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• THE DISCOVERY that concrete aggregates were not inert but could participate in 
chemical reactions with certain cement compounds stimulated an international research 
ef for t that has resulted in the recognition of several distinct mechanisms by which these 
reactions may reduce the durability of concrete (6, 7, 8, 12). 

Recently attention has been drawn to a reaction involving the cement alkalies and a 
type of argillaceous, dolomitic limestone. This reaction was f i r s t reported by Swenson 
(13) and later by Swenson and Gillott (14). Aggregates susceptible to this type of reac
tion were also found in Ulmois and Indiana by Hadley (5). The reaction di f fers f r o m the 
well-known alkal i -s i l ica reaction in that no visible gel or reaction product is formed nor 
is any r i m formation apparent on the reacted aggregate particles as is the case with the 
s i l ic i f ica t ion reaction discussed by Lemish (8). 

The data presented by Swenson and Gillott pertained to the performance in concrete 
of an aggregate f r o m Kingston, Ontario, which met a l l physical and chemical tests and 
yet was shown to be alkal i reactive. They found that pattern cracking developed in f i e ld 
concrete containing this aggregate comparatively soon after placing. The cracks sur
rounded areas f r o m 2 to 4 i n . across and the concrete between the cracks was relatively 
sound. They also found that the expansion decreased with maximum aggregate size, a 
behavior contrary to other types of cement-aggregate reactions. They concluded that 
rocks composed of near equal proportions by weight of dolomite and calcite could be 
regarded as suspect and that a possible connection existed between the expansive reac
t iv i ty and the dedolomitization reaction (replacement of dolomite by calcite and bruci te) . 

Hadley (5) extended the work of Swenson and Gillott and, on the basis of expansion 
measurements and other laboratory tests, postulated a dedolomitization reaction: 

(Dolomite) (Alkali) (Brucite) (Calcite) 
CaMg (C03)2 + 2 MOH M2CO3 + Mg (0H)2 + CaCOs 

in which M stands for K, Na, or L i . 

In concrete, the a lka l i carbonate would react wi th hydration products of cement to 
regenerate additional alkal i ; for example, 

Na2 CO3 + Ca (OH)2 2 NaOH + CaCOs 

On the basis of his tests, Hadley postulated three characteristics of potentially reac
tive carbonate rocks: 

1. Carbonate Mineralogy .—Dolomitic limestone in which dolomite comprises 40 to 
60 percent of the total carbonate f rac t ion . 

2. Clay Mineralogy .—Rocks containing between 10 and 20 percent clay. 
3. Texture. —Partial ly dolomitized calcilutites with smal l isolated dolomite rhombs 

in a matrix of microcrystall ine calcite and clay. 

Hadley also developed a laboratory test to measure the expansive tendency of rocks, 
which has been adopted fo r use in the present work. This method is discussed la ter . 
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FIELD EVroENCE 

In A p r i l 1957 a bridge deck under construction near Weyer's Cave, Rockingham 
County, V a . , was instrumented m an attempt to measure concrete shrinkage (9). 
Measurements showed that the concrete, rather than contracting as anticipated, under
went a progressive expansion of considerable magnitude. On the basis of preliminary 
observations i t was suspected that a reaction involving cement and coarse aggregate 
might have contributed to the expansion. 

The purpose of this paper is to present the findings of f i e l d observations, geological 
studies, and laboratory mvestigations relating to the rock used as coarse aggregate in 
the Weyer's Cave Bridge. For the purpose of identification in this paper and subsequent 
work the quarry that produced this aggregate is re fer red to as Quarry 1. 

Although the visible evidence that a disruptive chemical reaction has occurred in 
f i e l d concrete is often di f f icul t to separate f r o m the effects of purely physical phenom
ena, i t is of mterest and importance to discuss the observed concrete distress that 
apparently has been caused by the alkali-carbonate reaction. Evidences normally asso
ciated with cement-aggregate reactions are expansion, cracking, and the presence of 
reaction products, the f i r s t two of which have been evaluated on the basis of f i e ld ob
servations . Though no reaction products are visible m the f i e ld concrete, laboratory 
studies are in progress to determine the possible presence and extent of such products 
on a microscopic scale. 

Expansion 
The fact that the deck of the bridge near Weyer's Cave was instrumented to measure 

volume change is fortunate because it permits a more definite estimate of the expansion 
of this structure than could normally be made f r o m indirect evidence. 

Brass plugs were placed at 13 locations in the f i r s t two spans of the structure to 
serve as reference points for strain measurements by means of a Whittemore Strain 
Gage having a 10-in. gage length. In addition to the instrumenting of the bridge slabs, 
two test slabs 6 i n . by 12 i n . by 6 f t were fabricated f r o m a randomly selected batch of 
the concrete used in the structure. One of the test beams was reinforced. The beams 
were placed adjacent to the structure and received identical atmospheric exposure. 
Reference points for strain measurement were placed at 3 locations in each beam. 

Following placement of the concrete, strain measurements were made periodically. 
The age of the concrete at the last measurement was 372 years. The expansions of the 
test beams are shown in Figure 1 as a function of t ime . These strains are based on a 
zero reading at two days . The remainder of the discussion is based on the strains in 
the test beams rather than those of the deck because the latter strains were complicated 
by loads and redistributions caused by subsequent construction. The measurements 
made on the bridge deck are m general agreement with those obtained f r o m the test 

CONCRETE STRAINS IN REFERENCE BEAMS 
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Figure 1 . Expansion of f i e l d concrete. 
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beams and show a net expansion even 
though the subsequent loads were such as 
to,cause strains opposite to those result
ing f r o m expansions. 

The values plotted in Figure 1 have 
been corrected for temperature changes 
using a coefficient of expansion of 5.0 x 
10 ' ' i n . per i n . per deg F in keeping with 
published work (1.). The temperature of 
the concrete varied at the time measure
ments were taken through the relatively 
small interval between 57 and 68 F . 

Several characteristics of the curves 
shown in Figure 1 are of significance. 
The net volume change at ages less than 
8 days may be explained in terms of early 
hydration reactions and drying shrinkage. 
At the age of 8 days the curve abruptly 
changes direction, apparently indicating 
the point at which shrinkage effects were 
nul l i f ied by expansion. The forms were 
removed at 20 days and the effect of this 
appeared as a period of further shrinkage, 
probably f r o m the increased drying. Fol
lowing this, the expansion again dominated. 
The effect of the steel reinforcement in restraining the expansion is also apparent. 

Another point of interest is the general shape of the curve, which indicates a de
creasing reaction rate, showing that the reaction is essentially complete after two to 
three years. A f ina l observation to be made is that the expansion at two years is ap
proximately 0.04 percent. This figure should be kept in mind for comparison with 
laboratory expansion measurements discussed later . 

Aside f r o m the expansion measurements, there is other evidence that expansion of 
the concrete has taken place. Figure 2 shows the expansion joint between the f i r s t two 
bridge spans at the age of 725 days. The joint material is visibly extruded even though 
the temperature at the time the photograph was made was lower than at the time when 
the joints were f i l l e d . At this age, no cracking was evident in the slab. 

Figure 2. Expansion indica ted by extruded 
j o i n t f i l l e r , Weyer's Cave Bridge; age, 

2 years. 

Cracking 

Because Swenson and Gillott had stated that cracking occurs at expansions of about 
0.05 to 0.10 percent, the slab was carefully inspected periodically for any signs of 
cracking. At an age of 3 years, the f i r s t cracking was noted in a l l six spans. The 
cracking pattern is shown in Figure 3 at an age of 4 years. The slab was soaked with 
water to facilitate observation of the cracks, which are visible in the dry surface only 
on close inspection. Though less severe, the crack pattern is very s imilar to that ob
served by Swenson and Gil lot t . It is fel t that some of the longer and wider cracks 
shown in Figure 3 though possibly related to the pattern cracking, are the result of 
other factors . The cracks are sharp and no significant amount of spalling is in evi
dence . This is also in agreement with observations made by Swenson and Gillott on 
concrete more than 20 years old. The degree and extent of the cracking is about what 
would be expected in comparison to that observed in Canada, when the degree of reac
t iv i ty of the rock and alkali content of the cement are taken into account. 

Inspection of concrete cores taken f r o m the bridge deck at Weyer's Cave indicates 
that the cracking visible at the surface penetrates in some cases to a depth of iVi to 
2 i n . Though only l imited observations have been made, it appears in most cases that 
the cracking terminates at a coarse aggregate part icle . Figure 4a shows a polished 
cross-section of a core with a typical crack extending f r o m the surface to a coarse 
aggregate boundary. For comparison Figure 4b shows a s imilar crack in the polished 
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Figure 3- Pattern cracking o f deck, Weyer's Cave Bridge; age, 1; years. 

section of a laboratory specimen containing aggregate f r o m the same source that sup
plied material fo r the Weyer's Cave Bridge. 

Cracking such as that shown in Figure 3 is very s imilar in appearance to that result
ing f r o m shrinkage, and might have been attributed to "improper curing" or many other 
factors had not the accompanying expansion been measured. The cracking was f i r s t 
observed only in the deck, and at an age of 4 years there was no evidence of i t in the 
piers, abutments, or handrails. In a recent inspection made when the concrete was 5 
years old, some cracking of the handrails was evident. Because of the moist environ
ment to which the piers are subjected they might be expected to undergo considerable 
expansion. The absence of early cracking might be explained by considering the several 
interacting mechanisms by which these cracks manifest the volume changes in the con
crete . 

Interpretation.—When concrete is placed, the dominant volume change at early ages 
probably results f r o m drying shrinkage. This shrinkage causes tensile stresses in the 
cement paste matrix and is dependent on a number of factors including mix proportions 
(especially the water-cement rat io and paste content), composition and fineness of the 
cement, composition and maximum size of aggregate, internal and external restraints 
size and shape of the mass, curing methods, and ambient conditions. Thus, during the 
early l i fe of the concrete a stress f i e ld is set up in which areas of high and low stress 
exist. If the factors affecting the shrinkage are such as to cause these stresses to ex
ceed the strength of the paste, cracking and "crazing" result . If the shrinkage stresses 
are not sufficient to cause fracture , certain highly stressed areas remain. As the re
active aggregate particle expands within the r i g i d matr ix, i t also sets up tensile stresses 
in the paste. These tensile stresses superimpose on the shrinkage stresses already 
existing, and, i f the magnitude of the total stress is sufficient, i t is apparent that the 
cracking developed w i l l appear to be the same as that resulting f r o m shrinkage. Thus, 
the pattern observed is the result of at least these two factors and possibly others. If 
this reasoning is valid, then i t would be expected that the shrinkage stresses set up in 
the deck would be greater than those of the piers and abutments due to such factors as 
reduced mass and less efficient curing. Assuming that the expansion due to the cement-
aggregate reaction is relatively uniform for the various portions of the structure, i t f o l 
lows that the cracking would appear f i r s t in the deck where the combined stresses are 
highest. Although the handrails and curb guards would be expected to have a compara
tively high shrinkage stress, the aggregate used in this type of concrete has a maximum 



31 

L 

Figure h. Photomicrographs of polished cross-sections of cracked concrete; penc i l lead 
1 mm i n diairieter. 

size of % i n . as compared to larger maximum sizes in other portions of the structure. 
As noted earlier, Swenson and Gillott have shown that the reactivity decreased with 
particle size. This decrease in reactivity might be sufficient to compensate for the 
larger shrinkage and would explain the delayed cracking of these lighter members. It 
is of interest that the concrete and steel bridge was of composite design so that the 
deck was designed to act integrally with the beams . The effect of such general crack
ing would be to reduce the degree of composite action. 

Survey of Existing Structures . — As has been explained, it is diff icul t to state with 
assurance that a cement-aggregate reaction has caused or contributed to cracking of 
old concrete. However, a survey of structures in the general area of the quarry sug
gests that there are other instances in which an expansive reaction might have been re
sponsible for some concrete distress. Figure 5 shows the deck of a 10-year-old struc
ture over Beaver Creek which was built with materials f r o m the same sources as the 
Weyer's Cave Bridge. The cracking is general and s imilar to that shown in Figure 3. 



Figure 5. Pattern cracks i n bridge deck. Beaver Creek Bridgej age, 10 years. 

In addition to the cracking of the deck there is evidence of expansion as shown in Fig
ure 6. These two figures suggest that the elements of reaction (namely, cracking and 
expansion) are present. 

A survey of structures in the Staunton Construction Distr ict was made in the spring 
of 1961 by F . B . Click, Dis t r ic t Materials Engineer (3). In reporting the inspection of 
66 bridges less than 7 years old he observed instances of the type of pattern cracking 
shown in Figure 3, most of which were concentrated in the Rockingham County area. He 
recorded construction and materials data along with observations on types of distress 
noted. Pertinent data f r o m his report are included in Appendix A . The structures sur
veyed contained material f r o m 4 cement, 13 coarse aggregate, and6fine aggregate sources. 

In 59 of the structures surveyed the cements were f r o m one source. However, the 
alkali contents of a l l the cement sources would not be expected to vary greatly. Of the 

structures surveyed, 39 were at least 3 
years old, the approximate age at which 
cracking was noted on the Weyer's Cave 
Bridge. 

Eleven of these 39 bridges contained 
coarse aggregate f r o m Quarry 1, the 
source for the concrete used in the Weyer's 
Cave Bridge. Of these 11, 9 were noted 
as having pattern cracking. Of the remain
ing 28, only 1 was listed as containing this 
type of distress . These data strongly sug
gest that the problems associated with the 
bridge near Weyer's Cave exist on other 
structures made with aggregate f r o m the 
same source. 

LABORATORY STUDY OF EXPANSION 
BEHAVIOR 

Figure 6. Closed j o i n t caused by concrete 
expansion. Beaver Creek Bridge; age, 

10 years. 

To evaluate the expansive behavior of the 
various rock types, a laboratory investiga
tion was conducted with selected materials 
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Figure 7. General view, Quarry 1. 

f r o m the suspected quarry. The rock material was subjected to tests involving rock 
behavior as well as concrete behavior. In discussing the data in this section, i t is con
venient to refer to Figure 7, a view of Quarry 1 as i t appeared in 1961. 

Rock Studies 

To obtain representative material f r o m 
the various rock types exposed in Quarry 
1, a total of 64 samples was collected. 
These samples have been given a two-
number designation, the f i r s t number in 
dicating the source quarry and the second 
number designating the individual sample. 
Intensive study was carr ied out on 14 con
sidered to be representative of the entire 
group. Samples 1-3, 1-8, 1-15, 1-16, 
and 1-17 were representative of materials 
above line A in Figure 7, Samples 1-4, 
1-5, 1-6, 1-7, 1-13, and 1-14 represented 
materials between lines A and B, and Sam
ple 1-18 was representative of material 
below line B . This section contains the 
results of tests designed to determine ex
pansion characteristics. The results of 
work undertaken to determine the specific 
mineralogical and textural properties of 
these samples are deferred to the next 
section. 

As a laboratory test to determine the 
expansive behavior of rocks, the p r i sm 
test as developed by Hadley (5) was used. 
Prisms 1% by % by /4 i n . were cut per
pendicular to the bedding f r o m each rock 
and conical apexes ground at the ends. 
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PERCENT EXPANSION (CONTRACTION) 

Figure 8. Rook prism length change as a 
f u n c t i o n o f i o n i c species (10 weeks). 
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The prisms were measured dry by means 
of a length comparator and then immersed 
in disti l led water unti l a constant length was 
obtained. Each pr i sm was subsequently 
transferred to a separate airtight container 
that holds 40 m l of 1 N alkali solution. At 
weekly intervals the prisms were removed 
f r o m the bottles, surface dried, measured 
with the length comparator, and returned 
to the solution. 

Of the 14 samples selected as represent
ative of the lithologies exposed in the quarry, 
8 were selected fo r testing in solutions of 
NaOH and KOH, which represent the domi
nant alkalis in portland cement. Eight 
prisms were made f r o m each of the samples. 
Four of these were immersed in NaOH, the 
other four in KOH. Figure 8 shows the re
sults of these tests . The tendency for accen
tuated expansion in NaOH solution noted in 
Figure 8 agreed with results of s imi lar tests 
by Hadley (5) and led to the use of NaOH so
lutions in a l l subsequent pr i sm tests . 

Based on test measurements, the expan
sive behavior of prisms made f r o m the 14 
samples chosen as representative can be 
a rb i t r a r i ly divided into 4 groups. Repre
sentative samples f r o m each a rb i t ra r i ly 
designated group are plotted in Figiu-e 9. 
The three groups showing expansion are 
re fe r red to as "high, " "medium, " and 
"low" expanding. Those in the fourth group 
a l l contracted sl ightly. 

Although the shape of the expansion curve is seen to vary somewhat f r o m sample to 
sample, i t appears that at least two significant tendencies can be noted. F i r s t , the rate 
of expansion can be seen to decrease after 2 to 4 weeks. Similar behavior had been 

V * 

1-7 

Figure 9. Expansion vs time f o r t y p i c a l 
rock prisms. 

Figure 10. Cracks i n rock prism (aggregate 1-8) a f t e r a l k a l i exposure (paper match i n 
dicates sca le) . 
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noted in concrete. This decrease in 
pr i sm expansion rate may be due to a re 
duction in pore size and related permea
bi l i ty , or to a cracking noted in many 
prisms at approximately this same 2- to 
4-week interval . This cracking, as shown 
in Figure 10, became general and led to 
fracture in a few prisms where rapid and 
large expansions had taken place. A sec
ond trend in a l l the curves was a tendency 
toward a rough parallelism after the i n i 
t i a l expansion period. This has led to the 
conclusion that the expansive behavior ex
hibited during the f i r s t 2 to 4 weeks is in- « s 
dicative of the ultimate expansive behavior 
and a reliable test method might be based Figure 1 1 . 
on this period. One fiurther point that crete beams 
should be considered in regard to these 
pr i sm tests is a comparison of the magni
tude of the expansion exhibited by the 
rocks designated as "high" in this report with that of reactive aggregates reported in 
other investigations. This magnitude can be seen in Figvure 9 as reaching a value of 
about 0.9 percent, which compares in order of magnitude with a l l of the "problem" 
material reported in the literature to date. It is significantly greater than the figure 
of 0.23 percent reported for the now famous Kingston rock by Swenson and Gillott (14) 
who used a s imilar test method. This section studies indicated a large percentage of 
this high expanding material in the concrete in the Weyer's Cave Bridge. 

Expansion o f labora tory con-
showing e f f e c t of cement 

a l k a l i e s . 

Concrete Studies | 

To date only l imited laboratory studies have been made with concrete containing the 
aggregate exhibiting expansive tendencies in the rock pr ism tests. The results of these 
tests, however, appear to be significant. To establish the contribution made by cement 
alkalies to the expansion, two non-air-entrained mixes were made using aggregate f r o m 
the same bed as Sample 1-8, which showed the greatest expansion in pr i sm tests. The 
coarse aggregate had a maximum size of 1 i n . and was combined to give a fineness 
modulus of 6.80. The fineness modulus of the natural si l ica sand was 2 . 8 1 . Two ce
ments were used, with total alkali contents expressed as equivalent N a 2 0 of 0.98 and 
0.20. For these mixes the computed cement content was 6.17 sacks per cu yd and the 
W/C was 0.57. 

The results of volume change tests on concrete beams made and tested in accord
ance with ASTM C157-60T {11) are shown in Figure 11 in which the expansion is plotted 

Figure 12. Pat tern cracking o f 11 - i n . l abora tory beam. 
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Figure 13. Relat ionship between concrete 
bean and comparable rock prism expansions 

(aggregate 1-8). 

as a function of t ime . The effect of alkali 
content is readily apparent. Two other 
points of interest should be noted. F i rs t , 
the general slope of the curve is the same 
as that shown in Figure 1 for the concrete 
In the bridge near Weyer's Cave. Second, 
the beams developed cracking when expan
sion reached a value of approximately 0.05, 
which is slightly higher than the expansion 
measured in the f i e ld concrete. The crack
ing of the beam is shown in Figure 12. The 
s imi l a r i ty of thie pattern cracking to that 
shown in Figures 3 and 5 is apparent. 

One important factor in the concrete 
work is the relationship between the con
crete expansion and that of the pr i sm made 

f r o m the coarse aggregate. This relationship is shown in Figure 13 for the single case 
studied. The linear relationship is strongly suggestive that the pr i sm test is indicative 
of concrete performance. The rat io between pr i sm expansion and the corresponding 
concrete expansion is approximately 10 to 1 . However, the amount and size of aggre
gate and variables such as alkali content would affect this value. These relationships 
are currently under study. 

CHARACTERISTICS OF REACTIVE ROCKS 

Physical Test Results 
The rock taken f r o m Quarry 1 is of varied composition, ranging f r o m a relatively 

pure dolomite to a high purity limestone. The dominant rock type is an argillaceous 
dolomitic limestone. Like most of the stone produced f r o m the Appalachian Valley the 
aggregate is dense and hard. Although certain portions of the quarry do not yield stone 
of optimum particle shape, the composite product is accepted and widely used in struc
tura l concrete. 

Composite samples f r o m this quarry are tested annually for quality and conformance 
to Virgin ia Department of Highways Specifications. Although the results are fo r com
posite samples and do not reflect the variation that exists, they are representative of 
the general production run material used in concrete. A summary of these tests fo r 
the period 1956 to the present are given in Table 1 . 

TABLE 1 

RESULTS OF PHYSICAL TESTS 

Date Specific Absorption 
Gravity 

L OS Angeles 
Abrasion Resistance 

(ASTM 0131-55) 

Grading 

Mg SO4 Soundness 
A S T M C88 (Current Rev. 

L o s s at 8 Cyc les 

1956 2. 78 0 50 19.0 14. 9 Not available 
1957 2. 77 0 20 19.0 15. 8 14. 9 -
1958 _ - - - - Not available 
1959 2. 71 0 27 - 20. 8 20. 0 Not available 
I960 2. 76 0 27 22. 7 21. 5 19. 9 3. 01 
1961 2. 76 21. 8 21. 4 5. 39 
1962 21. 0 18. 9 19. 6 4. 90 
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TABLE 2 

MAGNESIUM SULFATE SOUNDNESS 
TEST RESULTS 

Sample MgS04 L o s s at 8 Cycles 
(%) 

1-3 5 59 
1-4 3. 10 
1-5 2. 54 
1-6 1 50 

In addition to these routine tests sam
ples representative of aggregates 1-3, 
1-4, 1-5, and 1-6, were tested for mag
nesium sulfate soundness. These results 
are given in Table 2. 

A l l of these values are within specifi
cation l imi ts . The indication f r o m the 
data IS that there would be no reason to 
reject the aggregate on the basis of physi
cal tests. 

Mineralogy 

The constituent minerals of carbonate 
rocks such as limestones and dolomites are, by convention, re fer red to and studied as 
two distinct groups. These are the carbonate minerals, which are soluble in dilute 
acids, and the insoluble minerals commonly designated "insoluble residues." The 
classification as well as the physical and chemical characteristics of these rocks are 
dependent on the amounts and kinds of minerals in each of these groups together with 
the texture and fabric of the constituent mmeral grains . 

In an effort to identify and quantitatively estimate the amounts of the various mineral 
species present in this suite of rocks the following procedures were utilized: insoluble 
residue analyses, wet chemical analyses, optical microscopy, X- ray diffract ion, and 
inf rared spectrophotometry. 

Carbonate Minerals 

Both calcite and dolomite were identified in a l l the samples studied. These minerals 
are fine grained and intimately mixed so that individual grains were studied in thin sec
tions at high magnification. In thin section most of the rock f r o m Quarry 1 appears 

TABLE 3 

ROCK COMPOSITION DATA^ 

Insoluble^ 
Expansion in 16 Weeks Sample Dolomite/Total Carbonatel' Residue Expansion in 16 Weeks 

(%) Kind Percent 

1-8 0. 61 26 High 0. 890 
1-3 0 55 19 High 0. 699 
1-16 0 59 34 Medium 0. 503 
1-9 0 73 22 Medium 0. 473 
1-15 0 58 29 Medium 0. 400 
1-12 0 47 21 Medium 0. 360 
1-4 0 46 14 Medium 0. 359 
1-6 0 51 13 Low 0 254 
1-13 0 48 28 Low 0. 243 
1-18 0 99 3 Contracting -0 053 
1-14 0 29 4 Contracting -0. 062 
1-7 0. 49 8f̂  Contracting -0. 084 
1-5 0 23 14 Contracting -0. 117 
1-17 0. 06 10 Contracting -0 140 

^ X - r a y diffractometer tracings supplied by Portland Cement Association through 
courtesy of David Hadley Infrared data supplied by B Chaiken, Bureau of Public 
Roads. 

^Compositional values are a composite of wet chemical , X - r a y diffraction, and infra
red spectrophotometric analyses. 

^Infrared determinations showed dominantly quartz. 
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mottled with irregular patches and veins of light material m a darker, f iner-grained 
mat r ix . The light material is composed of calcite in the f o r m of coarsely crystalline 
patches or "eyes," veins, distorted foss i l fragments, and dolomite in the f o r m of wel l -
crystallized to poorly crystallized rhombohedrons. The dense matrix material , which 
appears darker in thin section, is composed of very fine irregular calcite grains and 
clay. Optical properties of the calcite and dolomite are s imilar enough so that accurate 
percentage analyses were not attempted with the microscope but through the use of wet 
chemical and X-ray diffract ion methods. Results of these determinations are given in 
Table 3 in which the samples are grouped according to the convention previously estab
lished and used in Figure 8. 

Wet chemical analyses for calcium and magnesium were carried out by the standard 
oxalate precipitation method. Calcite-dolomite ratios obtained f r o m the X- ray d i f f rac
tion s t r ip chart recordings were determined by integrating the areas under the major 
peaks and comparing the ratios obtained to the curve published by Tennant and Berger (15). 

In the case of the chemical analyses a l l of the magnesium was equated to MgCOa and 
together with an equal mole percent of CaCOs was expressed as percentage dolomite. 
The remainder of the CaCOs is expressed as calcite. This assumes pure minerals and 
does not allow for any solid solution which may be present. Hadley (5) found such solid 
solution but noted that i t occurred in both reactive and nonreactive rock so that no corre
lation could be made. 

From the l imited data presented in Table 3 a dolomite to total carbonate ratio of 
about 0.60 appears to be characteristic of the most reactive mater ia l . 

Noncarbonate Minerals 
In a l l the samples studied, s i l ica and clay comprised the dominant noncarbonate or 

acid insoluble constituents. So-called "heavy minerals" such as tourmaline, pyri te, 
zircon, and hornblende were insignificant. 

A l l of the sil ica, with the exception of a few scattered grains of chert, was in the 
f o r m of clear, well-crystal l ized quartz. This material ranged in grain size f r o m clay 
size (less than 2 n) to a size comparable to the dolomite rhombohedrons. Because this 
identical crystall inity and grain size of quartz was found in a l l of the carbonate rocks 
studied, i t is not considered an important factor in alkali-aggregate reaction. 

TABLE 4 

GRAIN-SIZE MEASUREMENTS 

Sample 
Caclite Matrix 

w 
Dolomite Rhombohedrons 

Expansion 
16 Weeks 

Kind 

in 

Percent 

1-8 3 22 High 0. 890 
1-3 3 20 High 0. 699 
1-16 5 28 Medium 0. 503 
1-9 3 22 Medium 0. 473 
1-15 4 21 Medium 0. 400 
1-12 2 50 Medium 0. 360 
1-4 2 36 Medium 0. 359 
1-6 5 57 Low 0. 254 
1-13 4 28 Low 0. 243 
1-18 _ 14-145 Contracting -0. 053 
1-14 2 36 Contracting -0 . 062 
1-7 5 42 Contracting -0. 084 
1-5 3 43 Contracting -0. 117 
1-17 6 - Contracting -0. 140 
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Figure Ih. Photomicrograph o f t h i n section of aggregate 1-8 (170X). 

Clay minerals were present in a l l samples studied in amounts approximating the 
content of quartz. A notable exception to this was Sample 1-7 (see Table 3) where the 
insoluble material is predominantly quartz. In the clay studies carried out during this 
investigation, only the material less than 2 ^ in size was separated out for X-ray d i f f rac
tion studies. Separation was made f r o m the parent rock by both mechanical and chemi
cal methods (10). Thus fa r , only the clays f r o m the 3 most reactive samples have been 
identified. Further work in this area is now in progress and w i l l be published later . 

Diff ract ion patterns made f r o m clay samples f r o m the most reactive rock types 
showed clearly the presence of a 10-angstrom i l l i t e and 14-angstrom magnesium chlor
i te . Although quantitative determinations were not carr ied out, the stronger lines for 
i l l i t e indicate that this mineral makes up most of the clay f rac t ion . The pattern ob
tained for the magnesium chlorite indicates that i t may be any of the following s imilar 
species: diabantite, r ipidol i te , Mg-chamosite or bavalite. 

Texture 

A l l of the samples under discussion are fine-grained, homogeneous rocks in which 
individual grains are microscopic in size. Consequently, thin sections and the petro-
graphic microscope were used in a l l the studies involving texture. 

Aside f r o m Samples 1-17 and 1-18, which are relatively pure limestone and dolomite, 
respectively, the rock under study is characterized by a microcrystall ine calcite ground 
mass with disseminated rhombohedrons of coarser grained dolomite. Table 4 gives the 
relative grain sizes of the calcite and dolomite fractions for the 14 samples in Table 3 
and the same grouping is used. 
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The samples showing maximum expansion typically show this texture of fine-grained 
calcite with larger grains of dolomite scattered throughout the rock. Figure 14 is a 
photomicrograph of the 1-8 material showing this characteristic texture. The dolomite 
grains are largely unattached and randomly oriented. The insoluble mineral content, 
part icularly clay, is high. 

CONCLUSIONS 

On the basis of the results of laboratory studies and f ie ld observations the following 
conclusions appear justif ied: 

1. Stone f r o m some definitely defined beds exposed in Quarry 1 w i l l react with ce
ment alkali to cause expansion and cracking of concrete. 

2. There is considerable evidence that such reactions have contributed to cracking 
in existing structures. 

3. The stone is physically sound and meets current specifications . 
4 . A decrease in the reaction rate was indicated in the Weyer's Cave Bridge after 

about 2 to 3 years and i t appears that very l i t t le additional expansion w i l l occur. The 
resultant cracks are usually sharp and small and in themselves might not constitute a 
serious problem. Such cracks are probably undesirable, however, because they might 
permit the entry of water and thus cause lowered resistance to weathering. In some 
cases the structural behavior of the structure could be affected. 

5. The use of this stone with high alkali cements could be expected to cause more 
serious distress than that observed to date. 

6. The tendency of the rock to react with alkalies can be predicted by measuring 
the length change of prisms cut f r o m the rock and stored in alkali solution. The degree 
of reactivity may possibly be estimated in 2 to 4 weeks. 

7. The expansion in one molar NaOH solution is greater than in a KOH solution of 
equal act ivi ty. 

8. The expansion of the rock prisms is closely related to the expansion of concrete 
containing the corresponding coarse aggregate. The ratio of these expansions measured 
in a single test was 10 to 1. Further work to establish the general relationship and 
effects of important variables is needed. 

9. Though more work is needed to explain the mechanism of reaction, the rocks that 
have shown an expansive tendency generally satisfy the cr i ter ia postulated by Hadley, 
namely: 

(a) A ratio of dolomite to total carbonates of about 0.50. (The actual figure f r o m 
these tests would seem to be closer to 0.60.) 

(b) A high insoluble residue composed largely of clay minerals . 
(c) A texture that can be described as isolated euhedral dolomite rhombs in a fine 

calcite mat r ix . 
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Appendix A 
SURVEY OF STRUCTURES IN THE STAUNTON DISTRICT 

In Table 5, taken f r o m a report by Click (3), the cement and coarse aggregate 
sources have been designated by numbers used m a statewide survey conducted by the 
Research Council, the results of which are currently being analyzed. In the cases 
where the fine aggregate was manufactured sand, the numerical designation corresponds 
to that used for coarse aggregate. Where the fine aggregate was a natural sand, a 
letter designation has been employed. 
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TABLE 5 

RESULTS OF SURVEY OF STRUCTURES IN STAUNTON DISTRICT, 1961 

Bridge No. 
Age 
(yr) Cement 

Source of Materia ls 

Fine Agg Coarse Agg. Prevalent Dis tress 

3003-07 6 1/3 1 27 27 None 
3003-08 6 1/2 1 27 27 None 
0018-003-010- B l 2 3/4 1 27 27 None 
0018-003-010- B2 2 1/4 1 27 27 None 
2708-08 6 1 27 30 None 
1685-10 6 1 40 40 None 
1685-11 6 1 40 40 Scaling 
2403-02 4 3/4 1 27 29 None 
1707-04 5 1 A 1 Slight scaling, pitting 
4382-07 5 1 A 1 Pattern cracking 
0252-01-OOlB 3 1 27 28 Pattern cracking 
5007-02* 4 1 A 1 Pattern cracking 
5082-02 4 1 A 1 None 
0701-082-036 2 1/2 1 B 1 None 
3269-08 5 1 B 1 Pattern cracking 
0625-008-018 2 1/4 2 A 1 None 
0611-069-101- B l 3/4 2 40 40 None 
0611-069-102- B2 3/4 2 40 40 None 
0631-081-025 3 1 27 28 None 
0678-008 3 3/4 1 A 30 None 
1307-11 5 3/4 1 C 33 None 
0616-007-033 1 1/3 1 A 33 None 
1307-23 5 1/4 1 B 33 None 
1307-20 5 1 A 30 None 
1307-16 5 1/2 1 A 32 None 
0809-007-030 3 1/2 1 A 1 Pattern cracking 
0657-021-009 2 42 42 None 
0635-082-038 4 C 34 None 
1382-16 6 1/2 1 B 34 None 
1382-026-027 4 1/2 1 A 35 Pattern cracking 
0613-007-026 3 1/2 1 B 33 None 
0612-082-040 2 1 B 1 None 
0612-085-024 1 3/4 1 B 35 None 
0721-082-042 2 1 B 1 Pattern cracking 
1382-29 3 3/4 1 A 1 Pattern cracking 
1382-24 4 1 A 1 Pattern cracking 
0820-082-031 3 3/4 1 A 35 Pitting 
0820-082-034 3 3/4 1 A 35 Pitting 
1382-18 5 1 B 1 None 
1382-19 5 1 B 1 Pattern cracking 
2482-12 5 1 B 1 Pattern cracking 
2103-08 6 3/4 1 27 27 None 
3003-02-04 7 1 27 27 None 
2103-03-04 3 1 27 27 None 
1681-10 6 1/2 1 27 30 None 
1681-11 6 3/4 1 27 30 None 
1681-71 6 1/2 1 27 30 None 
1769-12 4 1 B 34 Scaling 
1769-13 4 1 B 34 Scaling 
2407-09 6 1 B 45 None 
3269-05 6 2/3 1 B 34 None 
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TABLE 5 (Continued) 

Bridge No. 
Age 
(yr) 

Source of Mater ia ls 

Cement Fine Agg. Coarse Agg. 
Prevalent Distress 

0081-082-009 2 1 B 1 None 
0081-082-008 2 1 B 1 None 
0081-082-008 2 2 B 1 None 
0081-082-007 2 1 B 1 None 
0081-082-007 2 1 B 1 None 
0033-082-011 2 1 B 1 Scaling and pitting 
0033-082-011 2 1 B 1 Severe scaling 
0081-082-023 2 1 B 1 None 
0081-082-006 2 1 B 1 None 
0081-082-022 2 1 D 37 None 
0081-082-005^ 2 1 D 37 None 
0081-082-004^ 2 1 D 37 None 
0081-082-003 2 1 D 37 None 

^Weyer's Cave Bridge. 
^Two structures 

Appendix B 
NOTES ON THE GEOLOGY IN THE VICINITY OF QUARRY 1 

The t o w of Harrisonburg, Va . is situated near the geographic center of Rockingham 
County and vir tual ly on the centerline of that portion of the Appalachian VaUey drained 
by the west f o r k of the Shenandoah River . The Appalachian Valley, or Great Valley (4), 
is a part of the Valley and Ridge Physiographic Province. East of Harrisonburg in the 
vicini ty of Quarry 1 the valley f loor is relatively f la t and stands at an elevation of ap
proximately 1,400 f t above sea level . 

Throughout most of the Paleozoic Era the Appalachian Geosynclme, in the area that 
is now Virginia , was the site of almost continuous marine sedimentation. At the end of 
the Paleozoic Era and during the early Mesozoic Era the Appalachian mountain building 
period uplifted this great thickness composed dominately of sands, clays, and lime 
muds. The forces, variously described as dominately lateral or vert ical in nature, dis
torted the layered sediments into a series of complex folds and faults, raising the entire 
land surface into the f o r m of a mountain range much greater m elevation than that v i s i 
ble today. Throughout the succeeding Geological Eras, a complex alternating sequence 
of erosion and upl i f t has combined to f o r m the present land surface. 

Immediately east of Harrisonburg the bedrock is a l l Ordovician m age. Table 6, 
taken f r o m Brent (2), shows the formation names and thicknesses describing the 
Ordovician sequence in Rockingham County. 

Brent (2) maps the site of Quarry 1 as a faulted klippe (isolated block of younger over 
older strata) of Edinburg over Beekmantown, but points out that the rocks exposed in the 
quarry do not resemble either the Edinburg or Beekmantown normally found m this area. 
The present authors tend to consider the exposures more l ikely to be upper Beekman
town. The reasons given for this are as follows: (a) New Market was found occurring 
stratigraphically above the reactive rock at the quarry site, and (b) no angular diver
gence or obvious fault zone could be found between the typical Beekmantown dolomites 
at the base of the quarry and the argillaceous, dolomitic limestones above. 
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TABLE 6 

ORDOVICIAN FORMATIONS AND THICKNESSES IN ROCKINGHAM COUNTY^ 

Name 
Thickness 

Age Name Character (ft) 

Juniata Red sandstone and red shale 250 
formation 

a. 
& 

Oswego Thick-bedded greenish to bluish- 300 
D sandstone gray dense sandstone, commonly 

iron-speckled; thin shale partings 
600 

Martinsburg Shale, calcareous and silty in part; 1, 500 
shale f ine-grained greenish sandstone 

containing Orthorhynchula at top 
3, 000 

c 
li Edinburg Dense, dark-blue to black l ime 1, 500 

•fH 
U 

id
d

le
 (Athens) stone, nodular weathering gray 

'> 
0 

id
d

le
 

formation limestone; black shale commonly 

id
d

le
 

at base 
o Linco ln  Medium-grained, dark limestone 50 

shire (Lenoir) with black chert 150 
Limestone and Dove-gray compact, pure l ime 50 

New Market stone 
(Moshe im) 
limestone 

Beekmantown Thick-bedded, gray, medium- 2, 000 
formation grained dolomite, some blue 

limestone, much chert 
0 Chepul tepee Blue and gray limestone, some 500 

limestone dolomite; some nodular black 
chert 

^After Brent (2). 




