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Certain siliceous constituents of aggregates can react with ce-

ment alkalies to cause abnormal expansion and cracking in con-
crete. The ASTM mortar bar expansion test is generally con-
sidered to be the most reliable method available for determining
the potential alkali reactivity of such aggregates. Because this
test requires considerable time, a quick chemical test was also
adopted by the ASTM in order to obtain a rapid evaluation of con-

crete aggregates. This investigation was made to determine the
degree of ccrrelation between the two methods of test.,

Fifty-two concrete aggregates were evaluated by means of the
rapid chemical test for potential alkali-aggregate reactivity and
the results generally showed good correlation with the data ob-
tained in the mortar bar tests. However, the chemical test does
not always give reliable results for some aggregates because of
the interference of certain carbonates. An empirical division of
the chemical tests results is proposed which would serve to iso-
late those aggregates which may contain such interferences, and
thereby indicate the need for further tests.

Some aggregates showed a high degree of reactivity in the
chemical test but did not produce excessive mortar bar expansion.
An additional empirical division of the chemical test results is
suggested which would separate chemically reactive aggregates
into two gro:ps. Such a separation would eliminate the need of
supplementary mortar bar tests on many reactive aggregates,
Chemical test results which fall into one such group are indica-
tive of very highly reactive but not necessarily expansion-pro-
ducing aggregates. Special mortar bar tests are necessary for
such materials.

The general chemical test criteria established by this study
for separating reactive from nonreactive aggregates agree fairly
well with those proposed by ASTM specifications and the Corps
of Engineers. The present ASTM chemical test method permits
two titration procedures for the determination of alkalinity reduc-

tion.

Neither procedure showed any distinct advantage over the

other as a means for evaluating the potential reactivity of ag-
gregates.

@ BEFORE 1940, most aggregates were usually considered to be chemically inert when

used in concrete.

However, it has since been clearly demonstrated that certain sili-

ceous constituents, present in some aggregates, can react with the alkalies in cements
to cause abnormal expansion and cracking in concrete.

The most reliable laboratory test now available for determining the potential alkali
reactivity of concrete aggregates is considered to be the mortar bar expansion test (1.
This test has been adopted as a tentative standard (Method C227) by the American So-
ciety for Testing Materials (2). Because of the time required to obtain reliable in-
formation by this method of test, extensive investigations have been made to develop
a more rapid method of test. A rapid chemical test was developed by Mielenz and
others (3) and was later adopted by ASTM as tentative standard Method C289 (2) . Briefl;
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the chemical test measures the amount of reaction during 24 hr at 80C, between a 1
normal sodium hydroxide solution and aggregate that has been crushed and sieved to
definite size. At the end of the reaction period, the mixture is filtered and the solu-
tion is analyzed to determine its final alkalinity and silica content, the latter arising
as a result of the partial dissolution of the aggregate. These values are then used to
determine the potential reactivity of the aggregate with alkalies in portland cement
concrete.

The reliability of the chemical test was established by the original authors of the
method, mainly on the basis of an empirical correlation with mortar bar expansion
test results. Unfortunately, many investigators have subsequently reported discrep-
ancies in evaluating concrete aggregates by both methods of test.

A search of the literature failed to reveal any additional published work in which
a large number of aggregates were evaluated by both methods of test. Comparisons
of a few aggregates have been reported by several investigators (4, 5, 6). Two
other reports (7 9) showed considerable comparative data, but mest of the results
shown were either reported earlier by Mielenz et al. (3), or were based upon modi-
fications of the presently used chemical test.

Consequently, the Bureau of Public Roads initiated a study of a large number of
aggregates in order to compare the results by both methods of test. A specific ob-
jective of the study was to determine the degree of correlation between the results
of the quick chemical test and the mortar bar test. It was anticipated that the pre-
sent criteria of the chemical test could be suitably altered or extended in order to
make better use of the test results, thereby eliminating the need for further exten-
sive testing of many aggregates.

PROCEDURE
Chemical Tests

Fifty-two concrete aggregate samples were prepared and tested in accordance
with ASTM Method C289 (2), except that the sodium hydroxide solution was prepared
by standardizing with standard hydrochloric acid. The acid was standardized against
reagent grade sodium carbonate using methyl purple indicator.

The reaction containers used were fabricated from 18-8 stainless steel, fitted with
unvulcanized neoprene gaskets. Ethylene glycol was used for the constant tempera-
ture liquid bath. Filtration vacuum was maintained at 15 in. of mercury by means of
a Cartesian Manostat. Immediately following filtration, the diluted solutions were
stored in polyethylene containers and sealed until analyzed.

The reduction in alkalinity was determined by means of both the single and double
end points given in the ASTM method. The single end point titration involves a neu-
tralization with standard acid using phenolphthalein as the indicator, and measures
the alkalinity produced by all the hydroxide ions as well as part of the carbonate ions
present. In the double end point procedure, the titration of the same sample 1s con-
tinued to the methyl orange end point which on calculation gives a measure of the
hydroxide ions only.

Dissolved silica was determined colorimetrically with a Beckman DU spectro-
photometer using 1-cm cells. The readings were made at exactly 5 min after the
addition of the oxalic acid reagerdt.

Mortar Bar Tests

Mortar bar test data had been obtained for these same aggregates over a consider-
able number of years and, in a large number of cases, well before the development
of the ASTM standard method. Consequently, the procedures used in the prepara-
tion and storage of the test bars varied somewhat. The details and conditions of
test are shown in Table 1.

RESULTS

The results of the mortar bar and chemical tests are given in Table 1. Included
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TABLE 1. RESULTS OF MORTAR BAR EXPANSION A
' 3 3 f . _Vortar bart
Saaple & Type : s
identi- 3 Source of aggregate t of 3 Nature of aggregate : Brand 3 3 sXq
fiestion: 1aggre=1 a + and :May0: Kp0: N
H igate : H i
3 ] . : sPot. et.l P
T 1 3 s 3 1
1 sBurnt River, Oregon 1Sand R, 3¢, G, Gz, Fe 3 Aal  :0.11:0. 97: 0
1 3 Do. i0ravel:R, B, Sy, Sc, less than 1§ Qs s Cal 10.2710.70: 0
2 1llemath Falls, Klamath C>., Oregon shook B : B 10.20:0.47: O
3 sPocatello, Power Co., Idado :Gravel:Qs, Felds, Qz, Calc. S, 05 some B&R : A2 30.14:1,08: O
& ll’dlb Falls, Borneville Co., Idaho sGravelsQs, S, Palds, Qs, Cale. S, L, O t Aa2 30.143:1.08t 0
4 Do. . sGravel : do. + B 10.2110.60: 0
5 =Pout-11e. Bannock Go.. Tdaho :Sand :Qx, Felds, Qs, L; some Q & S t Ae2 10.14:1.04: ©
K v Sand :Q, Qz, L: some 3 & Ma t A=2 10.,1811.04: 0
9 lwt.:n-.o’r-ﬂnt Couy Idnho sSand :Q, G, Fe, Qs, O, Calc. fragments s A-2  30.14:1.04: O
? 1 Do. iOravel G, Qs, Falds, Qs; some Q, R, and L 1 am2 10.1451.043 O
1 H H 3 H i 3
8 sBlackfoot, Bingham Co., Xdaho tSend 30, Q, Qs; some S and Ma t A=2 :0.14:1.08: 0
8 H Do. :Gravel:Qs, Felds, Q, S s Ae2 :0.14:1.04: O
9 iMenan, Jefferson Zo., Idaho 1Sand :Q, O, Fo; some S and Me 3 Aa2 :0.14:1.04: O
9 3 Do. iGravel:Pelds, Qu, S, Fe, some §, G, and Or + Aa2  :0.14:1.04: O
10 iRupert, Mintdoks Co., Idaho 1Sand :Qu, S, Pe, Q: some 0, Pum, and Ma t A2 10,14:1.04: 0
10 ] Do. sOravel:R, L; some S, Qx, and Q : A2 :0.1b:1.08: 0
1 :Rexburg, Madison Co., Idaho 1Sand 1Q, 0, Po; some Qa s Aa2 :0.1%:1.042 0
1 3 Do. iGravel :R, G; some B, 0, Felds, S, Q s A=2 :0.14:1.04: O
12 :S5alt lake City, Sadt lake Co., Wtab :Oravel:Qs, Calc. S, L; scme Q, On, Dol, and @ : C2 :0.18:0.87: 0
13 sHoover's Siding, Chesterfield Co., S.C. :Sand :Q; some S t A2 .0 ].l I-Ubl [}
H i H B
s ilir. Sapinero, Gunalson Co., Colo. 30ravel:B, R, volcanies with some G, dark Aph, : C.2 xo 16:0.87: 0
15 15ta. 621, loveland.Fremont Pass, Colo. :Sand :1Q, G, and dark Aph. : Ga2 1:0.18:0.87: 0
16 shr. Rand, Jackson Co., Colo. 3Sand 1Q, G, spd M 1 Ce2 120.18:0.87: 0
17 :Snake R., Nr. Hoback, Teton Co., Wyo., iGravel:l, Qs, and S : Ce2 10.18:0.87: 0
18 10ral, Fall River Co., S. Dak. ilravel:L, S, Calc. S and Qs : €2 :0.18:0.87: 0
19 sH11 City, Peanington C>., S. Dak. iRock :Micaceous Qu : Ce2 1:0.18:0.87: 0O
20 :Snake River, Teton Co., Wyo. :Oravel :Qx, Cnc 3, Po, Rand B : G2 :0.18:0.87: ©
2 sDeyton, Sheridan Co., Wyo. sRock :Altered : C=2 :0.18:0.87: O
2 : Do. sGravel:Qs, L, 0 * Ce2 1:0,18:0.87: 0
23 3 Do. 1Send :G, Q and L : Ca2 :0,18:0.87: 0
: t : : B t 1
% :luhrluﬂ. Boulder Co., Colo. :Graval :G and On : C=2 :0.18:0.87: 0
25 Do. :Sand  1G; some Q and On t C-2 10.18:0.87: 0.
26 .St.. Vrains, Weld Co., Colo. 10ravel:G and On 1 Ca2 :0.18:0.87: 0
27 1Camso, Delta Co., Colo. 1Sand :Q, Pe, d-rk Aph; some P 1 Ca2 :0.18:0.87: 0
28 . , Mesa Co., Celo :Bock 10livine B : Ca2 :0.1810.87: 0.
29 :Nr. Reserve, Catron Co., N. Mex. :Oraval:l, B, An; some G * C=2 30,18:0.87: 0
30 1R Paso, KL Paso Co., Texas 1Sand 1B, Q; some F : Ca2 :0.18:0.87: 0
3 shry Cagyon, nr. lalos, Otero Co., N. MexiBook :L 1 C-2 :0.18:0.87: 0.
32 tRutdosa R., nr. Mondo, ldncoln Co., N.X.i0revel:l, S, Qs, and Fe 1 C=2 30,18:0.87: 0
13 : . :Send 1Dark Aph., O, L; some Di 1 G2 so.lﬂ o Wl [}
3 3 3 3
W iCherav, Chesterfield Co., S. C. 1Gravel i : G2 :o 18 0. 87: ]
35 $Columbja, Michland Co., S. C. sBock 10 : C-2 1:0.18:0.87: O
36  iBeverly, Pickeas Co., S. C. :Rock :Biotite G s Ca2 :0.18:0.87: 0
37  :Blsirs, Fairfiald Co., S. G, Rogk i Ca2 10,18:0.87: 0O
38 iChattahoochie, Co., Ma. 1Send 1 t Dal :0,3210.95: O
9 1Columbus, iowndes Go., Miss. sOravel :C t De2 10.33:0.86: O
L] Dixieland, Russell Co., Ala. iSand 8 t Du2 30.33:0.86: 0
4 :Montgomery, Montgomery Co., Ala. :Sand 3 + D=2 30.33:0.86: 0
b2 lChtunoon Hami1ton Co., Tenn. :Sand 3 t Da2 :0.33:0.86: 0
L) :c-nk. warren Co,, Oa. 1Bock 3 s D2 :0.33:0.862 0
H % H : H H
[ ll’butouo Pai- Co., Idaho :Sand :Q, Qs; some S and Sc 3 A2 10.14:2.04%s O
4y :0ravel:Qz, Falds, Qz; some S and § 3 Ae2 10.14:1.04: 0
45 |San Ramon Gu-rq Mcarsgus shock s : Dal  30.3280.95: O
™3 1C1anton Point, Dutchess Co., E. Y. tRock Dol : Da2 30.33:0.861 O
W 1San Marcos &-. (rt. side), Salvador tSand : D=2 :0.33:0.86: 0.
48 x Do. side), do. tlock 1 : D=2 10,33:0.86: 0.
W Do (rt. side), do. sdock 3 : D=2 30.33:0.86: 0
50 l&omor P4t, Crackerville Junct., Mont. i0Oravel:Qx, Fine grained volosnics, G : D=3 30.20:0.80: 0.
51 sToerngy Eros., Do. Gravel - t.(Su’-). Fine gr. volcandos;some0,S,R 3 Du3  30.20:0.80: 0
52 sOttaws, 101, 1Sand ¢ 3 Ca2 30.18:C.871 0.
s i : :
a/ An = andesite Fe - felsite Pan - pumice b/ Sand and coarse aggregate sieved and cr
Aph - ssphanites Falds - feldspathic Q= qurte respectively, to pass No. 4 sleve. 1.2
B « basalt 3 - granmite G - qurtzite 1xlxll-in. bars, moist air storage st )
C = chert - gneiss R -~ riyolite Exceptions to these conditions are not
Calc = calcarecus Or = greenstons S « sandstone table under Remarks.
D - diabase L - limestone S¢  «~ schist
Dy = diorite M - mica Ser « sericitic
Dol ~ dolomite Ma - magnetite 9y - syenite
F = feldspar 4] = obsidian



CHEMICAL REACTIVITY TESTS ON CONCRETE AGGREGATES

B ¥

% 3 Chewice] fept date &/
an~ sBval. of :Allalindty Reduction:Dissolved:

n atipotential 3 {Re) s sildea
yr. treactivity: Single Double ¢

t. 1 1 Mllimoles per liter
1 : 1 :
08 Q :{,(13'0) 1 (As1) (122)}
Ol 2 MR : H B
12 R s 137 T 159 T 160
10 R : 45,3 1 63.7 : 106
12 3 R tf (9.2) s (70.8) : (108),
o 3 MR H H $
058/: Q : 863 : 1M1 s 136
o 3 ¥R 1 126 1 152 1 2
07 :+ W :%(uS) : (129) (%6);,
06 3 MR : : :
H H H H
;{g : : :((108) : (126) 1 (3s54)
15 R :% (67.1) : (82.8) : (217),
3 R H H 3
08 t Q s((B) : (156) : (302)
17 R s : ]
Qo : Q  :{(230) : (151) & (W76),
07 R H H 3
1n R s 66.8 3 110 s 267
05 3 MR s 9.2 3 17.6 20.7
s H H 1
32 R 1 25 1 236 [ ]
o 3 R t Lo 54.9 1 20.7
0 : NR : 2.4 79 27.0
06 5 MR i W5.2 1 57.2 1 66.0
0 : R 1 163 233 t 7%.0
o4 NR 1 36.6 : 55.2 : 29.8
02 NR : 178 1 199 1 537
03 ¢+ N : 31.1 1 4bh :  16.8
0 KB : 135 s 209 : 8.0
o4 : NR : 731 : 1 H 18.8
H H 3 :
03 NR : 35.7 ¢ y29 9.4
05 : NR T 437 s 60.9 22.4
o4 ¢ ¥R T 20.4 N.9 : 22.0
o : NR : 135 : 182 3 38.6
07 NR 1 8.5 : 110 s 128
10 = R t 176 i 19 s 236
62 R i 79.8 N.0 : 23
08 Q 1 45.5 68.0 : 11.5
02 : NR t 106 T 1% : 13.6
02 1 ¥R s 127 172 H 16.4
: t 3 3
10 R H 8.3 : 11.5 : 24.3
08 1 Q : 7.0 : 4.0 : 15.6
06 : MR ¢ 10.6 23.5 14.8
06 : NR 9.3 ¢ 17.6 : 13.1
oh MR t 16.1 ¢ 25.1 : 19.1
03 NR s 154 s 178 s b5h
o 3 NR 1 13.7 20.4 20.1
05 s NR : 17.2 : 24,0 ¢ 27.9
08 ¢ Q t 39.3 : 56,1 ¢ 62.0
03 : NR H 9.6 18.6 : 17.2
2 ¢ R 3{( 66.3) + (85.8) 3 (1,69)*
4 3 R 1 ]
2 R ;. 78.7 106 H
05 MR 98.5 173 10.6
'3 3 MR t 140 1 166 : 1
4 R s 130 : 1 212
09 .2 Q t 137 3 151 : M0
28/ MR 4 126 1 160 : 226
ef/s M : 198 1 26 i 373
4z KR : 0.7 : L' N 14.9

oo sn s ae o0

170°F. storage

$70°F. storage

1Medivm alkell cement used in mortar bers

3

sSand fraction was reactive with same cement
H do.

tBars reactive with 1 NaOH, admixture

do.
do. ., and at 2 years without NaOH
do , do do.

Bm reactive with 1% NaOH, admixtwre
1
tPars reactive with 1% NaOH, admixture
H

sDolomite present. Bars als) resctive with med. alk. cement
i1Bars reactive in 2 years

H
:
:Sand fraction shcwed questionable resctivity in 2 yeers
:ldmestone present

1Bars reactive with 1§ NaOH, Sand fraction reactive in 2 years

Iinestone present
do.

Questionable reactivity in 2 years
limestone present

lamestone present, Dolomite and megnesite absent
1ldmestone present
H do

:Bars nonreactive at 70°F, storage or with 1% NaOH admixture
do.

:100°F. storage
do. , concrete bars « 2x2x11%, uncrushed aggregste
do

do.
do.

1
:
] do.
s

H

H

H do.

t do.

H do.

T do. , uncrushed gravel, 2x2r11", bars, mix 1.2.3
: do do. do

:

H

do. .
Stock Otlawa S:nd. 30-100 mesh size in bars

&/ Criteria based on mortsr bar expansion dats
at 1 year "4" (questionable) represents

results in doubt or 1 yesar expansions

d/ A.S.T.N. Method C 289-54 T. Values in
parenthesis were obtained on combined
of 0.08 aggregates as shown

to 0.09%. "R* (reactive) reoresents expansions
of 0.10% or mere, and "NR® (noureactive represents ¢/ Expansion dsta et 6 months. Specimens

expansions of 0.07% or less.

broke after this value was determined
£/ Dats at two years.
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in the table are the sources and petrographic analysis for most of the aggregates. An
evaluation of the potential reactivity of the aggregates based upon the amount of expan-
sion exhibited by mortar bars at an age of one year is also shown. Expansions of 0.10
percent or more were considered indicative of reactive aggregates as suggested by
ASTM Specification C33-55T, Section 4c (2). Expansions of less than 0.08 percent
were considered to be indicative of nonreactive materials, while aggregates having
expansions of 0.08 or 0.09 percent were classified as questionable. The latter cri-
teria conform to established practice at the Bureau of Public Roads.

Some of the aggregates studied consisted of sand and gravel fractions which were
evaluated separately in the mortar bar test. However, because of limited amounts of
material available after the mortar bar tests, several such companion fractions were
combined and prepared as a single sample for the chemical test. In such cases, no
special problem arose where the mortar bar data for companion fractions indicated
the same degree of reactivity or nonreactivity. In a few cases, however, companion
fractions were classified into different categories of mortar bar reactivity. In these
few cases, namely Sample Nos. 1, 4, 10 and 11, the result representing the greatest
degree of mortar bar reactivity was arbitrarily selected for comparison with the
chemical test result.

Table 2 shows the results of the chemical test only, on several additional materials.
These were special materials which included carbonate minerals and well-known re-
active materials.

The results of the chemical test for each material are graphically represented in
Figures 1 and 2. The units used in both figures and the manner of presentation are
in accordance with ASTM Method C289 (2) and as suggested by the original authors
of the chemical test (3) . Figure 1 represents the results obtained by using the
single end point in the alkalinity reduction titration, and Figure 2 shows the results
obtained by means of the double end point titration.

Each chemical test result is represented by a symbol to denote both the cement
used and the degree of reactivity as found by the mortar bar test. These symbols are
described in the legends to both figures.

DISCUSSION OF TEST RESULTS

In both Figures 1 and 2, a solid line was drawn to best separate the bulk of the re-
active from the nonreactive aggregates. The classification for degree of reactivity
was based upon the mortar bar test results as previously described. This manner of
separation was proposed by Mielenz et al. (3) and is included in a recent revision of
ASTM Method C289. Once a line of demarcation is established, it serves as a cri-
terion for future chemical test results in evaluating additional aggregates. Chemical
test results to the right of the line should be indicative of potentially reactive aggre-
gates, while results to the left of the line should represent nonreactive aggregates.

TABLE 2
RESULTS OF CHEMICAL REACTIVITY TEST ON SPECIAL MATERIALS
Chemical Test Data ?
Sample Identi- Alkalimity Reduction, mM/1 (Rc) Dissolved
Nature of Aggregate 2.
fication Single End Point | Double End Point Silica, mM/1 (Sc)
A Limestone (97. 2% CaCOs) 14.2 26.5 5.3
B Dolomite (55. 1% CaCOs; 44. 3% MgCOs) 363 689 0.8
C Magnesite (Wards) 405 792 1.5
D Magnesite (Pennsylvania) 440 855 0.5
E Opal (Virgin Valley, Nev.) 325 369 78
F Opal (Virgin Valley, Nev,) b 246 296 949
G Sil, Magnesian Limestone (Calif.) 218 278 557
H Pyrex glass cullet 120 175 747

b

2 ASTM Method C 289-54T. Mix of 50% Opal; 50% Ottawa Sand.
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Line of Separation

Two lines of separation are shown. The solid line in each case was drawn as a re-
sult of the data obtained in this study, while the dashed line represents other published
criteria.

In Figure 1, the dashed line is based upon the calculations suggested in ASTM Speci-
fication C33-55T (2). Both the dashed and solid lines coincide fairly well, thus the
criteria established by this study are in substantial agreement with those suggested by
the ASTM specification. A slight spread exists between the two lines in the lower part
of the figure. The position of the solid line (Public Roads) in this area was dictated
by the plotted results of Sample Nos. 17, 42 and 34. No. 34 showed a mortar bar ex-
pansion of 0.10 percent in one year, the minimum value necessary for classifying an
aggregate as reactive. In addition, mortar bars of this material were stored at 70F
and failed to show significant expansion at 1 year (11). Since No. 34 is a borderline
aggregate, the location of the solid line in the extreme lower portion of Figure 1 may
not be rigorous, as it is based upon the results of this aggregate alone.

In Figure 2, the dashed line represents the criteria used by the Corps of Engineers
(10), and again there is good agreement between the position of both lines, except for
the same type of spread in the lower part of the figure.

Single Versus Double End Point Titrations

An inspection was made of both figures in order to determine if either the single or
double end point titration procedure offered any distinct advantage. The Corps of Eng-
ineers apparently prefers the double end point titration (m) , while the Bureau of Re-
clamation and many other laboratories rely mainly on the single end point titration.
Table 3 lists the aggregates that failed to give good correlation between the chemical
and mortar bar tests and shows that there is no difference between Figures 1 and 2 in
either the identification, or total number of such discrepancies. Therefore, these re-
sults show no substantial advantage of one type of titration over the other.

COMPARISON OF TEST RESULTS

In some instances, the empirical classification of the aggregates into reactive and
nonreactive materials, based upon the chemical test results, differs from the classi-
fication obtained by means of the mortar bar test. Specific consideration of those
samples showing such differences is of interest.

A total of 29 numbered symbols appear to the left of the solid line ( Fig. 1). Of the
these, 24 are clear symbols denoting nonreactive aggregates and consequently are
properly located in the figure. Three other aggregates in this area (Nos. 1, 35 and
42) were found to be of questionable reactivity, with mortar expansions of 0.08 percent

TABLE 3

IDENTIFICATION OF AGGREGATES SHOWING POOR CORRELATION
BETWEEN CHEMICAL AND MORTAR BAR TESTS

From Figure 1 From Figure 2
c:::ltclgi' ';tesl?ont;:gus Identification Total No. Identification Total No,
of Aggregates of Samples of Aggregates of Sampl

To the left of sol:d line:

Reactive aggregates @ No. 12 b 1 No, 12 b 1

Questionable aggregates 2 Nos. 1, 31, 35, 42 4 Nos. 1, 31, 35, 42 4

All aggrepates 29 29
To the right of solid line:

Nonreactive aggregates 2 Nos. 6, 7, 20, 28 and Nos. 6, 7, 20, 28 and

(39, 50, 51) ¢ ki (39, 50, 51) ¢ 7
All agpgregates 23 23

3Based on mortar bar test results and criteria shown 1n text and Table 1.
Sample contains 16 percent dolomite as determined by DTA.

cThe three samples 1n parentheses were not tested in mortar bars but rather as concrete specimens prepared from gravel
s1ze aggregate,
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at 1 year. However, the chemical test results of all three samples are located close
to the dividing line where it might be expected to find questionable aggregates.

Only two aggregates (Nos. 12 and 31), classified as either reactive or questionable,
are located well to the left of the dividing line. There is no question as to the potential
reactivity of No. 12, since this aggregate was found to cause significant mortar expan-
sion even when combined with a medium alkali cement ( 11) ). However, both of these
aggregates contain limestone or dolomitic constituents which, as will be discussed
later, may invalidate the chemical test results.

A total of 23 numbered symbols appears to the right of the solid line ( Fig. 1). It
would be expected that all aggregates located in this area should be reactive. However,
7 were shown to be nonreactive by the mortar bar test. The identification of all 7 ag-
gregates is given in Table 3. Three of these (Nos. 39, 50 and 51) may be eliminated
from this discussion since they were not tested in mortar bars, but rather as concrete
specimens prepared from gravel size aggregate and were included only for informa-
tion purposes.

Therefore, only 4 samples (Nos. 6, 7, 20 and 28) are considered as limiting the
degree of correlation between the chemical and mortar tests in this area. However,
it was noted that all four materials in question, exhibited some degree of mortar bar
reactivity in supplementary tests. Nos. 6, 7 and 20 caused considerable mortar ex-
pansion when the mortar contained an admixture of sodium hydroxide, while No. 28
began to show a questionable degree of reactivity in the mortar bar test at an age of
2 years (H) . These latter findings lend support to the chemical test data obtained
for these aggregates. Although some aggregates may be potentially reactive and are
so characterized by the chemical test, these same aggregates may not be capable of
producing dangerous expansion in the standard mortar bar test.

FACTORS AFFECTING CORRELATION BETWEEN
CHEMICAL AND MORTAR TESTS

Carbonate Interference

The two aggregates (Nos. 12 and 31), which appeared as distinct discrepancies 1n,
the area to the left of the solid line, (Fig. 1) were classified petrographically as con-
taining certain carbonate constituents. Differential thermal analysis showed that No.
12 contained both calcite and dolomite, while No. 31 contained essentially calcite with
dolomite and magnesite absent. Mielenz and Benton (9), as well as Swenson (6), have
indicated that dolomites and perhaps even limestones may at times cause significant
interference in the chemical test. It was demonstrated that although certain opal-
dolomite mixtures were found to be deleterious by mortar bar tests, the chemical test
results gave false information concerning the reactivity of the mixture (9). Such mis-
leading information was attributed to the interference of dolomite and other minerals
such as magnesite, siderite and serpentine. When present along with reactive con-
stituents, these minerals produce greater reductions in alkalinity ( Rc) and lower dis-
solved silica values (Sc) in the chemical test than would otherwise be obtained. The
net effect of such interference is to shift the chemical test data both to the left and up-
wards in Figure 1 and thereby at times yield misleading information concerning a truly
reactive aggregate.

A separate study of several carbonate materials was made in order to understand
more fully their possible effects on the chemical test. Table 2 shows the chemical
test results obtained on four carbonate minerals. Relatively pure limestone, dolomite
and two magnesites were tested and the results were plotted in Figures 1 and 2 as
points A, B, C, and D.

As seen in Table 2 and in Figure 1, the limestone (A) did not cause any significant
alkalinity reduction, while the dolomite and both magnesites (B, C and D) produced
unusually large alkalinity reduction values (Rc). I would appear from these results,
that pure limestone (calcium carbonate) does not react significantly with the sodium
hydroxide solution used in the test, while dolomite and magnesite do. Furthermore,
the ratio of, and absolute difference between, the double and single end point values
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of Rec, for both dolomite and magnesite, suggest the formation of considerable quanti-
ties of weakly basic material in solution during the test.

The sodium hydroxide solution was analyzed in each case after the test was com -
pleted. No significant amounts of calcium or magnesium were detected nor was there
any apparent decrease in the concentration of sodium below the level of the initial test
solution. It was concluded that, in the case of dolomite and magnesite, the test solu-
tion had lost some hydroxide ions in exchange for an equivalent amount of carbonate
ions. The latter material accounts for the presence of a weak base after test. From
these considerations, two possible equations can be written for the reaction between
magnesite and the sodium hydroxide solution.

MgCOs + 2NaOH = Mg( OH) 3 + NayCOs (1)
insoluble
magnesium hydroxide

5MgCO; + 2NaOH = 4MgCOs . Mg(OH); + Na2COs (2)
insoluble, basic
magnesium carbonate

Such reactions appear reasonable from a consideration of the solubility products of
magnesium carbonate (2.6 x 10™®at 12 C ) and magnesium hydroxide (1.2 x 107" at
18 C ) (12). The latter material, a possible end product in the reaction, is much
more insoluble in water than is magnesium carbonate, the reactant. The reaction be-
tween dolomite and the test solution no doubt is similar to that involving magnesite.

No special study was made to explain the depressed values of dissolved silica (Sc)
caused by the presence of dolomite or similar materials (9). The following thoughts
are offered as possible explanations of this effect: (a) The large reduction in alkalin-
ity caused by such minerals may so reduce the alkalinity of the solution as to minimize
its attack upon reactive forms of silica, (b) the formation of insoluble magnesium
hydroxide or the basic carbonate may act as a protective film in limiting the attack of
the solution upon reactive forms of silica, or (¢) dolomite or its decomposition prod-
ucts may react with dissolved silica to form insoluble silicates and thereby remove
silica from solution.

Elimination of Carbonate Interference

Efforts by Mielenz and Benton completely to eliminate carbonate interference in the
chemical test by prior treatment of the aggregate with hydrochloric acid have not given
satisfactory results (9). They have suggested that an an analysis of the change 1n con-
centration of sodium and potassium rather than the reduction in alkalinity ( Re) would
probably remove a large part of the spurious effects induced by such carbonates. Al-
though such a procedure would eliminate the falsely high Rc values (alkalinity reduc-
tion), it would not eliminate the low Sc values (dissolved silica) produced by this in-
terference.

Continued study of the ""carbonate effect” on the chemical test is necessary in order
to eliminate its interference. Because of such interference, a recent revision of the
present ASTM chemical test recommends petrographic examination as a supplement to
the chemical test data. This recommendation would involve a time-consuming petro-
graphic examination of many aggregates whose chemical test data would place them to
the left of the dividing line in Figure 1.

However, a more expedient alternative is suggested here. It has been shown that
the "dolomite interference" is characterized by rather high Rc values in the chemical
test. A level of Rc might be established so that all results below this level and to the
left of the main dividing line may safely be considered to be nonreactive aggregates and
and consequently no further testing will be necessary. Results above this Rc level
would require additional study by chemical, petrographic, X-ray, or DTA methods in
order to detect the presence of either interfering or reactive minerals. The presence
of small amounts of dolomite, magnesite or calcite may be detected by spot tests or
differential thermal analysis (DTA), while serpentine is conveniently identified by
X-ray analysis. If the presence of such interfering minerals should be so detected,
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mortar bar tests would then be necessary in order to evaluate more fully the potential
reactivity of the aggregate.

Highly Reactive Materials

In addition to the results of this study, other investigators have found that many
chemical test results to the right of the main dividing line fail to correlate with mortar
bar test results (4, 7, 8). Both Sprague (8) and others (7) have attributed such dis-
crepancies to the Tact that certain aggregates contain such a large proportion of re-
active constituents to available cement alkalies that they fail to produce mortar bar
expansion. This is a consequence of the "pessimum proportion' (defined by T.E.
Stanton as that proportion of reactive constituent in an aggregate at which maximum
mortar bar expansion occurs) of the aggregate being materially exceeded.

It is well known that certain opals and siliceous magnesium limestones are highly
reactive and are so characterized by the chemical test. Yet when these materials are
present in large proportions, they actually cause little or no expansion in the mortar
bar test (11, 13, 14). It was shown by Woolf that, although 1 or 2 percent of opal
combined with an inert material will produce dangerous mortar bar expansion, much
larger amounts of opal will cause insignificant expansion for a given cement alkali
content (16).

Table 2 shows the chemical test results on several well-known reactive materials;
namely opal, siliceous magnesium limestone, and pyrex glass. These results are
plotted in Figures I and 2 as points E, F, Gand H. In Figure 1, points F and G are
particularly interesting since they approach the area where discrepancies (clear sym-
bols) are shown. Point F represents a blend containing 50 percent each of opal and
Ottawa sand. McConnell and others have shown that a similar mixture failed to pro-
duce mortar bar expansion (15). Point G represents 100 percent siliceous magnesium
limestone which Stanton has shown to cause negligible mortar bar expansion when
tested in its entirety (13).

Division of Reactive Area into Two Parts

As a partial solution to the problem of such recurring discrepancies, Mielenz and
Witte (7) have suggested an arbitrary division of the area containing the aggregates
classified as reactive by the chemical test. They suggested that such a division would
be useful in interpreting the chemical test results. Their proposed division would
separate the reactive area into an upper and lower portion. Chemically reactive ag-
gregates which always caused mortar expansion were found to give chemical test re-
sults lying in the lower area, while chemically reactive aggregates which did not cause
mortar expansion, when tested in their entirety, gave chemical test results in the up-
per area.

On the basis of the results obtained in this study, the proposed dividing line appears
to have considerable merit. However, in order better to separate the apparent dis -
crepancies found in this study, such a dividing line should be located at a lower Rc
level than that proposed by Mielenz and Witte. This study showed that all four of the
aggregates showing major discrepancies and located in the reactive area of Figure 1
had Rc values of 90 or more. The data points for these aggregates should be located
in the upper area of any arbitrary division.

PROPOSED MAIN BOUNDARY LINE AND NEW AREAS FOR CHEMICAL TEST

To establish acceptable area boundaries, all discrepancies between chemical test
and mortar test data were evaluated. Figure 3 shows the location of all such data
points both from this study and the available literature. In addition, data related to
the proper location of a main boundary line was similarly plotted.

Location of Main Boundary Line

The data chosen for presentation with respect to the main boundary line are shown
in the lower third of the figure and generally fall within the area between the two di-
viding lines.
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The different positions of the two lines may be partially explained on the basis of
the cements used in the mortar bar tests. The high-alkali cements in this study had
an equivalent alkali content of less than 1.0 percent. The data given by Mielenz and
others (3, 7), which provided the major basis for the ASTM line, was obtained with
a cement of 1.38 percent equivalent alkali. Such differences in cement alkalies could
cause a borderline aggregate to produce expansions less than 0.1 percent in one case
and greater than 0.1 percent in the other. This, of course, would affect the position
of any boundary line which is empirically drawn to best separate reactive from non-
reactive aggregates.

To establish a suitable boundary line for general use, the following considerations
were taken into account:

1. The present ASTM line occupies a more conservative position with respect to
the Public Roads line in that there would be less danger of the nonreactive area con-
taining chemical results of unsafe aggregates.

2. Samples MW-1, 8, 9, 18, 63 and MGB-14 were reported as causing deteriora-
tion in field concrete (3). Consequently such aggregates should properly appear to
the right of any dividing line.

3. Sample No. 42 in this study showed 0.08 percent expansion at 1 year and could
conceivably have given 0.1 percent expansion with a higher alkali cement.

In view of these considerations, the present ASTM line is preferable, except that
the lower portion should be adjusted to indicate clearly the deleterious nature of ag-
gregates 34 and MGB-65. This can be accomplished by changing the slope of the ASTM
line below an Re value of 40. When Rc has a value of 10 to 40, the formula for the ad-
justed line is as follows: log Sc =1.2553 + .01213 Re.

Figure 4 shows the proposed change in the ASTM line between Rc = 40 and Rc =10,
All available published data were reviewed withrespectto this change and only one con-
flict was observed. This is the aggregate shown as MB-3 in Figure 3. This material
was a synthetic opal-quartz mixture with 0.1 percent opal which failed to show excess-
ive mortar expansion (_9_) . Its position is anomalous, even with respect to the origin-
al unchanged ASTM line, and no explanation of its position is attempted here.

Areas A and B

The left portion of Figure 3 was evaluated, disregarding the above-mentioned ag-
gregates which had to do with the location of the main boundary line. It can be seen
that all the discrepancies {(aggregates which produced mortar expansion) are in the
upper portion of this area. No discrepancies appear below an Rc level of 60, there-
fore this value can be used to divide this part of the figure into two areas, A and B.

In each case, the anomalous result shown in area A represents an aggregate which
contains constituents which are known to interfere in the chemical test. Sample 12
contained dolomite, MB-1 contained various dilutions of opal in dolomite, and MB-2
various dilutions of opal in serpentine.

On the basis of the available data, area B should be clearly indicative of safe ag-
gregates. Chemical results appearing in this area should be reliable and no further
tests are required. Aggregates that appear in area A will also generally be safe,
however the presence of interfering minerals such as dolomite and serpentine may at
times result in an unsafe aggregate appearing in area A. Consequently, all aggregates
that fall in area A should be evaluated further for the presence of either reactive con-
stituents or interfering minerals. In cases of doubt, mortar bar tests should be made
on such aggregates.

Areas C and D

The right portion of Figure 3 was similarly evaluated. All discrepancies appear 1n
the upper portion of this area. Consequently, this portion of the figure may be divided
into two areas, C and D. No discrepancies appear in area D, therefore chemical re-
sults that would appear in this area should be indicative of unsafe aggregates which are
capable of producing excessive mortar expansion. No further tests on such aggregates
would be necessary.
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Area C contains numerous aggregates that did not produce mortar expansion (clear
symbols) . Of course, this area also contains unsafe aggregates ( Fig. 1). Therefore,
the purpose of area C is to focus attention upon those aggregates requiring special in-
vestigation as a result of the chemical test data.

All the aggregates in the upper portion of area C (Fig. 3) do in fact produce ex-
cessive mortar expansion when diluted to very small concentrations with inert materi-
al. F is a 50-50 opal-Ottawa sand mixture; G and MW-59 are undiluted siliceous mag-
nesum limestones from California; and MW-31 is an undiluted rhyolite tuff from
Colorado.

On the other hand, several of the aggregates in the lower portion of area C, namely
MW-51, 53, and 54, will cause excessive and maximum mortar bar expansion when
present in about 20 percent concentrations with inert material (7) It may be that ag-
gregates 6, 7, and 20 (from this study) are of a similar nature and might have shown
unsafe expansion upon dilution.

Consequently, chemical results which appear in area C suggest a highly reactive
material, but do not necessarily preclude that all such materials will produce ex-
cessive mortar expansion. The ability to produce unsafe expansion will depend largely
on the proportion of reactive constituent present. Therefore, all aggregates which
yield chemical data in area C should be carefully examined by mortar bar tests. They
should be tested in dilutions of 5, 10, 20, etc., percent with inert materials, as well
as in their entirety. This procedure is especially important where local shortages or
special conditions require that aggregates from different sources be blended to make
concrete.

SUMMARY OF NEW AREAS AND BOUNDARY LINE

Figure 4 summarizes the significance of each of the proposed areas in evaluating
chemical test results. It also shows the main ASTM boundary line, which has been
modified at the lower end as discussed earlier.

The location of all boundary lines is, of course, empirical in nature, and depend-
ent exclusively upon available mortar bar and chemical test data. The location of
such boundary lines may require minor adjustments as new data becomes available in
the future. In addition, the limited reproducibility of the mortar bar and chemical
tests, as reported by the Corps of Engineers (10, 1_7_) always raises some doubt as to
the precise location of any dividing line. Consequently, marginal chemical test re-
sults, especially near the main boundary line, should be interpreted with some re-
servation.

Nevertheless, the present criteria (Fig. 4) should broaden the usefulness of the
quick chemical test and in many cases eliminate the need for supplementing the chem-
ical test with a long-term mortar bar test program or tedious petrographic analysis.

In one respect, the chemical test offers a unique advantage over the exclusive use
of the mortar bar test. This is for aggregates that appear in area C (Fig. 4). The
concrete engineer may obtain a false sense of security froma satisfactory ( safe)
mortar bar test result on such aggregates. However, it is possible for certain of
these materials actually to cause deterioration in concrete if blended with other rela-
tively inert aggregates. The chemical test result would indicate the need for more
careful evaluation of such materials.

CONCLUSIONS

1. The chemical test for the potential reactivity of aggregates (ASTM C289-57T)
generally shows good correlation with the results obtained by mortar bar tests.

2. The dividing line established by this study, for separating reactive from non-
reactive aggregates by means of the chemical test, agrees fairly well with those pro-
posed by ASTM Specification C33 and the Corps of Engineers.

3. Neither the single nor double end point titration, permitted by the ASTM chem-
ical test method, offers any distinct advantage over the other in evaluating the potential
reactivity of aggregates.
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4. Reliable results are not always obtained in the chemical test when certain car-
bonates or serpentine minerals are present. An empirical division of the chemical
test results is proposed which would serve to isolate such interferences and thereby
indicate which aggregates require further study. This procedure would eliminate the
need for additional time-consuming tests on many satisfactory aggregates.

5. Highly reactive aggregates may be classified as reactive in the chemical test and
and yet fail to produce mortar expansion. An additional empirical division of the chem-
ical test results is suggested which would serve to identify such aggregates. It is be-
lieved that many such aggregates may actually become dangerous in concrete if diluted
with inert aggregates. The proposed division would focus attention upon those aggre-
gates requiring special investigation.

6. A modification of the ASTM main boundary line is proposed as part of the gen-
eral criteria for chemical test results. The adjusted line conforms more realistic-
ally to available data.
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