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Properties of Chert Related to Its

Reactivity in an Alkaline Environment

Gordon S. Fraser, Richard D. Harvey, and Paul C. Heigold

ABSTRACT

Seventeen samples of chert, most of them associ-
ated with carbonate rocks, were tested for their potential

reactivity in concrete. The tests determine the degree to

which a sample of chert will dissolve in an alkaline so-

lution and reduce the alkalinity of that solution. The re-

sults of the tests were correlated with the petrographic,

chemical, and physical properties of the various samples.

A parabolic relation was observed between the re-

duction in alkalinity and the quartz content of the sam-
ples. The mean index of refraction of the samples was
adjusted for X-ray crystallinity by multiple regression

methods, and these adjusted values showed a linear cor-

relation with the reduction in alkalinity and dissolved

silica data. Samples strongly departing from these trends

have especially high surface areas. In specific samples
of chert, crystallinity, quartz content, and surface area

affect the potential reactivity (the degree to which an ag-
gregate may react in concrete) . Their importance varies,

depending on their relative values . High quartz content,

low crystallinity, and a large surface area contribute to

high reactivity in alkaline environments

.

Electron microscope studies confirm the high sol-

ubility of chalcedonic silica in a sodium hydroxide solu-

tion but do not restrict high solubility to this fibrous va-

riety of chert. Its fibrous habit was strongly evident on
electron micrographs of specimens etched with sodium
hydroxide

.
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INTRODUCTION

Many carbonate rocks used as aggregates for concrete contain minor
amounts of chert, and chert is also present in many sands and gravels in Illinois

south and west of the limit of the Wisconsinan glaciation. With certain unex-
plained exceptions, chert has deleterious effects on the durability of concrete.
One such effect is the formation of "popouts, " which occur in concrete when a

circular crack develops around a chert pebble and a cone of concrete is dislodged.
Buck (1961) showed that popouts were due to absorption of moisture by the chert

and its subsequent expansion and contraction under freeze-thaw conditions.

Wuerpel and Rexford (1940) stated that the absorptive capacity of chert appeared
to be the best indicator of the potential durability of the concrete.

Another type of concrete failure caused by chert is of a physico-chemical
nature and takes place when chert in the aggregate reacts with the alkaline solu-

tions in the concrete and expands. The expansion cracks the concrete surface

and causes eventual failure (Michaels, Volin, and Ruotsala, 1964). One criter-

ion used to judge this property of chert is a chemical test (ASTM, 1970; ASTM
designation C 289) designed to measure the reactivity of chert in an alkaline

solution

.

Although this test has been applied with some success, it is not entirely

reliable, and departures of the actual durability of the concrete from the durabil-

ity predicted by the tests have not been fully explained. We obtained varied re-

sults from C 289 tests of Ohio River and Mississippi River sands from various lo-

calities in southern Illinois, and these unpublished results appeared to be quite

independent of both the abundance of the chert present in the sands and the index

of refraction of the chert.

The causes for the variability in the reactivity of different chert samples
in an alkaline solution are not completely understood. Because chalcedony and
opal are reactive in alkaline solutions, some investigators attributed the varia-

tion in chert reactivity to the different amounts of opal and chalcedony in chert

samples (Stanton, 1942; Mielenz, 1954, 1958b; and Mather, 1958). However,
other workers noted that varieties of chert consisting of microcrystalline quartz

containing no measurable amounts of opal and chalcedony also are reactive. They
attribute the reactivity to increased surface area, due to the small crystal size or

to the presence of micropores (Michaels, Volin, and Ruotsala, 1964), or to vari-

ations in the texture of the chert (Dunn and Ozol, 1962)

.

It is possible, however, that the amount of porosity, crystal size, and

the type of silica present combine to affect the degree of reactivity. Folk and

Weaver (1952) showed that chalcedony tends to be more porous than varieties of

chert composed of microcrystalline quartz. Pelto (1956) showed that the areas of

stress between adjacent fibers of chalcedony tend to localize reactivity. In

these areas there is high porosity and lattice energy because the rows of ions of

adjacent fibers are disoriented with respect to each other. Reactivity is local-

ized because of the ability of sodium and hydroxyl ions to enter the areas of

greater porosity and break the silicon-oxygen- silicon bond where lattice energy

is high because of strain.



REACTIVITY OF CHERT IN AN ALKALINE ENVIRONMENT :

The purpose of our study was to discover and delineate properties of

chert that correlate with its behavior in the ASTM C 289 test for potential reac-

tivity of aggregate in concrete . Such information could indicate whether certain

types of chert would be acceptable for concrete aggregates. Seventeen chert-

rich samples of varied geologic occurrence were obtained and subjected to de-

tailed petrographic analyses and physical and chemical tests. Statistical corre-

lations of the results of the tests were made with the reactivity of the chert in

alkaline solutions

.

METHODS OF INVESTIGATION

Potential Reactivity

Early studies of the behavior of silica aggregate in mortar and concrete

demonstrated conclusively that expansion was caused by reactions between cer-

tain siliceous constituents of aggregates and the sodium and potassium alkalies

released during the hydration of Portland cement. The ASTM chemical test was
designed, therefore, to measure the readiness of the constituents of the aggre-

gate to release alkali- soluble silica and also to determine the efficiency with

which the alkalies were used during the reaction to produce alkali- silica gels

capable of causing swelling or osmotic pressure when confined in the cement
paste (Mielenz, Greene, and Benton, 1947; Mielenz, 1958a).

The potential reactivity of the chert samples was tested according to the

procedure outlined in ASTM C 289 except that 100 to 140 U. S. mesh size (105 to

149 1-0 was substituted for the 50- to 100-mesh size specified in C 289 because
only a small amount of homogeneous sample material was available.

For each sample of chert, three 20-gram portions of the 100- to 140-mesh
material were placed in a 1 .000N sodium hydroxide solution for 24 hours at a con-

stant temperature of 80° C. After 24 hours, the samples were removed and fil-

tered, and the filtrate was tested to determine what reduction of alkalinity had
occurred and how much silica had gone into solution. The measurements of the

three subsamples were averaged to obtain test results for each sample of chert.

Refractive Index

For a given chert sample, a range of refractive indices is present. Instead

of attempting to characterize a chert sample by a single index of refraction, the

distribution of the indices was determined and a mean was calculated. Grains in

the 105 to 149 u- range were treated with hydrochloric acid (HC1) to remove the

carbonate grains that occurred in most samples and were then immersed in oils of

successively lower indices of refraction until, with a count of 100 grains on a

slide, all grains had a refractive index higher than the oil. With this oil index
representing the lower limit, slides were prepared, portions of the sample being

placed in immersion oils with refractive indices successively increased in steps
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of 0.004 index units. On each slide 100 grains were counted, and the number
of grains with an index lower than that of the immersion oil was noted. The upper
limit was fixed when all the grains on a slide had indices lower than that of the

oil.

The number of grains that had a given index of refraction was determined
by subtracting the number of grains with indices lower than the immersion oil

from the number of grains with lower indices in the next higher oil index class.

The percentages of the grains in each of these classes were calculated, and his-

tograms and cumulative curves were prepared. Statistical moments were deter-

mined graphically and statistical parameters were calculated from formulas de-
scribed by Folk (1965, p. 44-49).

Chemical and Mineralogical Composition

Analysis for carbon dioxide (C02 ) was made by HC1 extraction and sorp-

tion methods, for sodium oxide and potassium oxide by flame photometry, and for

water and organic carbon by gravimetric methods; the remaining elements were
determined by X-ray fluorescence. From the weight percentages of the oxides,

the mineralogical composition was calculated by using normative computation
methods, discussed below.

The proportion of the total magnesium oxide (MgO) in the sample allocated

to dolomite mineral [MgO]ap> dol was determined by computing the atomic propor-

tion of C02 exceeding that of calcium oxide (CaO) . That is:

[McjOJap, dol = fc02 ]aP} spl - [CaO]ap> spl>

where ap refers to the atomic proportion of the oxide, dol to dolomite, and spl to

the whole sample. This computation assumes the ideal composition of dolomite

( [CaO]ap = [MgO]ap ). The percentage of normative dolomite in the sample is

then equal to 100 [MgO]ap X 184.41, the molecular weight of dolomite. Next,

the proportion of CaO that is allocated to calcite is calculated as

[CaO]aP) cal = [CaO]ap> spl
- tMgO]ap> dol>

making the percentage of normative calcite in the sample equal to 100 [CaO]ap> ca ^

x 100.09.

The quartz and clay content of the samples was calculated by normative

methods with the following assumptions. The clay mineral was assumed to be

illite with a silicon-aluminum ratio of 1 .2, a molecular weight of 771, and 5.3

AT1
"
3 ions per unit cell. These values are averages from a number of published

and unpublished analyses of illite, the most common clay mineral in sedimentary

rocks. The normative quartz is the silica that remains after the silica calculated

for the clay has been subtracted from the total silica found in the chemical anal-

ysis.

The atomic proportion of an oxide is equal to the weight percentage of the oxide, found in

the sample by analysis, divided by the atomic weight of the oxide. Trivalent oxides A1 2 0^

and Fe
20^ were computed on the basis of one cation of alumina (AlO-w ) and iron oxide (FeO-w
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Surface Area

The surface area of the chert particles was measured by the BET method
(Thomas and Frost, in press) . In the BET method, nitrogen from a flowing nitro-

gen-helium gas stream is adsorbed on the surface of the chert as a monomolecular
layer. By measuring the amount of nitrogen then desorbed from the particles, the

amount of exposed surface area can be calculated. The samples used in this de-
termination were in the 105 to 149 n size range and were pretreated with HC1 to

remove carbonate.

Density

The density of the whole sample was determined by volume displacement
of xylene in a pycnometer. From these data and the normative composition of the

samples, the density of the free silica was calculated in the following way. The
normative weight percentages of dolomite, calcite, and clay were multiplied by
their ideal densities to get the mass proportion of these three components. Sub-
tracting the combined mass proportion of the dolomite, calcite, and clay from the

density of the whole sample gives the mass proportion of free silica. This quan-
tity is divided by the normative percentage of free silica in the sample to deter-

mine the density of the free silica

.

Crystallinity

The degree of quartz crystal development in the chert samples was meas-
ured by determining the relative crystallinity of the sample by X-ray diffraction

analysis. Samples were crushed to less than 44 M-, treated with HC1 to remove
the_carbonate, and_X-rayed. The five most common twin faces of quartz, (1010),

(1011), (1120), (1121), and (1122), of each sample, and also of a powder of a single

quartz crystal that showed no visible twinning, were X-rayed at a scan speed of

a quarter of a degree per minute.

The height (h) of the peak above the X-ray background line and the width
(w) of the peak at half height were then measured, and the degree of peakedness
of the diffraction pattern, or the crystallinity of the five peaks, was determined
from the h/w for each peak . The crystallinity calculation of each of the five

twin planes of a chert sample was divided by the crystallinity of the correspond-
ing peaks of the reference quartz crystal and multiplied by 100 to give the index
of crystallinity of the chert samples as a percentage relative to that of the refer-

ence quartz.

Petrography

Determinations of whether chalcedony or microcrystalline quartz was the

type of chert present, its grain size, the type of carbonate present, and how it

occurs were made by studying thin sections with a petrographic microscope. Pol-

ished, fractured, and etched surfaces of the samples were studied with a scanning
electron microscope. Attention was focused on the texture of the rock, especially

the pore structure and the size and shape of the grains

.
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DESCRIPTION OF SAMPLES

Chert samples from various locations and geologic settings were collected

for the study (table 1) . Most of them were associated with limestones . A petro-

graphic microscope was used to classify the samples into three groups on the

basis of grain size (table 2)

.

Most samples were predominantly fine grained (pis. 1A and IB) and most
grains were less than 10 m- in size. Grain size varies in this group, however, and
scattered patches of larger grains occur throughout the samples (pi. IB); a few
samples contain patches of fibrous chalcedony. In thin section, the samples
were generally stained brown, and only the larger quartz crystals were clear. All

the fine-grained samples contained some fossils, ranging from very abundant to

sparse. Most of the fossils were crinoid fragments, but brachiopod and ostracod

particles also were identified. All fossils showed corrosion of the margins, and
many were partly or completely replaced by silica (pi. IE). A few carbonate

grains other than fossils— fine-grained anhedral calcite and scattered rhombic
grains of dolomite—were observed .

Medium-grained samples predominantly measured from 10 n to 25 n.

Grain size in these samples, too, varied, however, and many patches of larger

(pi. 2D) and smaller crystals were noted. The samples were generally stained

brown, and the amount of chalcedony was somewhat higher than in the fine-

grained group. Fossil content of this group of samples was low, only one sam-
ple (C 69-1) showing abundant fossils in grain-to-grain contact. Most fossils

in this group showed some replacement by chert, and all fossils had corroded

margins. Nonfossil carbonate content also was low; very fine-grained, anhedral,

sparry calcite occurred as scattered grains and dolomite as scattered rhombic
crystals (pi. 2C).

The coarse-grained samples had a predominant grain size of more than

25 |jl . Grains varied greatly in size, however, with small crystals occurring in

irregular patches and very large quartz crystals occurring in voids (pi. ID) . Chal-

cedony was an abundant constituent of these samples and in some occurred as

patches of very long prismatic or fibrous quartz (pi. 1C) . Only one sample con-
tained fossils, gastropods in grain-to-grain contact that were complete, unre-

placed, and uncorroded specimens. Nonfossil carbonate content was high, con-
sisting mainly of patches of very fine-grained, anhedral, sparry calcite crystals

in the matrix (pi. IF) or as subhedral crystals in the voids.

Electron Microscopy of Chert Samples

The texture of the very fine-grained material in the chert samples, ob-

served by electron microscopy, varied from well defined granular and porous (pi.

2 A), with many grains subhedral in shape, to poorly defined granular and dense
(pi. 2B). In the dense, granular chert, most grains had poorly defined grain

boundaries on fracture surfaces. Many nodes of "incipient" grains can be rec-

ognized, but they appeared to be fused into much larger masses that are probably

amorphous

.
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Carbonate grains occurred mainly as irregularly shaped fossil fragments

in the samples, and dolomite rhombs (pi. 2C) also were present in several sam-
ples (table 2) . Fracture surfaces examined in the electron microscope showed
frequent rhombic void spaces, especially in sample C 60-6, which was the most
weathered of all the samples studied.

Folk and Weaver (1952) indicated that under the high magnification of the

electron microscope the fibrous nature of chalcedony appears to be lost. Scan-
ning electron microscopy of chert samples in this study, however, showed the

fibrous nature of chalcedony on surfaces etched by sodium hydroxide (pi. 2F).

This is consistent with Pelto's hypothesis (1956) that the greatest reactivity

would be found at the boundaries between adjacent fibers. Reaction with an
alkaline solution would therefore tend to delineate fibers

.

RESULTS OF TESTS

Potential Reactivity

The potential reactivity of the samples varied considerably (table 3) . Re-

duction in alkalinity (Rc ) ranged from 51 .1 to 282 .2 millimoles per liter, and dis-

solved silica values (Sc ) ranged from 123 to 575 millimoles per liter. Plotted on
an ASTM reference chart (fig. 1), these results show only one sample in the del-

eterious zone, eleven samples in the potentially deleterious zone, and five sam-
ples in the innocuous zone. Because the particle size range we used to derive

the results of the potential reactivity was smaller than the range specified in

ASTM C 289, the results can be used for only relative comparisons and do not in-

dicate the actual potential reactivity.

Refractive Index

The mean refractive index of the samples ranged from 1. 5377 to 1. 5484
(table 3), all below the mean index of normal quartz (1 .5485) . Within each sam-
ple the indices showed a narrow distribution, with standard deviation values

generally less than 0.75 units (1 .00 unit equals a refractive index range of 0.004),

Thirteen of the samples showed either a symmetrical distribution around the mean
or were skewed to lower values, while four samples were skewed to higher values.

Chemical and Mineral Composition

Chemical composition varied mainly in the relative amounts of silica

(Si02 ), calcium oxide (CaO), and magnesium oxide (MgO) (table 4). Si0 2 made
up from 44.9 to 98.3 percent of the samples, which calculated to an equivalent

range of 44.02 to 9 7.30 percent quartz (table 5). The abundance of CaO ranged
from 0.16 to 25.4 percent and that of MgO ranged from nil to 3.74 percent.

These values represented ranges of 0.5 to 36.8 percent normative calcite and
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EXPLANATION OF PLATE 1

Characteristic textural features of cherts observed in

transmitted and crossed polarized light.

Each sample is magnified 28 times.

A. Sample F R P showing the very fine-grained nature of the chert

(quartz)

.

B. Sample C 60-4, showing the fine-grained nature of the chert

(quartz)

.

C. Sample 69-114, showing fibrous chalcedonic chert.

D. Same sample as C, showing a patch of coarse-grained quartz

bounded by chalcedonic chert at right-hand edge. Compare
with plate 2F.

E. Sample C 62-16, showing calcitic fossil fragments (light) sur-

rounded by very fine-grained chert (dark)

.

F. Sample C 60-1, showing incomplete replacement of calcite

(light) by chert (dark)

.

\ mm
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PLATE 1

Photomicrographs of chert thin sections

made with a light microscope
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EXPLANATION OF PLATE 2

Characteristic textural features of cherts observed
by scanning electron microscopy.

A. Sample 69-108 D, fracture surface, showing the fine granular

and porous nature of the chert (2, 000 x)

.

I 1= 5 m-

B. Sample C 69-1, fracture surface, showing the poorly defined

granular character of the "fine-grained" portion of the sample

(11, 300 x). I I
= l[i

C. Sample C 60-3, fracture surface, showing inclusions of dolo-

mite rhombs in dense chert. Detailed examination of this chert

showed it consists of granular quartz intermediate to that

shown in A and B above (600 x)

.

I |
= 20 \x

D. Sample 215, fracture surface, showing one of the numerous oc-

currences of a patch of medium-grained quartz surrounded by
finer grained quartz (2, 000 x)

.

I 1 = 5|i

E. Sample C 69-1, polished and NaOH- etched surface, showing
differential solution of siliceous material (10,000 x) . Com-
pare with B above

.

I I
= 1 \i

F. Sample 66-85, polished and NaOH-etched surface, showing
the contact between the relatively insoluble quartz grains (top)

and soluble chalcedonic chert (bottom) (2,000 x). This tex-

tural feature is identical to that shown at the right-hand edge

of plate ID. I l=5i-i
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PLATE 2

Photomicrographs of chert surfaces

made with a scanning electron

microscope
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- - nnocuous

B-Potentic lelererious

: - I - -.-. : . s

Quantity S c -diss: : (millimoles/liter)

IT.'.

0.00 to 15.67 percent normative dolomite. The alum::.: -
:_ I content ranre:

from nil to 2 .00 percent, which corresponded to a range of 0.00 to 5 .80 percent

normative clay. The presence and relative abundance o: the mineral const:: _er.-.s

calculated by the normative analyses were veri:. >ray diffraction analysis

and microscope study. (X-ray diffraction results show the crystalline silica in

the samples occurs in the form of alpha quartz, with 5 minor z.~.ount of aluminum-
silicate clay in some samples. No opaline silica or cristobalite was observed op-

tically or with X-ray). Sample C 60-4, a cherty limestone, contains the least quartz

(44 percent) and the highest carbonate content (52 percent) of all the samples.

Surface Area and Density

Surface area of the samples ranged from 0.19 to 3.81 s:_ire meters :sr

gram (table 3) and averaged 1.19. Of the 17 samples, four had surface areas a:

least twice that of the average for all samples and six had surface areas half that

of the average. The predominantly coarse-grained cherts, as deter~:r.e-d perro-

graphically, averaged 0.43, medium- grained samples averaged 1.15, and fine-

grained samples averaged 1.38 m~/gra~.

.

Two of the 17 samples had calculated silica densities greater than the

measured density of quartz. The remaining 15 samples ranged in density from

2 .50 to 2 .66 g/cm~ . Considerable error is inherent in calculating the density

of silica in a sample from the density of the whole sample. The greatest error

probably occurs in assuming an ideal density for dolomite and clay, which can
vary considerably in density with composition.

X-ray Diffraction

The X-ray diffraction patterns of the cherts showed a slight broadening of

the peaks and a decrease in intensity, but no shift in peak position was noted.
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TABLE 5—MINERAL (NORMATIVE) COMPOSITION OF SAMPLES

( in percent

)

Sample Quartz Calcite Dolomite Clay Total

C 60-1 52.73 40.8 4.61 1.45 99.59

c 60-3 84.08 9.7 2.76 4.35 IOO.89

C 60-4 44.02 36.8 15.67 2.03 98.52

c 60-5 81.38 14.0 0.00 3.05 99.35

c 60-6 90.69 3.1 0.92 2.46 96.25

c 62-16 73.21 24.4 O.56 0.00 98.17

66-85 97.30 0.5 0.00 2.47 99.82

69-IO8 D 95.68 1.0 1.66 O.87 99.21

69-113 79.52 4.2 11.98 4.35 100.05

69-114 59.82 35.1 0.00 2.90 97.82

69-115 89.OI 1.1 0.00 5.80 95.91

69-II6 70.39 23.4 0.00 4.64 98.43

193-4 73.69 21.8 0.55 2.76 98.80

215 89.89 5.2 0.74 3.63 99.46

P R P 89.91 3.8 0.55 6.38 100.64

M P M 92.85 2.2 2.77 4.35 102.17

c 69-1 71.71 25.3 0.00 I.89 98.90

As no shift to larger d-spacings was observed in the samples in comparison with

the reference crystal, common impurities in quartz such as lithium, sodium, and
aluminum (Frondel, 19 62) are not present in significant amounts in the quartz

grains in the chert samples

.

Broadening of X-ray peaks may be caused by decreasing grain size, stack-

ing faults in the crystal structure, and variations in the lattice parameters caused
by strain. Decreasing grain size causes a decrease in peak intensity in addition

to broadening, so that the area under the peak remains constant (Azaroff and
Buerger, 1958). Broadening is not accompanied, however, by a shift in the po-
sition of the peak.

Where broadening is due to stacking faults in the crystal structure the

intensity of the peaks may be decreased, but there will be no relative shift in

the peak position (Gross and Paterson, 1965). In addition, a characteristic

asymmetry will develop in which the intensity of the peak will decline very grad-

ually on the larger d- spacing side of the peak maximum.

A broadening of the peak and a decrease in intensity, along with a shift

in the peak position, will result when strain has produced lattice disorder in

crystals. Increased stress may be relieved by twinning or lattice dislocation

(Klassen-Neklyudova, 1964) . In the latter case, powder diffraction patterns will

be similar to those of crystalline quartz. On the other hand, increased strain

without twinning will result in increased broadening and decreased intensity of

the diffraction peak and an increased shift of the peak position.
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The broadened X-ray diffraction maxima of the cherts in this study are be-
lieved to be caused by an abundance of crystallites of submicron size. Although
petrographic (optical) observations do not support this conclusion because most
observed grains are larger than 2 JJ-, dislocations of the crystal lattice within
grains could form subgrains of crystallites to produce the broadened X-ray maxima
(W. F. Bradley, personal communication, 1971). Furthermore, the lattice dislo-

cations were probably caused by strain during crystallization of the chert con-
stituents .

NUMERICAL ANALYSIS OF RESULTS

General Statement

The petrographic, physical, and chemical tests essentially measured four

properties of the chert samples: crystallinity, composition, BET surface area,

and potential reactivity. The crystallinity of the chert was directly measured by
the mean refractive index. Chemical composition was given by the oxide per-

centages, and mineral composition by the percentages of normative quartz, cal-

cite, dolomite, and clay. Surface area indicated the amount of chert (HC1-

insoluble matter) exposed to the alkaline solutions for reaction.

The results of the potential reactivity test of the chert in an alkaline en-

vironment were the dependent variables, and the crystallinity, composition, and
surface area were the independent variables in subsequent correlation analyses.
Linear regression analyses (table 6) of these parameters revealed no significant

single petrographic property that could be used to predict the reactivity of all the

samples tested. The regression analysis, however, did indicate which single

variable for each property most accurately reflected the performance of the chert

in the test for potential reactivity.

Multiple correlation analysis of the data was accomplished with the aid

of a SOUPAC program run on the IBM 360/75 digital computer at the University

of Illinois. Of particular interest in the output of this program was the correla-

tion matrix, standardized and unstandardized regression coefficients (along with

the intercept value), and the multiple correlation coefficient. The correlation

matrix provides the coefficient of correlation of each variable with all other

TABLE 6—COEFFICIENTS OF CORRELATION FOR SELECTED PROPERTIES OF CHERT
WITH REACTIVITY POTENTIAL

Mean refractive Adjusted mean Normative Surface

index refractive index quartz {%) area

Alkali reduction 0.57 0.64 0.09 0.05

Dissolved silica 0.21 0.31 0.09 0.05
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variables. The standardized regression coefficients give an assessment of the

relative weights of the independent variables in contributing to the dependent
variables. The unstandardized regression coefficients and the intercept value

define the regression plane to be used in estimating the dependent variables

.

The multiple correlation coefficient is a measure of the agreement of the data

with the regression plane.

The normative quartz was found to be the most important constituent af-

fecting Re and Sc . Of all the independent variables, the mean refractive index

showed the highest correlation coefficient (0.5 7) with Rc . It was felt, however,

that a better correlation might result if a more accurate estimate of the mean
could be made, since the range of the refractive index class intervals for a

given sample was high compared to the number of class intervals used to give

the graphical estimate of the mean. The mean refractive index was adjusted,

therefore, by using the index of crystallinity

.

Determination of the Adjusted Mean Refractive Index

For multiple correlation analysis the mean refractive index of each of the

samples was the dependent variable, and the indices of crystallinity of the five

twin faces of a given sample were the independent variables.

The multiple correlation coefficient was calculated as 0.77, and the

standardized regression coefficients showed that the first and fourth indices of

crystallinity contributed most heavily to the mean refractive index. The adjusted
mean refractive index of each sample was calculated from the regression plane
defined by the unstandardized regression coefficients and the intercept value.

INTERRELATION OF PROPERTIES

The plots of Rc against surface area show no linear relation (cor coef

0.05), and no direct dependence of the reactivity was observed on the surface

area data.

The correlation coefficient of dissolved silica and the adjusted mean re-

fractive index was 0.31 (table 6), a poor correlation. A linear trend, however,
was made evident by graphical analysis (fig. 2) . The linear correlation of dis-

solved silica with normative quartz and surface area also was very poor, with
correlation coefficients of 0.09 and 0.05, respectively (table 6), and graphical

analysis indicated no nonlinear correlation.

The correlation coefficient of Rc and the adjusted mean refractive index
was 0.64 (table 6), indicating that if the chert samples are normally distributed

and unbiased about 32 percent of the variation of the reduction can be explained
by linear dependence on the adjusted mean refractive index. Graphs of Rc
against surface area show no linear relation (cor coef 0.05) and no direct de-

pendence of the reactivity was observed in the surface area data.
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Pig. 2 - Plot of dissolved silica as a function of adjusted mean refractive index

showing computer-calculated regression line.

The relation of Rc with normative quartz was found to be nonlinear and
best described by a parabolic curve (fig. 3). To verify that this parabolic rela-

tion actually represented the reaction of the samples in the alkaline solution, a

series of independent tests was made. The potential reactivity of a mixture of

tripoli, a porous form of microcrystalline quartz, and varying amounts of calcium

carbonate was determined by the ASTM C 289 test. The trend of the data from

this experiment also was parabolic, closely fitting the previous curve.

The maximum Rc was reached by the chert samples at about 65 percent

quartz and decreased rapidly with both increasing and decreasing amounts of

quartz (fig. 3) . Up to 65 percent the increasing amounts of quartz increase the

Rc , as would be expected, but more than 65 percent quartz decreased the Rc .

In the microcrystalline silica experiments, the same pattern emerged.

Mielenz, Greene, and Benton (1947) noted that dolomite (CaMg(C03)2)
increased the Rq by the precipitation of secondary magnesium hydroxides. This

effect would reduce the concentration of hydroxyl ions in solution but would not

prevent alkali ions of sodium and potassium from combining with silicates to

form deleterious alkali-silica gels.

Dunn and Ozol (1962) indicated that the presence of dolomite in silica ag-

gregates causes an increase in the Rc and a decrease in the amount of silica in

solution. They ascribed the increased Rc to the formation of insoluble magnesium
hydroxide. The decrease in Sc was attributed to three factors: minimization of

the dissolution of silica due to the increased Rc ; the presence of protective films
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Fig. 3 - Plot of alkali reduction as a function of normative quartz showing a parabolic

relation.

of magnesium hydroxide or calcium carbonate on the silica grains; and a reaction

that produced insoluble silicates. Mielenz and Benton (1958) concluded that the

calcium released into an alkaline solution combined with dissolved silica to form

calcium silicates carrying adsorbed sodium. This would reduce the concentration

of alkali ions and hydroxyl ions and decrease the amount of dissolved silica.

The reduction in the concentration of dissolved silica might also simply

be due to the decreased amount of silica available for reaction as the amount of

carbonate in the sample increases.

An increase in Rc without a decrease in Sc would cause an upward shift

in datum points in figure 1 . Datum points in the deleterious or potentially dele-

terious zones might be shifted upward into the innocuous zones by the addition

of calcite or dolomite to the sample. If the increase in Rc is due to precipitation

of insoluble calcium and magnesium hydroxides, the test result might indicate

that a material is innocuous even though sodium is still available to form dele-

terious alkali-silica gels.

An increase in Rc with a decrease in Sc would cause a shift in datum
points upward and to the left in figure 1 if calcite or dolomite were added to the

sample. The shift would result following a decrease in the concentration of

alkali and hydroxyl ions and in the amount of dissolved silica, as was indicated

by Mielenz and Benton (1958) and Dunn and Ozol (1962). Under such conditions

a point in the deleterious or potentially deleterious zones might be shifted into

the innocuous zone. If, however, similar reactions occurred in concrete, the

potential of the silicate- carbonate mixture to become deleterious would be re-

duced as the calcium silicate and absorbed alkali ions are removed, rendering

them unavailable to form expandable alkali- silica gels.
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Because of the spurious effects introduced by the presence of carbonates
in test samples, Mielenz and Benton (1958) recommended testing reacted solu-
tions for sodium and potassium concentration rather than for titratable hydroxyl
ion concentration.

Multiple Regression Analysis

As it was apparent that no single property of a chert sample determined
its potential reactivity, multiple regression analysis was used to determine the

relative contributions of the properties of chert to its behavior in an alkaline so-
lution. Because the correlation of total surface area to both Rc and Sc was poor,

this property was disregarded in the analysis.

With Rc as the dependent variable and the percentage of normative quartz

and the adjusted mean refractive index as the independent variables, the multiple

correlation coefficient was calculated as 0.68. With Sc as the dependent vari-

able, the multiple correlation coefficient was 0.39.

The poor linear correlation of Sc with the independent variables indicates

that the relative input of refractive index and normative quartz varies consider-

ably from sample to sample. In addition, we noted that in a few cases where one
of the independent variables of a sample correlated well with Rc , the correlation

with Sc was poor.

Normalization of Data Through Graphic Projection

An attempt was made to normalize the data graphically to determine the

relative input of the independent variables to the potential reactivity of the in-

dividual samples. Underlying the use of the normalization procedure is the as-

sumption that all the samples react in the same manner when one physical char-

acteristic is allowed to vary while the others remain constant. The mathematical

model used to describe this is a family of curves, each of which passes through

a datum point of a particular sample. Each curve is congruent to the curve that

represents the least-squares fit to all datum points by a polynomial. Each curve

is oriented to the y-axis in the same way as the least- squares curve. Thus, each
member of the family of curves describes the behavior of the sample as one partic-

ular characteristic is allowed to vary.

Each sample was first normalized to a composition of 100 percent norma-
tive quartz . The parabola relating Rc with the percentage of normative quartz

(fig. 3) was shifted along the x-axis until a datum point intercepted the curve.

The curve was then followed from that point to the point where the curve inter-

cepted the line representing 100 percent quartz. This intercept indicated the

amount of alkali reduction that would have occurred had the sample been com-
posed entirely of quartz.

The normalized reduction in alkalinity was then plotted against the ad-

justed mean refractive index. Figure 4 shows a trend in contrast to the highly
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scattered distribution of points when the adjusted mean refractive index was
plotted as a function of raw Re data.

The order of normalization was then reversed. Datum points representing

Re plotted as a function of the adjusted mean refractive index were projected par-

allel to the regression line calculated for this relation up to the line representing

the refractive index of quartz averaged between the € and cu indices (1 .5485). The

value indicated at the point of intersection represented the degree of reduction in

alkalinity normalized to the amount the sample would have produced had it been
composed of well crystallized quartz. The resulting normalized Rc was then

plotted as a function of the percentage of normative quartz. This graph also

showed a linear trend

.

Most points fell along the trends established by both sets of projections,

and these points are interpreted as representing samples in which the normative

quartz and adjusted mean refractive index had an approximately equal effect on
the degree of Rc . Two groups of points, however, failed to align along both

trends

.

The first of these groups consists of points falling along either one or the

other of the trends. Three datum points fell along the second trend only and
showed a high degree of departure from the first trend. These points are inter-

preted as representing samples in which the normative quartz played a secondary
role in determining the degree of Rc for that sample. In such samples the amount
of variation of the sample from the parabola relating percentage of normative
quartz to Rc would have been independent of the amount of quartz present . The

normalization process would then give spurious results and the datum point would
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not lie on the trend of the final graph relating normalized Rc to the adjusted mean
refractive index.

In like manner, points falling only on the trend established by the first

normalization process were interpreted as representing samples in which the crys-

tallinity of the sample, as defined by the adjusted mean refractive index, played
a secondary role in determining the amount of Rc

.

The second group of nonconforming points consists of two points that fall

along neither trend. These data are from samples that had surface areas more than

twice the average for all samples. We postulated that only in this group does the

BET surface area play an important role in determining the degree of Rc.

Correlation of the independent variables with Sc values was calculated in

the same manner. Sc was plotted as a function of the adjusted mean refractive

index (fig. 2). The regression line was shifted along the x-axis until a datum
point was intersected. This point was projected along the curve until the line

representing the refractive index of quartz, averaged between € andcu indices

(1 .5485), was intersected. The indicated value at this point of intersection re-

presented the quantity of Sc normalized to the amount the sample would have pro-

duced had it been composed of well crystallized quartz.

The normalized Sc plotted against the normative quartz also shows a lin-

ear trend (fig. 5). Again, these graphs were interpreted to indicate that the ad-
justed crystallinity as measured by the mean refractive index was the most im-

portant factor influencing the amount of silica going into solution for those sam-
ples with datum points falling along the trend. The order of the projection was
reversed, and those points not falling along the trend established by the first set

of projections did correlate well with the second trend, and vice versa (fig. 6)

.

Only one datum point failed to follow suit, and its surface area was found to be
three times higher than the average.

Three other samples had BET surface areas at least twice the average of

all samples. These samples, however, tended to follow the general pattern out-

lined above because they had other properties that tended to counteract the large

surface areas. Two samples showed a high degree of crystallinity, and the other

sample was composed of a very small amount of normative quartz.

SUMMARY AND CONCLUSIONS

The properties of chert that significantly affect its reduction of alkalinity

and dissolved silica— the measured results of the ASTM test—vary from one sam-
ple to another. Any one of various properties of chert may be dominant in any
given sample and so affect the reactivity of the chert in an alkaline environment.

The crystallinity, as measured by its adjusted mean refractive index, is

generally the major determinant of the amount of dissolved silica. Where the per-

centage of quartz is especially high, however, it may be the prime factor
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determining the amount of dissolved silica. On the other hand, if the surface
area is particularly great (more than 2.00 m 2

/g), the effects of crystallinity and
of the amount of quartz present may be altered considerably.

In most samples the percentage of normative quartz and the adjusted mean
refractive index have nearly equal influence on the degree of reduction in alka-
linity in our tests. In a few samples, however, one of these properties may dom-
inate the other. A decrease in the amount of quartz will tend to decrease the re-

duction, as will an increase in the degree of crystallinity. Where the decrease
in quartz content is accompanied by an increase in carbonate content, however,
the reduction in alkalinity will not be immediately apparent because of the forma-

tion of calcium hydroxide.

The effect of the carbonate may decrease when the chert particles are

larger than the individual carbonate grains. Electron microscopy indicates rela-

tively impervious chert frequently surrounds rhombic carbonate grains . Although

these carbonate grains contribute to the carbonate content of the whole sample,

many would not be available for reaction

.

Our study indicates that while ASTM test C 289 may be of value in de-

termining the potential reactivity of chert in concrete, the results of the test must
be interpreted with care. The presence of carbonate may influence the test re-

sults without having any effect on the behavior of the chert as aggregate. In

addition, there appears to be no single property of chert that can be used to pre-

dict its reaction in the test, nor is there any combination of properties of the

chert that act in a consistent manner in determining its reactivity.
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