansion. The repeatability at 6 months is slightly better than
at other ages.

The ranges of expansions from the 4 laboratories are given in Table 20, along
with similar data from an earlier interlaboratory program using reactive siliceous
rocks. The repeatabilitv of C 227 appears io be about the same for both types of
aggregate,

Although the repeatability of the test results within a laboratory was within toler-
able limits, significant differences among laboratories exist as shown in Table 16. The
low empansions recorded at early ages by 1 lab (WES) were corrected by adjustments
made to obtain a higher humidity in the containers. A likely cause of the other varia-
tions is from loss of moisture from containers, probably during the 24-hour temperature
conditioning prior to measuring. VHRC relied upon the water tightness of the commer-
cial containers to maintain moisture whereas NRCC used tape, and the VHRC results are
generally below average while those of the NRCC are above. The VHRC specimen con-
tainers were exposed in a water bath that maintained a very high humidity during storage,
so the moisture loss was minimized during this portion of the testing.
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As seen from Table 17, based upon 3-month data, PCA would have rejected 3
samples and VHRC 1 under existing criteria established for alkali-silica reactivity.
Based upon 6 month data, no rejections would have resulted. It should be noted that
expansions are related to alkali content and at 6 months rejection of 1 sample (27-4)
would have resulted from use of NRCC Cement B (NagO equivalent --1, 19%).

These results confirm the Research Council's findings, reported earlier, that
usc of ASTM C 227 for the detection of alkali~carbonate reactivity would require that
limits be approximately one-half of those used for alkali-silica reaction. The following
limits would have resulted in separation by ASTM C 227 of expansive from non-cxpansive
aggregates:

Age, months Expansion, %
3 0.025
6 0.050
12 0.075

In addition to the data gathered on the test method, the data in Table 20 show that
the test aggregates from Virginia generally show higher expansions than the Kingston
reference aggregate but lower expansion than the siliceous Republican River reference
aggregate in tests by NRCC. The fact that these Virginia aggregates were potentially
more expansive than the Kingston rock has also been demonstrated by Hilton (1968).

The poor field performance of the Kingston aggregate is well documented (Swenson and
Gillott 1964). Poor field performance of concrete containing aggregate 1-8 has also
been conclusively documented (Ozol and Newlon 1971) but the influence of the aggregate
is not as spectacular as that observed with the Kingston aggregate. The apparent dif-
ference may be related to the fact that the alkali contents of the cements used in Virginia
arc substantially lower than those in the Kingston area.

Prism Studies

During the Corps of Engineers' evaluation of rocks from the quarries described
in the discussion accompanying Tables 12 and 13,prisms of rock taken from Quarry 12
were sent to the Rescarch Council for comparative measurements. The prisms were
taken from vertically adjoining positions and perpendicular to the bedding. The details
of sampling and complete data are included in a published report (Buck 1969), Com-~
parative measurements are given in Table 21, Eleven of the 16 prisms indicated a
very high degree of expansion. Two more showed cxcessive expansion. Only 3 showed
acceptable behavior. The characterization of samples A and B was the same by hoth
labs. While different results were obtained by each, both the sets of results for samples
C and D would indicate the presence of aggregates demanding caution and would suggest
further testing. Data from tests of rock from quarry 12, presented earlier in Tables
12-14, would substantiate these indications.

The lack of agrecment for samples C and D was attributed by Buck to unexpected

variation in the rock between 2 supposedly identical specimens. This situation has been
extensively discussed previously.
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Table 21

Length Change Data from Comparative Measurements of Expansion
Made on Rock Prisms by the Corps of Engineers and the Research Council
(Values in Percent)

Prism 1 week 4 weeks 12 weeks | 6 months 1 year
A-1 (WES) -0.01 0.61 1.82 2.18 2.25
A-2 (WES) 0.22 +
A-1 (VHRC) 0.01 0.69 +
A-2 (VHRC) 0.00 0.72 3.16 3.77 3.88
B-1 (WES) -0.01 -0.01 0.06 0.60 1.74
B-2 (WES) -0.01 0.04 1.68 2.09 +
B-1 (VHRC) 0.00 0.10 1.64 2.96 3.33
B-2 (VHRC) 0.00 0,06 1.31 2.71 3.15
C-1 (WES) -0.02 0.00 0.02 0.14 0.38
C-2 (WES) -0.01 -0,03 -0.02 - 0.05 0.13
C-1 (VHRC) ~-0,01 -0.04 0.02 0.78 1.27
C~2 (VHRC) -0, 02 -0.04 0.01 0.80 1,20
D-1 (WES) -0.01 0.00 0.01 0.00 -0.02
D-2 (WES) 0.05 0.27 0.45 0.48 0.64
D-1 (VHRC) 0.03 0.10 0.18 0.26 2.55
D-2 (VHRC) -0.01 -0.02 -0.03 -0.04 -0.05

+ Readings discontinued because specimen broke.

Similar results were obtained for samples measured by the Research Council
and the National Crushed Stone Association on samples exchanged in 1967% The tests
utilized 3 rock samples. The prisms were from the same sample, but not from
adjacent locations, as was the case with the 27iprisms discussed in Table 21. The
results are summarized in Table 22.

Again, since the rocks were all highly expansive, the differences are magnified
and there is no way to judge the ability of the method to separate expansive from non-
expansive rocks. The results from NSCA are lower for the samples MO and 12=9-8,
This may be because of the strong bedding apparent in these rocks. It has been clearly
shown by many investigators that expansion is greatest in the direction perpendicular
to bedding. Averaging the 3 results as specified in C 586 and as reflected in the
NSCA data would mean that 2 of the 3 results would be lower than the maximum, which
is that reflected by the VHRC data. By any criteria, however, both laboratories would
have classified the rocks as expansive.

*F. A. Renniger, March 14, 1969: Private communication.
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Table 22

Length Change Data from Comparative Measurements Made on Rock Prisms
by the National Crushed Stone Association and the Research Council

(Values in Percent) .
Sample 4 weeks 16 weeks
VHRC* NCSA** VHRC* NCSA**
MO 5.73 0.75 7.43 1.17
12-9B 1.80 0,47 6.06 2.07
1-8 0.64 0.83 1.42 1.64

* Average of 3 parallel prisms cut perpendicular to bedding.

**  Average of 3 mutually perpendicular prisms.

The ability of 2 laboratories to separate expansive from non-expansive rocks is
indicated by the data in Table 23. During the early stages of this project, the Research
Council exchanged samples with the Portland Cement Association, where the prism method
was being studied by its developer, D. W. Hadley. The results of measurements made on
rocks from 10 lithologies within Quarry 1 are given in Table 23. Each value is the aver—
age of 2 companion prisms from the same rock sample but not necessarily from the same
piece.

Table 23

Length Change Data from Cooperative Measurements of Prisms by the
Portland Cement Association and the Research Council
(Values in Percent)

Sample PCA VHRC
1-3 +0,16 +0, 22
1-4 +0.06 +0. 08
1-5 +0,08 -0.04
1-6 +0. 04 +0. 02
1-7 =0.01 -0,02
1-8 +0.30 +0. 54
1-9 +0.12 +0.08
1-10 . =0,02 =-0.02
1-11 -0.02 -0.01
1-12 S +0.16 . +0. 07
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The agrecment is seen to be quite good in that the high, moderate, and non-

The behavior of aggregates obtained from Virginia has been discussed by

fitlett and Swenson (1970) but direct comparisons are not possible.

Al

CONCLUSIONS

The expansion after 5 years of continuous moist storage of the concretes made

with high alkali cements and containing the various aggregates ranged from 0,019
to 0.27%. Expansions of the apparently nonreactive aggregates ave generally
higher than values that have been reported in the literature, But an expansion value
of 0.05% appears to separate the aggregates that evidence detrimental expansion in
other test methods from those that do not.

The expansion of the rocks during testing in accordance with ASTM C 586 in general
reflected their behavior in concrete. While the method is essentially a ""screening
method", when used in conjunction with other procedures, such as petrograpkic
cxamination, it can be used for providing a rapid quantitative evaluation of potential
for expansion of the aggregate in concrete.

Correlation of the prism cxpansions at various ages with 5 year expansions of con-
crete made with high alkali cement resulted in correlation cocfficients between 0.87
and 0.95. Slightly higher correlations were found for 4~ and 8-week prism cxpansions
than for those at either 1 week or later ages. This appears to be related to the role of
restraint in concrete and the time at which expansion begins.

For concrete made with the medium alkali cement, the correlation between 5-year ex-
pansions of concrete and expansions or prisms at various ages, improved with increasing
age of prism. The correlation coefficients were less than those for the concretes with high
alkali cement. Verylow correlation was obtained for the low alkali cements, which is
indicative of limited expansive reaction.

The correlation between concrete expansions and prism expansions reduces as
fewer prisms arc used for the average. There appears to be a slight decline in
predictive power where less than 5 prisms are uscd; but considering the fact that
the variation of expansions within a given lithology may be as large or larger than
thosc between lithologies, the use of only 1 or 2 prisms per lithology provides an
adequate indicator of the potential behavior of the rock in concrete and permits the
sampling of more lithologies.,

The value of 0.2% at 16 weeks in C 586, which has been used in Virginia to indicate
potentially detrimentally reactive rocks, appears reasonable. Considering the vari-
ability of the method and the shape of the expansion vs. the curve, the value of 0,2%
at 16 weeks is not too different from the value of 0.1% at 81 days suggestcd for use
ir. C 33. Either value scems reasonable, but the more tolerant (. 2% at 16 weeks)
appears sufficient.
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The results from mortar bar tests (ASTM C 227) are indicative of expansion in
concrete. The expansions are of the same order as those in concrete. Values
necessary to separate detrimentally expansive from innocuous aggregates are about
one-hai! ol tiose used when the method is applied to alkali-silica reaction. In
view of the 10W expansions and high variability, C 227 appears to be of limited

“value in testing for alkali-carbonate reaction.

The characteristic reactive lithology described in ASTM C 294, whenever and
wherever it occurs in a dolomitic limestone, will undergo reaction or dedolo-
mitization in an alkaline environment. Whether the reaction will ultimately lead
to expansion of a rock prism, concrete beam, or mortar bar, insofar as the rock
is concerned, depends upon the perfection of the type lithology, including such
factors as the calcite/dolomite ratio and the grain size, and on the amount and
distribution of the reactive texture within the rock. The factors governing ex-
pansion in concrete are related to the properties of the particular concrete in
gquestion; e.g. water cement ratio, total water soluble alkalies, relative amounts
of paste and aggregates, etc.

In sampling of ledge rock, as in quarries, for alkali-carbonate reactive material
should take cognizance of the evidence that the characteristic reactive texture and
composition are only subtly and indirectly related to the primary factors of sedi-
mentation. The texture is a secondary or replacement fabric which may or may
not conform faithfully and uniformly to a given lithologic or stratigraphic unit as
defined macroscopically in the field. While this lithology is not completely random
in distribution, its presence or absence cannot be predicted with certainty.in a
given sequence of dolomitic limestones. Sampling for the reactive lithology and
delineation of it should therefore be guided by petrographic considerations, using
as many thin or polished sections as necessary to select samples for further tests.

Because of the variability that may exist, any thin or polished section that shows
even a minor area of characteristic reactive texture should be classified as re~-
active and the field sampling unit which it has been taken to represent should be
considered suspect.

While a total specification and acceptance program will vary with local conditions,
and include all testing consistent with time and funds, the petrographic examination,
while qualitative, appears to be the most satisfactory method since it is cheap,
fast, and sufficiently predictive of the behavior of the aggregates in concrete. If
one needs a quantitative measurement from a direct test, the fabrication and
testing of concrete beams is the surest method, but the prism test will give a rapid
and satisfactory prediction of the concrete expansion at an early age. The choice
between the petrographic examination and prism test depends upon the equipment
and/or personnel available to the evaluating agency.
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Compositional and Absorption Data for Rocks Used

Table A-1

1/04

Current Study Cal./Dol. Insoluble Residue Absorption
1-8A 25/75 22

B 30/70 25

C 32/68 20

D 40/60 28

E 33/67 32

F 32/68 35

Avcrage 32/68 27

Statewide Survey 37/63 28 0.3
1-Xa 97/3 16

B 73/27 26

C 49/51 8

D 41/59 8

E 51/49 28

F 98/2 17

Average 68/31 17

Statcwide Survey 97/3 to 41/59 8-17 0.2
5-1A 80/20 20

B 75/25 18

C 72/28 23

D 85/15 22

E 80/20 21

o 79/21 18

Average 78/22 20

Statcwide Survey 81/18 22 0.3
6-2A 0/100 10.0

B 0/100 10.6

C 0/100 10.7

D 0/100 17.6

10 0/100 19.6

I 0/100 8,1

Average 0/100 13

Statewide Survey 8/92 10 0.2
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Table A-1"(cont.)

Current Study Cal. /Dol. Insoluble Residue Absorption
7-5A 16/84 6.8

B 15/85 17.3

C 14/86 7.1

D 13/87 6.0

E 12/88 5.6

F 13/87 6.9

Average 14/86 8

Statewide Survey 21/79 15 0.2
11-xA 86/16 6.1

B 67/33 3.2

C 66/34 6.2

D 82/18 11,2

E 77/23 7.9

F 75/25 8.4

Average " 76/25 7

Statewide Survey 57/43 to 100/0 5 to 11 0.1
12-1A 100/0 5.1

B 89/11 6.7

C 100/0 7.3

E 78/22 9,1

F 70/30 12.2

Average 87/13 8

Statewide Survey 56/3B 8 0.1
12-9A 49/51 26.0

B 65/35 27.6

D 54/46 25. 4

F 62/38 24.3

Average 58/42 21

Statewide Survey 73/27 12 0.4
13-1A 0/100 34.2

C 0/100 30.8

D 0/100 35.1

E 0/100 35.0

F 9/91 31.0

Average 1/99 33

Statewide Survey 9/91 26 1.3
15-9A 81/19 2.7

B 80/20 5.6

C 77/23 3.6

D 92/8 3.7

E 77/23 4.8

F 63/37 4.6

Average 78/22 4

Statewide Survey 85/15 30 0.4




Table A-~1 (cont.)

Current Study Cal. /Dol. Insoluble Residue Absorption
21-2C 90/10 9.1

D 100/0 2.1

F 100/0 6.3

Average 97/0 6

Statewide Survey 69/31 18 0.3
23-9-~-B 0/100 15.4

F 0/100 15.7

Average 0/100 16

Statewide Survey 0/100 15 0
24-TA 0/100 9,2

B 0/100 8.2

D 0/100 8.0

E 0/100 8.4

F 0/100 15.5

Average 0/100 10

Statewide Survey 0/100 3 0.2
274 A 25/75 44,9

B 32/68 44,1

C 81/19 21.9°

D 25/75 44,5

E 60/40 38.5

Average 45/55 39

Statewide Survey 95/5 10 0.3
27-6A 23/717 29.8

D 30/70 28,9

E 0/100 20,4

F 48/52 26.5

Average 25/75 26

Statewide Survey 33/67 22 0.2
29-4B 38/62 32,2

C 51/49 22,7

D 57/43 23,7

E 60/40 22.5

F 70/30 19.4

Average 55/45 25

Statewide Survey 91/19 9 0.1
34-7A 83/17 28.3

B 100/0 5,8

C 100/0 5.6

D 61/39 7.5

E 79/21 5.8

F 55/45 7.4

Average 80/20 10

Statewide Survey 47/53 20 0.2
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Table A-1 (cont. ¥
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(]

Current Study Cal./Dol. Insoluble Residue Absorption
35-5B 79/21 11.4

Statewide Survey 77/23 10 0.1
36~-XA 90/10 5.0

B 85/15 5.0

C 100/0 6.6

D 100/0 5.8

E 85/15 8.2

F 100/0 6.6

Average 93/7 6

Statewide Survey 85/15 to 91/9 8 to 10 0.1
48-4A 100/0 19.7

B 100/0 19.6

C 100/0 18.1

D 100/0 21.4

E 100/0 21.6

F 100/0 20.3

Average 100/0 20

Statewide Survey 38/62 20 0.4
48-5C 100/0 11.0

E 100/0 6.9

F 100/0 6.2

Average 100/0 8

Statewide Survey 94/6 8 0.3
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