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ABSTRACT

The Towa DOT has been using rapid freezing in air and thawing in water. to
evaluate coarse aggregate durability in concrete since 1962. Earlier research
had shown - that the aggregate pore system was a major factor in susceptibility

to D-cracking rapid deterioration.

There are cases were service records show rapid deterioration of concrete
coﬁtafning.certain aggregates on heaviTy §a1ted primary roads and relatively
good performahce with the same aggregate in secondary pavements with 1im1ted '
use of deicing salt. A five-cycle salt treatment of the coarse.aggregate
prior to durability testing has yielded durability factors that correlate with

aggregate service records on heavily salted primary pavements. X-ray

,f]Uorescence analyses have shown that sulfur contents correlate well with

aggregate durabilities with higher sulfur contents producing poor
durability. Trial additives that affect the salt treatment durabilities would
indicate that one factor in the rapid deterioration mechanism is an adverse

chemical reaction.

The objective of the current research is to deve]op a simple method of

determining aggregate susceptibility to salt related deterioration.  This

method of evaluation includes aha]yses of both the pofe system and chemical

composition.
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INTRODUCTTON‘ o

Towa ha5~12,800.milés of'PCC pavement which Tnclydes some kOadé,oyér SO.years
old that have not-been'resurfaced or réhabi]itated; Ongtherother hand some
PCC pavement fhat exhipited .high strength and qualfty.‘immediatelyv after
construétion deteriorated'rapidTy and required extensive rehabiTitatfon at an

age of less than 10 years.

XD-cracking, a type qf portland cement concrete (PCC) payement_deterioratibn
latfributed to the coarse aggregate in the mixture, was. first ﬁecogn@zéd-on
‘Iowa‘s primérx road system in the ]ate”193Os.A Generally, the first sign~of D-
Fracking is é_diséoloration or staining at the 1ntefsectioh of transverse and

longitudinal joints. D-cracking will be used in reference to a rapid

deterioration characterized. by fine parallel cracks along joints, random

cracks, or free edges of the pavement slab. (Figure 1). Except where noted,
references to durability in this report will be in regard to the effect of the

coarse aggregate.

Extensive.research into the. mechanism of and methods of preventing or reducing

D-cracking has been conducted since 1960. This research.” has yielded

substantial benefits in identifying the mechanism of D-cracking.  Ear11er Towa
reserach revealed that most D—crackihg in Iowa is a distress that results

predominantly from freeze/thaw failure in: the coarse aggregate (I). In 1962,

based on these findingé, Towa began usingvASTM C666 Method B, “Freezing in

Air--Thawing in Water" to evaluate the durability of concrete.  Continual
testing of Iowa carbonate coarse aggregates with a 90 day moist cure modified
ASTM, C666 Method B test correlated moderately. well with performance of

portland cement concrete pavements.
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The basic Iowa tests for quality of coarse aggregate for conckete are ‘abrasion

by AASHTO T96 and a 16 cycle water-alcohol freeze/thaw test (1).

Since 1978 much research has been conducted in regard to the poreAsyétems of
1imestones. used as coarse aggregate in portland cément concrete and their
reﬂationship td' freeze/théw aggregate fai]ure: (2) (3). This research ha§
shown that with some exceptions, most nondurable aggregates analyzed exhibit a
preddminancé of pore sizes in the 0.04 to 0.2 micron radius range. The Iowa
Pore Index was adapted as a standard test in 1978 (2). It is a very simple
test utilizing d modified pressure -meter as a test apparatus. A known volume
of oven-dried coarse aggregate is immersed 1in water in fhe baée of the
bressure meter. The amount of water injected into the aggregate under a
 constant 35 psi pressure is recorded. .The volume of water injected in the
period between one and 15 minutés after application of the pressure is the
pére index. A pore index of 27 milliliters or more:génera]]y indicates a
Timestone susceptible to freeze/thaw chracking- deteriorafion. Coarse
'aggregate pore sizes. have .beeﬁ determined using a quantichrome écanning

porosimeter using pressures from 0 to 60,000 psi.

Current specifications restrict the use of nondurable stone and require higher

quality aggregate.

PROBLEM STATEMENT

These tests and specificatibns have been relatively effective in 'yieiding
.durable PCC but exceptions continue toloccur résu]t{ng in rapid deteriordtion
(12-15 years) of recently constructed pavement."Thesé exceptidns‘suppokt thé
idea that there is at least another major factor other than freeze/thaw that

contributed to their rapid deterioration. -
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The normal concrete mix for Iowa primary pavement construction contatne
approximate1y'6.6.bags of cement per yard. The concrete mix normaTTylused for
‘secondary pavement contains approximately 5.2 bags per yard. Earlier iowa
research has shown that with all other factors equal, a'higher cement content
will produce a concrete w1th better durability than a concrete with a 1esser'
cement content A pr1mary pavement with a h1gher cement content shou]d
prov1de better durability than a secondary pavement w1th a 1ower cement factor'
if the same aggregates are used in both. In-Iowa we have some aggregates that
do not exhibit consistent eervice records. | A pavement ‘contatning' a
Pennsylvanian crushed limestone from the Exline quarry was incorporated into a
pavement on primary highway U.S. 34 in southern Iowa in 1962. Today, it
exhibits severe D-cracking. A secondary road containing the same Exiine
aggregate constructed in 1964 exhibits 0n1y' staining and no D-cracking

deterioration.

A D- crack1ng suscept1b1e gravel containing 70% . carbonate was used in pr1mary
h1ghway U.S. 30 in central Iowa in 1965. Today, it exhibits severe D-
cracking. A secondary road containing the same ‘gravel .aggregate was

constructed in 1966 and exhibits no indication of D-cracking today.

Major differences in the winter maintenance practices of secondarv roads and
primary roads may be the answer for the difference in performance ofAthese'two '
pairs of roadways. A substantial. amount of sodium chloride deicing salt is
used on primary 'roads, with Tlimited uee of deicing salt on the secondary
roads. Earlier research has document the adverse effect of de1c1ng chemicals
~and sa]tS'(ﬂ) (5). Add1t1ona1 research is needed to def1ne and explain the‘
mechanism that accelerates the D-cracking deter1orat1on on the primary

roadways.




Dubberke, W. & Marks, V.J. I 5

OBJECTIVE

The objective of this research is to develop sihp]e, rapid test methods to
predict the durability of aggregate in PCC pavement. The test method includes
an ana]ysis of "the pore systems and chemical compositions of all aggregate

sources.

"SALT TREATMENT RESEARCH

A salt treatment preparation Was developed in an effort to duplicate the
observed accelerated deterioration on primary roads as opposed to secondary
raods. In Towa, historica]]y; the coarse aggregates have exhibited the most
1nf1uenée on the resulting durabi]ity of PCC. For that reason, it was
theorized that the salt may be adversely affecting the coarse aggregate. A - :
salt treatment of the coarse aggregate was developed to be used prior to
addition of the coarse aggregate to the concrete mix. The salt treatment
consists of five cycles of drying in an oven at 230°F for 24 hoﬁrs, fo]]oWed
by immersion in a 70°F, saturated solution of sodium chloride for 24 hours.
The 70%F salt brine is poured over the aggregate 1mmediate1y after it is
removed from the 230°F oven. After the five cycles of salt treatment, the
coarse aggregate 1is rinsed with clean tap water Jjust prior to being

incorporated into a concrete mixture.

The 90 day moist cure modified ASTM C666 Method B, "Freezing in Air -- Thawing
in Water" testing of concrete mixtures with and without sodium chloride coarse
- aggregate pretreatment prior to being incorporated into the concrete has
correlated very well with field performance. The durability of:high quality
coarse aggregates such as those from the Alden or Mohs quarries (figures 2 and
3) have not been adversely affected by sodium ch]oride pretfeatment. Even

though the resulting durability may be somewhat below the concrete mix without




Bubberke, W. & Marks, V.J. = ) 6

sodium chloride pretreatment, it is not significant. Salt ;reatmeﬁt of the
Al]imestone fraction of the Ames grave]'(figure 4) results.in an extremely rabid
deterioration of the concrete under freezing and thawing testing. The Smith
and Garrison quérries.(figufes 5 and 6) are others that exhibit extremely
accelerated detekioration'éfter Salt treatment. This again corre1étes very

well with field performance.

Chemica] analysié of the coarse aggregate has-beeh conducted both with and
without salt treatment to determine the amount of deicing saTtEretention.. The
sodium content increased from 0.05% without. treatment to 0.09% after salt
treatment on a Stanzel Timestone and from 0.05% to 0.44% on a very porous

Garrison dolomite.

This salt treatment testing has generated much speculation as to the

mechanismsi involved. The most immediate reaction is that the saTt would

render the aggregate hydrophilic. = The aggregate would thereby retain the. -

water Tohger and’cdntain more water at the time of freezing. The-salt would

also lower the freezing témperature slightly.

The Iowa sfandard ASTM (666 Method "B" freeze/thaw test on concrete made with
a low porosity, fine grained Farmington Stone yie]ded a‘durability factbr (DF)
of <97 and a growth .of 0.008 inches. = Concrete made with salt treated
Farmington stone had a DF of 28 and a growth of 0.164 inches. After
completion of the test, a 's1ice was séWed through the 4 inch by 4 inch

beams. Multiple fractures in the salt treated aggregate particles are readily

- identified by a visual observation (figure 7). No cracking occurred in the
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comparative aggregate without salt treatment. This cracking would appear to
be a_reSU]t of stresses generated by water freezing within the aggregate pore
system or salt .crystal growth. Apparently the salt treatment alters the

water-pore relationship to allow substantial damage from freezing.

In Iowa, the coﬁcfete beams are mofst cured for 90 days pfier to ASTM C666
Method JB“ freeze/thaw testing. The average of three beams constitute a
sample on a particular concrete mix. Beams have been made where the only
variation is the untreated coarse aggregate in comparison with'eoncrete'beams
made with salt treated aggregate. The nondestructive testing of the concrete
ﬁs based on the dynamic modulus which eccording to ASTM C-215 is intended to
detect significant changes in the concrete due to freeze and thaw'cyc1es. The

initial sonic modelus of many untreated aggregates have been compared to those -
ef'treated_aggregates. The beams made with untreated aggregates (15 samples)
yielded an averége.initial sonic modulus of 1800 whiie the beamslmade with
' treated‘_aggregate yielded an . average modu]u; of 1?50, There was no
signifieant difference in the weight of tHe beams.l Th1§4w0u1d indicate that
even'during the cure period, the properties of the concrete made with salt

susceptible aggregate were detrimentally affected by the salt treatment.

X-RAY ANALYSIS OF AGGREGATE CHEMISTRY

'Therevis a wide variation ih the adverse affect of salt freatment on concrete
durabi]ity. as noted earlier and displayed in figures 2 through 6. This
variation did not always relate to the pore system so a further analysis of
the aggregate chemistry was conducted using Xx-ray analysis systeme available
at Iowa State University. The.x-rey fluorescence system has been utilized to
eva]uated the e]emental‘composftion of various aggregates. X-ray diffractfon

‘techniques- were used to determine ~the mineral compositions of the
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aggregates. The scanning electron microscope -has been used both to observe
the pore siZeS'and'crysta] sizes in the aggregates in addition to elemental
chemical identification, distribution and apalysis. X-ray fluorescence has

been used to determine magnesium, sodium, iron, sulfur, silica, ca1cium,

~potassium and aluminum contents of most coarse aggregateg- used in Iowa

concrete. These chemical analyses have_beén compared to servicé records éf
pavements constructed with the various édarse aggrégates. The sulfur content
yielded the best correlation (inverse) with performance of the aggregatgs‘that
had_paséed the standardlrowa specifications. The sulfur conient correlatgé
very well with aggfegate durabf]ity in hedwiTy salted! prihary, pqvements,

~especially when magnesium is present.

The scanning electron ‘microscope has been used to further investigate the

‘sulfur content in aggregates exhibiting accelerated deterioration on salted
‘primary roads. Energy plots from the scanning electron microscope (figure 8)
of the salt affected aggregates, exhibit similar distribution of iron and

sulfur. This would indicate that iron-sulfur particles in the'l to 2 micron

range are uniformly dispersed throughout the nondurable. aggregate. The iron

and sulfur are very Tikely present as ‘pyrite Qr-rnakcasite; These finely

divided 1 to 2 micron black specks were: identifﬁedf as pyrite in some

nondurable Iowa ledges in 1961 by Donald‘w, Kohls in. a University of Minnesota

thesis. The adverse reaction of the pyrite and Tiberated sulfur has been

*gifed in other research (6) (Z)‘(gj Qg)«(lg) QL;)? v

EFFLORESCENCE  ON. QUARRY FACE

Salt treatment testing of crushed stone from: the Lil1libridge- Quarry of Cerro.

Gordo County. in northern ITowa would indicate. that it would..be nondurable in:

concrete. The L111Tbridge; stone. ‘has. an. exceptionally  high but wideTy
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dispersed sulfur content. Whitish efflorescent deposits commonly occur on

quarry faces after a lengthy dfy period. A chemical analysis of the deposit

‘identifies this material as calcium sulphate and magénsium sulphate. It would

appear that there is a chemical reaction where the sulfur is released from the
iron sulfide. This deterioration of the stone may also occur after being

jncorporated into concrete and thereby reduce its durability.

ADDITIVES AFFECTING SALT TREATMENT DURABILITIES

After verifying that the salt treatment preparation did cause the ASTM (666

- durabilities to correspond to field performance, it was decided to conduct

research to determine if various ingredients would either adversely or

beneficially affect the durability factor. Two additives and a special cement

-Wére used (figure 6) to ascertain their effect on concrete durability. The

first was the use of a Type V (sulphate resistant) portland cement rather than
the regular Type I. Type V cement (4.8% tricalcium aluminate) did exhibit a
significant beneficial effect on the concrete durability after the coarse

aggregate was treated with salt.

Fine porous Timestone with very Tow magnesium content was added to a conc?etev

mixture in the amount of 5%. This addition of 5% limestone fines yielded a

'greater beneficial effect than did the Type V cement.

i

The addition of 5% porous dolomite fines.(high magnesium content) yielded an

adverse effect on the salt treated durability beams. The alteration of the

durability -of concrete produced with salt treated aggregate by the addition of

carbonate fines would indicate an affect on the concrete chemistry. From this
research it would appear fhatvmagnesium may be a substance that promotes an
adverse effect in durability of concrete mixeé containing porous, pyritic’

carbonate coarse aggregate.
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FINE AGGREGATE AFFECTING SALT TREATED DURABILITY

The Iowa DOT began aggregate durability research With a Conrad automatic
freeze/thaw machine in 1962. Aggregate servicekfecords at that time 1ndicéted
that the coarse aggreéate in the PCC pavement.was a major factor. A 1im1ted
inQestigation of the effect of fine aggregate on cdncrete durability using the
ASTM C666 Method "B" procedure produced insignificant differences, sd avacal .

sand which was conveniently available was used as a standard.

Recent durability testing after salt treatment of the coarse-aggregate has
shown that fine aggregate can affect concrete'dUrabflfty; " The éffeét.of the
fine aggregate has been masked by the normally much greater effect of the_
© coarse aggregate‘and the Timitation of ASTM C-666 method to identify chemical
problems. This is a possib]e explanation of some irreguTarities‘in'ASTM C666
aggregate durability factors in past years. The Ames Pit in central IoWa,
used as the standard fine aggregate until June 1984, can exhibﬁt substantiéT
pefrographic variations. The coarse aggregate from this piﬁ may containfaé
much as 70% carbonate particles, many of. which are nondurable. A recéht
petrographic analysis of the fine aggregate from the Ames Pit’identified bver
60%'carbonate particles in the material péssing the #4 screen and retained on

the #8 screen.

The more severe salt treatment durability testing has provided an-opportunity
to reevaluate the effect of fine aggregates. The Ames sand was compéred to a
Be]jevue high quality, predominantly igneous Mississippi River sand. The
Bellevue sand yields consistently, §ignif1cant1y higher durability factors.
The Bellevue sand is now the Iowa standard fine aggregate for concrete for
durabi]ify testing. This change should produce greater consistency in coarse

aggregate durability testing.-
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DISCUSSION

Findings from current research have strongly confirmed the fact that there are
factors in addition to the pore system associated with the rapid deterioration
of PCC paVement. Substantial research has shown that freeze/thaw action on
aggkegates with susceptible pore systems is a major céuse of D-cracking of
concréte in ioWa. This does not exp]afn all premature deteridration of
concrete as ah aggregate may be durable in some pavement and result in rapid

deterioration in others.

‘The five-cyc]e'sa]t treatment durability relates well to service records of
aggregéte usage in .pavement. It has allowed laboratory studies of other

related variables. The study of such variables in actual field trials would

require too much time for results.

Research _Ts' cohtinuing on many aspects of aggregate durability in. PCC

pavement. Those currently being studied are:
1. The ‘deve1opment, of an ice porosimeter to 'study. aggregate pore
.. structures. . |
2. The effect of fly ash on salt susceptible aggregates.

. The effect of deicing-sait impurities on concrete-durabi]ity.

. The éffect of clay type and amount on aggregate durability.

S D W

pkob]em is chemical rather than pore size distribution.
6. The relationship of the total coarse aggregate pore system to the rate
.of chemical reactivity.

7. The effect of fewer salt treatment cycles.

. The effect of reducing the maximum size of the aggregate When the
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CONCLUSIONS

This research on aggregate durability supports the following conclusions:

1.

Deicing salt accelerates pavement deterioration when salt susceptible

aggregates are used.

. The salt treatment of coarse aggregate prior to freeze/thaw testing

yields durability factors that exhibit a definite relationship with

field performance.

. The salt treatment detrimentally affects the quality of concrete prior

to freeze/thaw action.

4, The durability of dolomitic coarse aggregate is inversely related to
the sulfur content.
5. An adverse chemical reaction contributes to the rapid deterioration of
concrete containing porous pyritic dolomite.
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FIGURE CAPTIONS

1. A Close-up of D-Cracking at the Intersection of the Transverse and

Longitudinal Joints.

~nN

. Alden Durability Factors
. Mohs Durability Factors
. Ames Pit Durability Factors

Smith Durability Factors
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. Garrison Durability Factors
7. Sawed Cross Sections of Concrete Beams Made with Farmington Stone
Showing Multiple Fractures in Salt Treated Aggregates

8. Scanning Electron Microscope Energy Plot of Sulfur and Iron
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Figure 1 A Close-up of D-Cracking at the

Intersection of the Transverse and Longitudinal Joints

16




sigire 2. ALDEN DURABILITY FACTORS

| 100'.R =
A » ’\ ' | ————'——'——_’.--"‘“———h S - ?-
N\—-"" - - A " SN =
e ar N oo """""_A-"""?7"'.""’”"".".4 = .
90 |— 5
o
@)
5 80
<
1
o
L
=
1
= 70 —
8 - Standard
 ra= -~ NaCl Only
60—
50 - ' ,I‘ |
0 100 200 - 300

FREEZE-THAW CYCLES




Figere 3. MOHS DURABILITY FACTORS
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Figure 7
Sawed Cross Sections of Concrete Beams Made With

Farmington Stone Showing Multiple Fractures in Salt Treated Aggregates

Salt Treated Aggregate Beam Standard Beam
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Figure 8 Scanning Electron Microscope Energy Plot of Sulfur And Iron




