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INTRODUCTION

D-cracking can be defined as freeze-thaw generated distress
in Portland Cement Concrete (PCC), caused primarily by expansion
of water in coarse carbonate aggregates (limestone and dolostone).
Staining or slight darkening of the concrete at the joints or
cracks 1is usually the first indication of a D-cracking problem.
A series of closely spaced parallel cracks first appear at the
intersection of the transverse and longitudinal joints and cracks.
As the distress continues, the cracks migrate around the corners,
and may eventually progress toward the central area of the slab.

Distress normally starts at the bottom of the slab and
propagates upwards, so by the time the cracks can be seen on the
surface, the bottom deterioration is well advanced. There have
been no repair measures found that will halt further deterioration,
with long-term solutions being either joint repair and a major
overlay or, more desirably, complete replacement of the pavement.

Sources of known high quality aggregates are becoming fewer,
and thus haul distances are increasing. Therefore, a laboratory
procedure that will give the most accurate prediction of aggregate
durability when used in PCC is an important step in both making the
most efficient use of aggregate resources and providing a pavement
with extended service life.

Concern continues to exist over the effects of D-cracking on
PCC pavements in Minnesota. Some pavements with design lives of

35 years show signs of D-cracking as early as 8-10 years. Through



interviews and discussions with various Minnesota Department Of
Transportation (Mn/DOT) personnel, (M,N,0) the author’s impression
is that the use of D-cracking aggregates has been minimized by the
use of current specification tests such as magnesium sulfate,
absorption, and percent Ilimestone. However, along with the
expected elimination of D-cracking sources, these specifications
may have had the undesirable side affect of failing some durable
aggregate, and thus resulting in more expensive construction.

One basic mechanism 1is predominantly responsible for the
coarse aggregate failure associated with D-cracking. This
mechanism is the creation of internal pressures by physical freeze-
thaw of the water-saturated aggregate. An aggregate’s ability to
handle internal freeze-thaw pressures depends upon its pore
characteristics, mineral makeup, size of aggregate particle and
degree of saturation at onset of freezing. For a more detailed
discussion of the D-cracking phenomena and theories of distress
formation, the reader is referred to references appended in this
report; most specifically (21, 37).

Due to the variety of characteristics involved in D-cracking,
a testing regimen that accurately predicts aggregate durability in
both an inexpensive and rapid fashion, is a difficult task. This
report outlines various testing methods currently used by a variety
of agencies, and the pros and cons of each. Determination of which
method(s) may provide the most reliable results with Minnesota
aggregate is best accomplished by future research that correlates

test results to documented field performance.



The opinions in this report are those of the author and do not

necessarily represent current Mn/DOT philosophies.

Objectives of the Studv:

1) Establish the basis for Mn/DOT’s current quality
specifications/tests for concrete aggregate.

2) Through a literature = search  and personal
contacts, evaluate a wide variety of existing tests and
report the author’s opinion on the ability of each to
predict aggregate freeze-thaw durability in PCC
pavements.

3) State Author’s opinions of best test(s) for the
laboratory determination of aggregate freeze-

thaw durability for use in Minnesota.

MN/DOT’S D-CRACKING SPECIFICATION BACKGROUND

Files containing information on D-cracking were obtained from
the Physical Research and Concrete Engineering Offices. This
information provided helpful insight into the steps that Mn/DOT has
taken in an attempt to get and keep D-cracking under control. 1In
addition to this information, interviews were conducted for the
purpose of receiving first hand accounts of these steps. Following
is a list of the Mn/DOT personnel that were interviewed. Erling
Christopher, Test Methods Coordinator; Harlan Hegdahl, Concrete Mix
Design Technician; Rudy Ford, Senior Geologist; Doug Schwartz and

Leo Warren, former Assistant or Concrete Engineers.



In 1958 a study was done for Mn/DOT by Dr. T. W. THomas, then
a professor at the University of Minnesota, and the title of his
report was, "Specification Revisions For More Durable Concrete With
Particular Emphasis On Coarse Aggregate Durability"(6). This
vestigation looked at selected aggregate tests using a wide variety
of aggregate soﬁrces with correlation to field performance for the
purpose of determining which tests will give the best indication
of how the aggregate will perform in concrete. According to this
study, the tests which proved most effective for this purpose were;
Iowa aggregate particle freeze-thaw, Kansas aggregate particle
freeze-thaw (without alcohol), absorption, and a 150 cycle beam
freeze-thaw. The specifications recommended by Thomas 1in
association with these tests were:

(a) Maximum loss after 16 cycles of the Iowa

(b) Maximum loss through the next smaller
sieve in the Kansas test.......cccevenen. 3.0%
(c) Maximum weighted average absorption of the
#4 to 1 1/2 inch material............ 3.5%
(d) Minimum number of cycles of freeze and
thaw in air-entrained concrete beams to a
reduction of 30% 1in sonic modulus of
elasticity.cceerereececeeeenoancannnnnns 150
It was also recommended by Thomas that the beam test be run on only
material which passes the first three requirements, because of the

time constraints associated with it. In this study, pavement



distress was generally mentioned, but D-cracking was not
specifically identified. Because of this it is gquestionable
whether the D-cracking mechanism was addressed as an issue in this
study.
A letter dated February 5, 1968, and titled "D-Cracking on
Concrete Pavements in Minnesbta", written by Concrete Engineer
E. C. Carsberg, was found in the Concrete Engineering D-crack file
(A copy of this letter is appended). 1In this letter, D-cracking
was recognized, and five factors were listed that were deemed
important in the consideration of D-cracking. Following is a list

of these factors in the order of importance attached to them:

1. Heavy truck volumes along with excessive axle
loads.
2. Inadequate subgrade support for the pavements

for the axle loads that were applied.

3. Deficiency in the pavement design, in that too thin
pavements were constructed for the traffic loading the
pavement was subjected to.

4. Low cement contents in the concrete mixes
being used.

5. Aggregates that have relatively high
percentages of limestone pebbles.

In the early 1970’s, while E. C. Carsberg was still Concrete

Engineer, the importance of D-cracking was apparently further
recognized and efforts were made to identify and eliminate D-

cracking aggregate. In a letter dated November 21, 1972 (copy



attached) Carsberg recommended a 30% maximum limestone (carbonate)
content for gravel aggregate and 1.75% maximum absorption for use
in the special provisions. Attached to the letter was a table that
listed aggregate sources, year tested, size, specific gravity,
absorption, and magnesium sulfate results. Apparently, these
results were the basis for the decision to begin using the percent
limestone and percent absorption as standard special provisions.
From 1972 to 1983 these specifications were carried in the special
provisions, and in 1983 they were incorporated into the Standard
Specifications for Construction.

Mn/DOT began researching the use of beam freeze-thaw as a
testing procedure to identify D-cracking aggregates in the mid-
se&enties (M). Prior to initiating the research, Mn/DOT personnel
visited Jowa, Missouri, Ohio, and Indiana DOT’s and the PCA
Laboratories in Skokie 1Illinois for the purpose of receiving
recommendations on a new beam freezer. As a result, it was decided
to purchase a machine made by Weber Inc. that has a capacity of 64
beams.

Mn/DOT’s beam freeze-thaw testing was done on aggregate from
sources located in Minnesota and Iowa, during a period from about
1977 to 1982+. Concrete beams were made and tested in accordance
with ASTM C666B, modified for Mn/DOT’s uses. The following
opinions were expressed either individually or collectively by
Christopher, Warren or Hegdahl through personal interviews: 1) Poor
correlation was found between test data and field performance, and

2) The test did not provide the quality of results expected. No



formal report has been prepared based on the results of this
testing/research. Originally, the intention was to use this test
for specification compliance, but the results weren’t repeatable
enough to permit this. Faulty equipment and/or improper procedure
were cited as possible reasons for the research not fulfilling
expectations. Since the mid-eighties no extensive use of the beamn

testing for aggregate durability has been done.



TESTING PROCEDURES EVALUATED FOR THIS STUDY:

When considering testing procedures there are three basic
characterisics of aggregates that can be evaluated: pore systen,
aggregate purity, and chemical reactivity. Pore systems can be
evaluated by either environmental simulation or aggregate property
tests. See Table I for classification of testing methods used in
this report.

Environmental simulation tests (indirect methods) attempt to
recreate field conditions in the laboratory, while aggregate
property tests (direct type) evaluate individual characteristics
that are believed to contribute to aggregate durability in
concrete.

A wide variety of test methods/theories were found in the
literature and interviews, but only the most commonly used tests
will be reviewed here. This review does not detail the test
procedures, but rather summarizes in what capacity they are used.
A summary of test procedures used by the contacted agencies can be
found appended in Table II. Unless otherwise referenced, agency
evaluations or opinions of test procedures are from personal

communications, a list of which is appended in this report.



ENVIRONMENTAL STMULATION TYPE TESTS:

Sodium or Magnesium Sulfate Tests: (AASHTO T104 or ASTM C€88)

In addition to Mn/DOT, 6 out of 13 agencies contacted use some
type of sulfate test, (either sodium or magnesium), for
determination of aggregate durability. The main difference between
magnesium and sodium sulfate tests is the increased severity of the
magnesium sulfate test. This test is intended to simulate ice
growth in the unconfined rock particle’s pore system by growth of
sulfate crystals rather than ice crystals. Crystallization of the
sulfate salts is assumed to approximate the growth of ice crystals.
This assumption is considered by many to be invalid (¢,D,E,F,G,I),
in that different mechanisms are believed to be responsible for
sulfate crystal induced pressure than for pressures cause by ice
crystallization.

Most agencies contacted are critical of the test, mainly in
regard to the lack of repeatability, reproducibility between labs,
and correlation to field performance. Ohio tested and passed 16
aggregate samples with this method while the field records showed
the aggregate to be D-cracking susceptible. They feel that sulfate
soundness tests are not capable of consistently identifying D-
cracking aggregate. Michigan has had a specification regarding the
sulfate test for years, but they are currently phasing it out due
to lack of correlation to field performance. Indiana, Kansas and
Missouri also have stated a lack of correlation to field

performance, and don’t incorporate any sort of sulfate test for



this reason. David Stark of Construction Technology Laboratories
believes that sulfate tests do not reproduce field freeze-thaw
conditions or provide enough discrimination when considering
marginal aggregate. Leo Warren of Mn/DOT is also critical of the
test, but feels that it, in combination with the current absorption
and limestone specifications,'serve the purpose of controlling the
inclusion of D~cracking aggregate in Minnesota Pavements.
Illinois DOT feels that a sulfate test run correctly can be
used as a valuable tool in a testing regimen. They believe that
precise temperature control of the sulfate test solution is
essential to achieving results that are truly indicative of
aggregate durability. AASHTO specifies that 70 + 2 degrees
Fahrenheit 1is the temperature range that must be maintained.
Illinois feels that this should be strictly followed and, if
possible, kept even closer to 70 degrees. They accomplish this by
means of an "environmental chamber”™ that holds the desired
temperature and humidity at a near constant level. While using
strict temperature controls, they have tested no aggregate that
failed the sodium sulfate test and passed the beam freeze-thaw.
Because of this, Illinois uses a sodium sulfate test for screening
purposes before aggregate is tested in the beam freeze-thaw test.
A specification regarding sodium sulfate is set at a maximum of 15%
loss, which is less restrictive than most, so as to allow all
marginal aggregate to be run through the beam freeze-thaw test.
When used in this manner, the test has provided a means to lower

the amount of material that is run through the beam test. This
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leads to less time, labor and money needed to evaluate aggregate.

P

Aggregate Particle Freeze-Thaw: (AASHTO Ti03)

There are two main categories of aggregate freeze-thaw tests:
procedures that mix alcohol in the water and those that do not.
Alcohol increases the severity of the effects of each freeze-thaw
cycle, thus lowering the amount of time needed to "simulate” field
conditions. Experiments have shown that 16 cycles of water-alcohol
freeze-thaw is approximately equivalent to 50 freeze-thaw cycles
using water only, also equal to approximately 5 cycles of the
sulfate soundness test. Water-alcohol freeze-thaw requires about
the same test time as the sulfate tests; 1 1/2 to 2 weeks (31).

Of the agencies contacted, Iowa, Indiana, Nebraska, and
Missourl make use of an aggregate particle freeze-thaw test. Iowa
uses a water—-alcohol freeze-thaw test as an indicator of the
"dirtiness" (silt and clay sized noncarbonate inclusions) of
aggregate rather than a strict durability test. Indiana feels that
aggregate particle freeze-thaw is very effective when used in this
manner. Indiana specifies that aggregate must pass both a pure
water aggregate freeze~thaw and sodium sulfate test to be
considered durable. When the aggregate passes only one test, field
service records are considered as the final determination. They
feel that this regimen has screened out the most severe D-crackers,
but problems distinguishing aggregate that D-cracks after about 15

years still exist. Nebraska, who doesn’t seem to have much of a
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D-cracking problem, uses a 16 cycle water/ alcohol freeze-thaw test
for their coarse aggregate acceptance. Missouri combines an
alcohol freeze-thaw specification of 10% with limits of 1.5%
absorption and 2.58 specific gravity. Mn/DOT has used aggregate
freeze-thaw in the past, but have temporarily discontinued use of
the method because the test has never indiéated a failure that was

not also found using the magnesium sulfate test.

Beam Freeze-Thaw: (ASTM C666RB)

Much attention has been given to beam freeze-thaw tests as an
accurate indicator of aggregate frost durability. At present, ASTM
C666B 1is the most widely used and accepted test procedure. There
is some variation of procedure from agency to agency, with these
variations usually coming in the areas of beam cure times and
aggregate saturation techniques. These variations are intended to
lower the resistance of the concrete beams to freezing and thawing
and thus reduce the number of freeze-thaw cycles and time needed
to complete the test. Compensation for these sensitivity
differences is usually made in how the test results are interpreted
and specification 1limits set. For instance, Michigan vacuum
saturates their aggregate before placement in beams, and has a
relatively short beam cure time of two weeks. This combination
renders beams more susceptible to freeze-thaw failure which leads
to the incorporation of a lower specification limit.

Loss in beam sonic modulus and length change of the beam due

to repeated freezing and thawing are used as criteria for setting
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specifications. ASTM C666B uses sonic measurements to determine
when the test should be halted due to beam failure, and to generate
a value called the Durability Factor (D.F.) when the test is
complete. Sonic modulus values are measured after each 36 cycles
of freeze-thaw, with termination for a particular beam'occurring
after a 40% loss initial sonic modulus. According to ASTM, an
equation combining loss in sonic modulus and number of elapsed
cycles before failure or test completion is used to calculate the
D. F.

Many agencies are utilizing the 1length change technique
because it is faster, doesn’t require expensive equipment, and the
equipment that is needed can be expected to have a longer service
life. The major drawback of this measuring procedure 1is the
problem of insuring that the pins, which are implanted in the ends
of the beams for 1length measuring purposes, remain intact
throughout the test.

. When considering the data that is compiled using each method,
there seems to be a direct correlation between length change and
sonic modulus measurements. Michigan used both procedures on 196
samples over 7 years, and came up with an equation that puts this
correlation in mathematical terms (30). In this study they also
list weight loss as a possible device for measuring loss in
durability, but go on to say that since beams frequently gain
weight during testing, this method is unreliable. When Mn/DOT
experimented with the beam test, they began measuring both sonic

modulus and length, but ended measuring sonic modulus since length
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change was considered more convenient and equally definitive.

Each agency, depending upon the type of aggregate and beam
treatment procedures they use, determines where either the
durability factor or length change limits are best set to exclude
D-cracking aggregate. These 1limits are found by making a
corrélation to field performance.

Durability factors used for specifications range from 20 to
95, with 100 being the theoretical maximum, i.e. very high quality
aggregate showing no difference during freeze-thaw testing has a
D.F. of 100. Kansas, for example, uses a 24 hour aggregate soak
and a 90 day beam cure time, which tends to make their beams quite
durable. Another factor is that they apply ASTM C666B only to
carbonate quarry rock. For the results to reflect these
modifications, their D.F. cutoff 1is a relatively high 95.
Michigan 1lies on the other end of the spectrum, with vacuum
saturation of the aggregate, and a short 2 week‘beam cure time.
Their specifications call for a minimum D.F. of 20. (This value
is the one being used when this paper was written, but a higher
value of 40 for secondary roads and 60 for primary roads was under
consideration.) Michigan’s rationale for running the test this way
is that they save time. If needed, results can be obtained 2
months after receiving the sample.

In between the above extremes there are many other methods
and specifications, but a "best" method has yet to be agreed upon.
When gquestioned on their opinion of the test, 6 out of 7 agencies

that use the test are satisfied with the role it plays in their
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testing regimen. Missouri was generally satisfied, but‘felt that
the test alone does not constitute an accurate coarse aggregate
testing regimen.

Another factor that can affect the D.F.s is the way that
aggregate sampled for testing is selected. For instance, Iowa,
when testing gravel éources, tests only the carbonate portion. In
addition, Iowa eliminates highly expansive portions of the sample,
(e.g. chert and shale) and impurities (e.g. clayballs) so that the
sample is not failed due to minor impurities that would be covered

by other specifications.

Other Concrete Beam Tests:

There are other beam freeze-thaw tests that haven’t gained the
degree of acceptance as ASTM C666B. Two of these tests that show
up occasionally in the literature are the Powers slow cool test
and the Virginia Polytechnic Institute (V.P.I.) single cycle slow
freeze test. |
T.C. Powers of the Portland Cement Association (P.C.A) felt
that existing concrete freeze-thaw tests, and other durability
tests, introduce conditions that are "fundamentally different" from
those in the field. (21) Powers points out two important
discrepancies that exist between laboratory testing and actual
field conditions. First is the difference in rate of cooling, and
second is length of continuous exposure to moisture. In an attempt
to alleviate these discrepancies he suggested a slow cool testing

method that has become adopted by ASTM as ASTM C671.
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Powers’ slow cool test is performed on cylindrical concrete
specimens measuring 3 inches in diameter and 6 inches in length.
After a two week moist curing time, the specimens are stored dry
for another two weeks in the laboratory. Cylinders are then
immersed in water for an additional two weeks prior to the first
freeze-thaw cycle. Each cycle consists of cooling the specimens
in water-saturated kerosene from 35° F down to 15° F at a rate of
5° per hour and holding the final freezing temperature overnight.
This freezing is followed by immediate return of specimen(s) to the
35° F water bath, where they remain until the next test cycle. One
cycle is carried out every 2 weeks. During the cooling cycles the
length and temperature of the specimens are recorded continuously
until expansion takes place. The total period of time the dilating
specimens have been subjected to soaking and freeze-thaw cycles
before a certain length is reached, indicate the degree of frost
resistance for that specimen.

The main purpose of this test is to detect the time when the
aggregate within the specimen has absorbed more water than can be
maintained during freezing without causing rupture (21). Length
of immunity period (the period in which no dilation is observed)
is the primary measure of frost resistance, with a secondary
measure being the rate that dilation continues after onset.

A major disadvantage of this procedure is the time required
to achieve results. With each cycle taking two weeks and the
preparatory measures taking six weeks, it is 2 months before the

first cycle is concluded. Since the test varies in amount of
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cycles needed, no completion time can be specified. This too can
be a disadvantage, in that it would be difficult to incorporate
the test in a large scale testing regimen.

Virginia Polytechnic Institute’s single-cycle slow freeze test
is a method that places concrete prisms in a conventional freezer,
and strain measurements are made at 5 to 15 minute intervals over
a 4 hour cooling period. From the data collected, the cumulative
length change is plotted versus time and the time slope is
calculated, with this slope being the cutoff criteria (32). Walker
et. al. found a correlation between the time slope and 100 cycles
of ASTM C666B (32). No agencies contacted have reported using
either this method or the Powers slow cool for specification or

experimentally.
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AGGREGATE PROPERTY TYPE TESTS

Iowa Pore Index Tests:

Due to the vital role pore characteristics play in D-cracking
it is natural that they are tested. Characteristics of the pore
structure that are of most importance are porosity, permeability,
and pore-size distribution (21). The environmental simulation type
tests discussed above do not provide a direct pore system analysis,
but there are several tests éurrently being used that do. The list
includes; Iowa pore index, mercury porosimetry, absorption and
absorption-adsorption. Experimentation with the Iowa pore index
has been quite extensive in Iowa, but it is not certain how
effectively this test can be applied to aggregate types outside
Iowa.

The Iowa pore index test is run on a 9000 gram sample of
aggregate placed in a modified air entraining pot that is filled
with water. Then 35 psi of pressure is applied to the sample and
water mixture. After 1 minute and 15 minutes a water level reading
is taken to determine how much water has been absorbed by the
aggregate. Subtracting the 1 minute reading from the 15 minute
reading yields the pore index.

Most durability problems are believed to be caused by the
micro pore system, which is defined as a large percentage of pores
being in the 0.02 to 0.2 micron diameter range (22). Micro pore
systems are assumed not to be intruded in the first minute of the

Iowa pore index test, thus the water forced into the aggregate
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during this time is not given consideration.

By correlating test data to field performance, material with
a pore index of more than 27 milliliters is considered nondurable
by the Iowa DOT. Adjustment of this criteria is done according to
the aggregate’s past field performance, and the value of the water-
alcohol freeze-thaw test. The water-alcohol freeze-thaw test 1is
referenced because it is used by Iowa DOT to determine aggregate
purity. An "impure" aggregate will generally have a higher pore
index due to the fact that the silt and clay size particles
(impurities/insoluble residue) create an abundance of pores in the
critical range (D). Field performance is important because if an
aggregate exceeds the pore index 1limit, but has an excellent
service record it should not be failed due to the high pore index.

Towa DOT is the only agency contacted that uses the Iowa pore
index test as a specification. Kansas has experimented with it,
but deemed it unreliable. Illinois found that pore index values
gave a good indication of durability for crushed rock, but was not
as effective in distinguishing D-cracking gravel aggregates.
Limited experiments with the Iowa pore index test by Mn/DOT proved

to be inconclusive (L).

Mercurvy Porosimetrv:(ASTM D4404)

Mercury porosimetry is used to determine pore sizes within
the aggregate particle and how they are distributed. This is
accomplished by placing the sample to be tested in a mercury filled

chamber with pressure being applied in discrete increments. Each
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pressure value is correlated with a specific pore size into which
the mercury can be forced. A pressure of up to 60,000 p.s.i can
be applied, which allows the determination of pore sizes in the
range of 0.0025 microns to 500 microns, which completely covers the
pore sizes of interest when considering D-cracking aggregate (22).
Pores smaller than 0.0025 microns are of little intérest, because
they are so small that water does not freeze in them under even the
most severe field conditions. Large pores are also of 1little
concern because they allow for ease escape of unfrozen water, thus
avoiding deleterious hydraulic pressure buildup.

In order to predict durability from porosimetry data, an
equation was derived by combining median pore diameter and pore
volume to determine a value called the Expected Durability Factor
(EDF) . According to this evaluation, the EDF 1s an inverse
proportion to pore volume, and a direct proportion to median
diameter. This is due to the theory that if an aggregate has a
median diameter that is considered critical, but a small pore
volume it is able to structurally withstand the hydraulic pressure.

Two of ten agencies surveyed have experimented with the test.
Iowa uses it mainly to draw correlations with the Iowa pore index,
but if new or questionable material is found, the porosimetry test
will be run. On occasion, they will use porosimetry for aggregate
pass/fail purposes, but only when the Iowa pore index results don’t
give as conclusive answer as they would like. TIowa found that TIowa
pore index test values correlate well with porosimetry for clean,

crushed rock.

20



Indiana’s original intent was to formulate a specification
around porosimetry and for this they purchased a new machine for
$60,000. To determine a basis for a possible specification they
had the Illinois DOT conduct beam freeze-thaw tests on identical
aggregate sources. The porosimetry testing produced results which
did not correlate well to either the beam tests or field
performance. During the exchange testing, Illinois used some of
their aggregate in the experiment and in one case they had an
aggregate with a very good service record and Durability Factor
yield a very low EDF. Indiana no longer makes any extensive use

of porosimetry because of the lack of correlation.

Absorption: (ASTM C127)

Absorption measures the quantity of water that is drawn into
the aggregate under atmospheric pressure, and is represented as a
percentage of the material’s dry weight. Because of the importance
that absorbed water plays in the D—crackihg phenomena, absorption
information may be a useful evaluation.

Although absorption may be an important property when
classifying aggregate, a direct correlation between absorption and
field performance was not found in the literature or interviews.
Reasons for this are believed to be the dependence of the
destructive hydraulic pressure buildup on aggregate pore structure
as well as absorptivity. Permeability (or the ability of water to
escape an aggregate particle) is the main aspect of pore structure

that determines to what extent absorption is going to affect
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aggregate D-cracking susceptibility.

Kansas and Missouri Transportation Departments, in addition
to Minnesota, have a coarse aggregate specification concerning
absorption. Kansas combines insoluble residue with absorption as
a basis for interim approval. By report (34) and telephone
conversations, Kansas has stated that no correlation to field
performance existed in reference to absorption only. Kansas
calculates a Pavement Vulnerability Factor (PVF) that relate to
absorption and insoluble residue. They theorize that if a
relatively low absorption is combined with high insoluble residue,
the residue 1s causing the low absorption by clogging pores. 1In
contrast to this, a combination of high insoluble and high
absorption implies that the insoluble material is stratified in the
aggregate, thus not clogging the pores.

In Kansas, interim approval only is obtained using this
method, because low PVF’s (less than 35) generally mean good
aggregate, but some durable aggregate has been found to have a high
PVF. Thus, if an aggregate passes the PVF specification it can be
used, while material that has a failing PVF is run through ASTM
C666B to determine whether it will be allowed to be incorporated
into concrete.

Missouri has a specification of 1.5% maximum absorption for
their coarse aggregate. While not using absorption directly,TIowa
DOT feels that if aggregate has an absorption value below
approximately 0.5% or above about 3.5% it has a higher chance of

performing well in the field. In between this range, they feel
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other factors must be considered to determine durability (D).

Absorption-~Adsorption:

Adsorption is defined as the assimilation of gas, vapor, or
dissolved matter by the surface of a solid or liquid. When
applying this definition to concrete aggregate, the vapor referred
to is water vapor, and the surface adsorbed to is that of the pore
walls. Adsorption is measured, as is absorption, as a percentage
of aggregate dry weight. After absorption and adsorption are
determined, a graph of adsorption vs. absorption is plotted. 1In
order to predict durability, a pass-fail curve is drawn. It is not
apparent what the basis is for this curve, or if the same curve is
used by each agency conducting the test.

This test assumes that the limiting factor when considering
aggregate durability is the amount of water that is allowed to
accumulate within the aggregate, whether it be by absorption or
adsorption. Although this is an important consideration it is not
the only factor involved in freeze-thaw failure.

Three out of ten agencies contacted have experimented with
absorption-adsorption, but none report results that correlate to
field performance. Ohio DOT felt that the test "overkilled" when
testing for durability. A considerable amount of their aggregate
with good to excellent service records failed this evaluation.
When Mn/DOT conducted this experiment the results they achieved
were very scattered, i.e. no trend towards field performance

correlation was observed.
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Petrographic Examination: (ASTM C295)

This procedure is performed by observing aggregate thin sections
under a microscope to determine if the material in question has the
potential to cause D-cracking. Application of petrography as a method
for identifying frost-susceptible aggregate is applied because it
includes the determination of the basic properties of the aggregate,
such as mineralogic composition, texture and pore structure. If
experience has shown a particular mineral constituent, or texture, as
being consistently deleterious in nature, petrographic identification
may serve as the method whereby aggregate with this deleterious
characteristic can be screened out before further testing (13). Some
of the characteristics that petrography examines are porosity, amount
of weathering, "dirtiness" of aggregate and strength (interlock) of
crystalline structure.

Disadvantages to this method are the need to have a trained
petrographer, length of time needed, possible human error involved and
a thin section that may not be representative of the material source.

As stated in NCHRP Report Number 15 (11), "after the
characteristics directly related to freezing and thawing of water
within concrete and aggregate have been determined, as well as those
related to undesirable thermal expansion and chemical reactivity,
petrography can be a valuable tool for evaluating aggregate soundness.”

None of the agencies contacted use petrographic analysis as a

specification.
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Acid Insoluble Residue:(ASTM D3042)

Insoluble residue is the percent by weight of noncarbonate
silt and clay size particles remaining after the whole sample is
dissolved in hydrochloric acid. A study done by Purdue University
(33) states that aggregates with poorest performance are not
necessarily those with the greatest insoluble residué percentage;
the type (size and chemical makeup) and the way insolubles are
dispersed control extremes of deterioration. Aggregates with more
insolubles evenly distributed throughout are 1less durable than
those with insoluble material existing as streaks or laminations.
- This report also classifies nondurable aggregate as having greater
than 20% insoluble residue, a large pore volume, small median pore
diameter and an Iowa pﬁre index of greater than 50 milliliters.

As mentioned earlier, Kansas has done research into the
insoluble residue test and currently combines insoluble residue
content and 24 hour absorption in an equation to determine a
Pavement Vulnerability Factor (PVF) (E). Interim approval of
aggregate is accomplished using the PVF, with this approval basis
being used when ASTM C666B results are'not available. In the study
it was found that "lesser durability generally was found for
aggregates with higher percentages of insoluble residue" (34).
Additionally, a higher 24 hour absorption was generally found to
accompany higher unconfined aggregate freeze-thaw losses.

In 1959, Mn/DOT compared 1insoluble residue contents to
magnesium sulfate and freeze-thaw tests for a variety of carbonate

aggregates. With only minor exceptions, aggregates with 8% or less
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insoluble met all existing concrete aggregate specifications, while
aggregates with greater that 8% insoluble residue failed one or

more of the existing specifications (L).

X-ray Diffraction:

X-ray diffraction 1s fast, éasy and gives an excellent
indication of an aggregate’s elemental makeup. This test
determines the elemental composition of the aggregate by bombarding
a 9 gram sample with X-rays. Each element diffracts the X-rays in
a different way, and by recording the diffraction pattern produced,
an elemental analysis can be obtained.

Recent research by Iowa DOT (17,22) suggest that D-cracking
is likely a chemical as well as physical phenomena. (To date Iowa
is the only agency that will fail aggregate solely on the basis of
its chemical makeup.) Iowa DOT has come across aggregate that, by
every common physical test method appears durable, but when placed
in concrete paving, signs of D-cracking are noticed within 15
years. When conducting an elemental analysis by X-ray diffraction
it was discovered that material falling into this category had a
similar elemental makeup, namely ferroan dolomite (ankerite). (For
a more in depth discussion of this topic the reader should see
reference (23) in the bibliography.) Ankerite-rich aggregate may,
upon application of deicing salt, react in a way that will lower
the durability of the aggregate. This lowering of the durability
will cause aggregate that passed original durability tests to be

susceptible to freeze-thaw damage once placed in the pavement.
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Along with the weakening of the aggregate particle itself, the
salt-ankerite reaction may affect the bond between the particle and
the concrete paste, thus further rendering the aggregate and
concrete more susceptible to aggregate freeze-thaw damage. Iowa
is confident enough in the correlation between aggregate durability
and ankerite presence that they will fail material strictly on this
basis,

Towa DOT has access to Iowa State’s X-ray and mercury
porosimetry equipment. With this equipment available, they have
done enough X-ray research to fail material solely on the presence
of the mineral ankerite. Iowa continues to research this subject,

with some research being done using Minnesota aggregate.
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AUTHOR’S SUMMARY/EVALUATION OF TESTING METHODS

Beanm Freeze-~Thaw Test (ASTM C666B):

Most agencies believe that as a stand alone indicator of
aggregate durability the beam freeze-thaw test provides the highest
Aaccuracy levels. Because of this, many agencies are making use of
the procedure in one form or another. Some use it as the sole
durability indicator, while others incorporate it into a multi-
faceted testing scheme. Only by comparing beam test results to
field performance can acceptance/rejection criteria be established
and confidence in the procedure developed. The main drawbacks
associated with this test are the relatively high cost and the
amount of time needed to prepare the beams and run the test to
completion. Depending on procedure and equipment, results can be
obtained in 2 to 5 months.

Proper testing procedures and good equipment are essential in
order for the beam test to give the type of results that are
necessary. Aggregate saturation and beam cure techniques that
apply to the desired application of the test should be found
experimentally and applied consistently. David Stark of
Construction Technology Laboratories recommends testing various
sizes of coarse aggregate from a particular source to determine
what sizes will be allowed for use. The test procedure is
sensitized by making the sample as pure as possible. This is
accomplished by sorting out certain deleterious constituents, such

as shale and chert, that may cause large expansions in small scale
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beams that may not be significant in pavement. When these
deleterious materials are prevalent in the source,. other
specifications should restrict the aggregate from being used in
PCC pavements.

With the knowledge that has been gained since Mn/DOT’s first
experiment with‘ASTM C666B, it would seem beneficial to further

investigate using the test in some capacity.

Other Beam Freeze-~Thaw Tests:

Both Powers slow-cool test and the Virginia Polytechnic Institute’s
single-cycle slow~freeze test are not used to any great extent.
This along with the point that there is a general correlation to
ASTM C666B lead the author to believe that if any beam test is to

be incorporated it should be ASTM C666B.

Aggregate Freeze—-Thaw:

Both versions (with or without alcohol)of the unconfined
freeze-thaw test do not séem to be well suited for the purpose of
being the sole determinant of aggregate durability. Reasons for
this are freezing conditions that are not indicative of those
encountered in the field, and the lack of a determination of how
the aggregate interacts with the surrounding paste. Using
aggregate freeze-thaw in a multiple test regimen will allow it to
be used in a way that will make use of the test’s advantages while
reducing the drawbacks.

Iowa DOT believes that high freeze-thaw losses indicate that
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an aggredgate is "dirty" or contains impurities/insoluble residue.
If an aggregate shows high losses in regard to this test, it will
generally not perform well in the field, but aggregate that has low
losses may have other physical or chemical defects that are not
detected by this test. 1In this case, additional tests are usually
run to obtain a more accurate indication of frost susceptibility.
In summary, material giving high aggregate freeze-thaw losses may

be failed, but those with low values should be tested further.

Absorption:

Absorption is an important parameter to consider for the
purpose of getting a "fingerprint" of an aggregate. However,
failing aggregate because of "high" absorption may eliminate some
durable aggregate along with the nondurable material. The reason
for suggesting that absorption not be used as a sole durability
indicator is that it doesn’t indicate the integrity/strength of the
aggregate’s crystalline structure. For instance, a clean limestone
with a sound structural makeup may have a high absorption, but is
able to withstand the expansion associated with freezing, and thus
avoid failure. Also, some highly absorptive aggregate will have
a relatively large median pore diameter, thus allowing the unfrozen

water to escape before creating excess internal hydraulic pressure.

Absorption-Adsorption

This test is not used by any contacted agency, either on a

continuing experimental basis or for specification. There are
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agencies, including Mn/DOT, that have experimented with it in the
past, but found it to.be overly restrictive. In Mn/DOT’s case,
very few sources passed the set criteria, with some sources that
have excellent field performance records failing the absorption-
adsorption test. From the information gathered in this study, it
appears as though this test would have little or no value either
as a specification or as an indicator of durability. Absorption
and adsorption values may be wuseful tools when considered
individually, but when represented in this graphical manner the
results seem to be of little use in determining aggregate D-

cracking susceptibility.

Towa Pore Index:

When considering crushed aggregate, this test seems to provide
a gquick, inexpensive and relatively accurate indication of a
material’s pore structure. Clay seems to increase the pore index
values because it has pores in the same size range that are
intruded by the Iowa pore index test. Thus, an aggregate that has
a high clay content will theoretically always have a high pore
index. If an aggregate has a high pore index and low clay content
there is an abundance of aggregate pores in the critical range,
signalling a low durability aggregate.

Aggregate pore structure is considered to be one of the key
parameters when considering how an aggregate will react to freezing
and thawing. The Iowa pore index test provides a quick and

inexpensive evaluation of this parameter. For these reasons, it
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is suggested that this test should be further studied and

considered for inclusion into an aggregate evaluation program.

Sulfate Soundness:

As shown in Table II, this test is used extensively as an
aggregate quality specification. Sodium sulfate is used as the
testing medium in most cases, but some agencies, including Mn/DOT,
use magnesium sulfate. Some agencies use a sulfate test as their
primary durability specification. Due to the general lack of
correlation to field performance that has been reported it is
questionable whether wusing the test in this manner is an
appropriate way to pass or fail aggregate. Testing history should

be correlated to field performance.

Insoluble Residue:

Insoluble residue is not necessarily a mneasure of aggregate
D~cracking susceptibility, but rather an indication of how "dirty"
aggregate is. If an aggregate has large amounts of insoluble
residue, it’s structural integrity may be questionable. In
addition to quantity, the type of insolubles (silt and clay size
particles) and their distribution throughout the aggregate are
important aspects to consider.

Other testing procedures give an indication of not just
general insoluble residue, but ‘the amount of residue that is
deleterious in nature. Two of these are aggregate freeze-thaw and

¥-ray analysis. Insoluble residue costs less than both, and takes
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less time than aggregate freeze-thaw, which makes it a 1likely
procedure to use as a supplement to a testing program, and possibly
as a screening tool. The Kansas Pavement Vulnerability Factor,
(PVF), which correlates insoluble content and absorption, may also

justify further evaluation.

Mercury Porosimetry:

This test will give quantitative data indicating pore size
and distribution. It is not a pure durability test, and trying to -
fit the data into an equation for the purpose of getting a field
performance correlation will 1likely result 1in unsatisfactory
~results. Indiana attempted to fit an equation to mercury
porosimetry and found that no correlation could be found to beam
freeze~-thaw tests run by Illinois. Although a pore system analysis
is important information, it should not be expected to pass or fail
aggregate with a high degree of accuracy when used as a stand alone
predictor.

Equipment costs are high and working with mercury is a hazard,
but if a machine is accessible, experimentation with the test may
provide valuable information.

Because of the importance of the pore system it would be
beneficial for an agency to have data that gives or indicates what
percentage of the pores fall in the critical size range (0.02 to
0.2 microns in diameter). Although this is valuable information,

it is questionable whether it is worth the cost that is involved.
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Petrographic Analvsis:

It can be seen from Table II that no states reported using
this as a specification. It is believed that the reason for this
is the difficulty of forming a specification around a test that is
subjective and also, the procedure requires a skilled petrographer
to perform the evaluation. This analysis is moét valuable when
done as part of a broad research program into aggregate properties

versus field performance.

X=Ray Analvsis:

This method is used to determine mineral and elemental
compositions by bombarding the sample with X-rays. Iowa DOT is
the only agency that uses this technique to any extent. Reasons
for this seem to be twofold: 1) equipment costs, and 2) general
lack of acceptance of chemical reactivity as being one of the
contributors to D-cracking.

It is not apparent whether ankerite-rich aggregate types are
isolated in Iowa, or if this problem occurs elsewhere. Mn/DOT
could determine whether or not this type of material occurs within
our state by having a private testihg agency, or the University of
Minnesota, run some aggregate that may pass routine durability
testing, but fails prematurely in the field. If it is determined
that this phenomena does exist in Minnesota, there may be a need
to evaluate how widespread it is and have X-ray characterizations

performed on a routine basis.
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AUTHOR’S CONCILUSTQONS

Due to the magnitude of the D-cracking problem, it is apparent
that accurate determination of coarse aggregate durability is
important both from an economic and pavement service life
perspective. Durability of aggregate can only be determined by
ascertaining if the coarse aggregate contains properties that will
cause it to fail under field freeze~thaw conditions.

When considering testing procedures there are three basic
characteristics of aggregates that can be evaluated: pore systen,
aggregate purity, and chemical reactivity. See Table I for how the
testing methods are classified for this report.

Following is an analysis of three different scenarios, and the
author’s opinion of a testing regimen that would best suit the
demands of each. Scenarios considered are: 1) when only one test
is used, and time is not a factor, 2) when test results are needed
within 3 weeks, and 3) neither time nor money restraints on the
testing procedure.

Table I also has breakdown of the aggregate testing methods
and, and whether or not they are recommended in the outlined

scenarios.
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One Test Scenario:

When one test is used, an environmental simulation type test
is believed to be the most effective in determining aggregate
durability. This is due to the fact that no other single aggregate
characteristic test has been shown to predict durability with the
desired accuracy.

Previously in this report, three environmental simulation
tests were considered: 1) sodium or magnesium sulfate tests, 2)
unconfined aggregate freeze-thaw, and 3) beam freege~thaw. When
considering a one test aggregate evaluation program, a beam
freeze-thaw test, specifically ASTM C666B, is believed to be the
most effective option.

A beam freeze-thaw test is advantageous because the aggregate
is imbedded in concrete and tested in an environment that is
similar to field conditions. In order to adequately simulate field
conditions it is necessary to run many cycles at a controlled rate
of freezing and thawing. A 300 cycle test causes the time
requirements necessary to run a sample through the beam freeze-thaw
testing method to range from 2 to 5 months. In many cases, and
particularly for construction approval, this time period restricts
the way that the beam test can be utilized in a testing program.
Another disadvantage is the overall cost associated with purchasing
and maintaining the test equipment, but this will be offset by
increased life and lowered service requirements of the roadway.

In the last 10 to 15 years many agencies have adopted a beam

freeze-thaw test for aggregate evaluation. The versatility of the
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test allow it to be customized to meet each agencies’ needs.
Correlation to field service records should be the determining
factor in finding the appropriate procedure to use. Aggregate
treatment, beam curing methods and the actual setting of
specifications are all variables that allow the beam test to be
customized according to demands. Accuracy levels for a properly
run test with well defined specifications have been reported to be
within the 80-95% range.

Another "single test" approval method (and possibly the best)
is field performance. Aggregate from a source with a proven field
performance record can likely be used without additional testing,
provided a geologic study of the quarry confirms that the rock is
identical to that used previously.

Iowa has Dbeen experimenting extensively with X-ray
diffraction, and feel that this analysis alone may allow them to
determine aggregate durability. They have accomplished this by
running thousands of tests and correlating them to field service
records. Unless the equipment, time and personnel are available
it would be difficult to achieve the same results. The possibility
exists that the experience and database Iowa has can be used to
classify similar Minnesota aggregate, thus cutting down on the
resources needed to investigate X-ray diffraction as an acceptance
tool. If X-ray can be used confidently for determining aggregate
durability it would be a tremendous breakthrough. It is a low cost
test after the initial equipment costs, and a test can be completed

in a matter of minutes.
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Three Week Time Limit Scenario:

When approval of an aggregate must be provided within 3 weeks,
multiple tests should be used. A combination of tests that quickly
provide information on a range of aggregate characteristics appears
to be the best approach for indicating aggregate durability in this
short time period. Tests should be run concurrently, and the final
data analyzed to establish if a particular aggregate passes or
fails based on pre-established criteria or specifications. The
accuracy of a multiple test regimen depends mainly upon the
practicality of test specifications, confidence levels associated
with each test, and to what degree the tested characteristics are
associated with durability and field performance.

As shown in Table I, the three basic characteristics of
aggregate can be evaluated by a variety of test methods. A
properly balanced testing regimen should include one or more tests

represéenting each aggregate characteristic.

Pore System Analysis:

- One of the most important characteristics to consider when
testing aggregate durability is the aggregate’s ability to release
unfrozen water during freezing. The movement of unfrozen water
within the aggregate is done via the pore system. Many test

evaluate, either directly or indirectly, an aggregate’s pore

system. Indirect tests such as beam freeze-thaw, sodium or

magnesium sulfate, and aggregate particle freeze-thaw are designed
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to test how aggregate reacts to freezing and thawing in a saturated
state. The pore system can be analyzed directly by tests such as
the Iowa pore index, absorption or mercury porosimetry.

Direct pore system analysis is believed to be the better option
because the only factor that can affect the test is the pore system.
With an indirect method, other variables enter into the test, thus
making the results more difficult to interpret. When an aggregate is
being tested for construction acceptance, the Iowa pore index seems to
provide the necessary information (amount of pores in the critical
range). Both absorption and aggregate freeze-~thaw should also be
included to provide additional information for acceptance and future

research.

Aggregate Purity Analysis:

Aggregate impurities weaken the integrity of the aggregate, and
make it more susceptible to freeze~thaw. By quantifying how "dirty"
the aggregate is, durability should be more easily determined. The test
that accomplishes this most efficiently is the insoluble residue test.
It is fast, easy and the results are easily interpreted. The Kansas

insoluble/absorption ratio (PVF) should also be considered.

Aggregate Chemical Reactivity:

Chemical reactivity in aggregate and at the aggregate-paste
interface, has the potential to decrease aggregate durability after it
is placed in the field. Research done by Iowa DOT (23) shows a strong

correlation between field performance and the presence or absence of the
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mineral ankerite, The exact failure mechanism has not been determined,
but there is strong evidence that D-cracking is a chemical as well as
physical problen. Based on Iowa’s experience, aggregates should be

evaluated for ankerite by X-ray techniques.

No Time or Financial Constraints:

When there are no time or money restraints, aggregate
durability testing can be done in a manner that should yield at
least 90% correlation to field performance.. A testing regimen
that does not have time or financial constraints allows for the’
best available equipment and facilities to be used in a tiered
testing program. Aggregate characteristics to be tested are the
same in this scenario as in the three-week scenario, but the
methodology for testing them differs. With a three week time limit
it was necessary to run most tests concurrently. When the time
constraint is lifted, a tiered approach to testing may be used.
A tiered testing procedure is advantageous because it allows
clearly nondurable aggregate to be rejected by screening tests
before reaching the final testing procedure. In addition to this,
field-proven aggregate sources can be tested on a quality control
basis so as to even further reduce the volume of aggregate samples
to be run through the final testing procedure.

Screening tests should be straightforward and indicate the
presence of a certain aggregate characteristic that is considered
to play a part in D~cracking. Screening test specifications should

be relatively lenient so borderline aggregate is not prevented from
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being run through the next/final testing procedure. Predicting
durability of borderline aggregate is the function of the final
testing procedure. If the screening test specifications are made
overly stringent, some aggregate that may be proved durable by the
final testing procedure may be eliminated needlessly.

When aﬁ aggregate source has proven to be durable in the
field, intensive laboratory testing may be unnecessary. In these
cases, testing on a quality control basis can be done to assure
consistency in the quality of aggregate source. Quality control
testing can be done using one or two rapid tests so the least
amount of time possible is spent testing material that has been
proven durable in the field. For instance, an insoluble residue
test and the Iowa pore index could be run to determine if the
source is producing the same material as when it was accepted.

If a source has not been used before, it must be run throughA
the complete testing regimen prior to acceptance. Screening tests
can be the same as with the three-week scenario, with a possible
loosening of the specifications to prevent marginal aggregate from
being eliminated.

Aggregate that remains after screening and quality control
testing is run through the final testing procedure. The test that
seens best suited for a final testing procedure is the beam freeze-
thaw test. This is recommended because beam freeze-thaw tests have
been shown to give the best correlation to field performance by a
number of agencies. It is also the only test that provides an

analysis of the aggregate-paste interaction. The specification
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regarding this test should be found by experimenting with different
pretreatment of aggregate, Dbeam curing conditions, and then
correlating the results to service records.

The recommended testing regime is shown in Table I. The
numbers in the column suggest the order that the tests should most
likely be run to be nmst‘useful in screening questionable/bad

aggregate.

42



APPENIDIX

43



10.

BIBLIOGRAPHY

H. S. Sweet, "Chert as a Deleterious Constiuvent in
Indiana Aggregates," Proc., Highway Research Board, Vol.
20, p. 599, 1940.

J. B. Blackburn, "Freeze and Thaw Durability of Air-
Entrained Concrete Using Indiana Aggregates," Proc.,
Twenty-eighth annual meeting of the Highway Research
Board, December 1948.

T. C. Powers, "The Air Requirement of Frost Resistant
Concrete,” Proc., H.R.B, Vol. 29. p. 184, 19489,

T. C. Powers and R. A. Helmuth, "Theory of Volume Changes
in Hardened Portlan Cement Paste During Freezing," Proc.,
H.R.B., Vol. 32, p. 285-297, 1953,

R. L. Blanine, C. M. Hunt, and L. A. Tomes. "Use of
Internal Surface Area Measurements on Freezing and
Thawing of Materials." Proc., HRB, Vol. 32 p. 298, 1953.

T. W. Thomas. "Specification Revisions for More Durable
Concrete With Particular Emphasis on Coarse Agdgregate
Quality." State of Minnesota Department of Highways,
Investigation 173, January 1958.

J. Lemish, F. E. Rush, and C. L. Hiltrop, "Relationship
of Physical Properties of Some Iowa Carbonate Aggregates
to  Durability of Concrete, Highway Research Board,
Bulletin 196, 1958.

R. H. Brink. "Rapid Freezing and Thawing Test for
Aggregate.”" HRB Bulletin 201, p. 15-23, 1958.

R. Burggraf, E. M. Ward and H. P. Orland, "Report on
Cooperative Freezing and Thawing Tests of Concrete,”
Highway Research Board Special Report, 47, 1959.

C. L. Hiltrop and J. Lemish, "Relationship of Pore-Size
Distribution and Other Rock Properties to Serviceability
of Some Carbonate Aggregates,® Highway Research Board,
Bulletin 239, 1960,

44






11.

12.

13.

14.

15.

16.

17.

18.

19,

20.

B. Tremper and D. L. Spellman, "Test for Freeze-Thaw
Durability of Concrete Aggregates," Highway Research
Board, Bulletin 305, 1961.

T. Larson, P, Cady, M. Fazen and J. Reed, %A Critical
Review of Literature Treating Methods of Identifying
Aggregates Subject to Destructive Volume Change When
Frozen in Concrete and a Proposed Program of Research,"
Highway Research Board, Special Report 80, 1964.

R. D. Walker. "Identification of Aggregates Causing Poor
Concrete Performance When Frozen." National Cooperatlve
Highway Research Program Report No. 12, 1965.

R. D. Walker, "Identification of Aggregates Causing Poor
Concrete Performance When Frozen," Highway Research
Board, National Cooperative Highway Research Program,
Report 12, 1965.

T. D. Larson, A. Boettcher, P. Cady, M. Franzen, and J.
Reed, "Identification of Concrete Aggregates Exhibiting
Frost Susceptibility," Highway Research Board, National
Cooperative Highway Research Program, Report 15, 1965,

R. D. Walker and T. Hsieh, "Relationship Between
Aggregate Pore Characteristics and Durability of Concrete
Exposed to Freezing and Thawing,"” Highway Research Record
226, p. 41, 1968.

R. D. Walker, H. J. Penee, W. H. Hazlett, and Wei Jen
Ong, "One Cycle Slow-Freeze Test for Evaluating Aggregate
Performance in Frozen Concrete," Highway Research Board,
National Cooperative Highway Research Program, Report 65,
1969,

R. D. Walker et. al. "One-Cycle Slow-Freeze Test for
Evaluating Aggregate Performance in Frozen Concrete."
NCHRP Report No. 65, 1969.

T. D. Larson and P. Cady, "Identificaiton of Frost-
Susceptible Particles on Concrete Aggregates," Highway
Research Board, National Cooperative Highway Research
Program, Report 66, 1969.

F. M. Williams, A. Trefny, J. T. Paxton and H. D. Davis.
"Development of Laboratory Methods for Determining D-
Cracking Susceptibility of Ohio Gravel and Limestone
Coarse Aggregates in Concrete Pavements." Report No.
OHIO-DOT-07~74, 1974.

45



21.

22.

23,

24.

25.

26.

27,

28,

29,

30,

31.

P. Klieger, G. Monfore, D. Stark, and W. Teske, "D-
Cracking of Concrete Pavements in Ohio," Portland Cement
Association, Report no. OHIO-~DOT-11-74, 1974.

M Kaneuji. "Correlation Between Pore Size Distribution
adn Freeze~Thaw Durability of Coarse Aggregate In
Concrete." Purdue University Report No. FHWA-IN-78-15,
1978.

J. T. Paxton and W. R. Feltz. "Development of Laboratory
and Field Methods for Detecting D-Cracking Susceptibility
of Ohlio Coarse Aggredates in Concrete Pavements." Repor
No. FHWA/OH/79/006, 1979.

S. R, Thompson, M. P. J. Olsen and B. J. Denpsey. "“"D-
Cracking in Portland Cement Concrete Pavements." Illinois
Cooperative Highway and Transportation Series No. 187,
1980.

H. E. Wallace and L. D. Hamilton. "An Investigation of
Kansas Limestones as They Pertain to the D~Cracking
Phenomena." Karisas DOT, 1982.

R. J. Girard, E. M. Myers, G. D. Manchester, and W. L.
Trimm. "D-Cracking: Pavement Design and Construction
Variables." In Transportation Research Record 853, TRB,
National Research Council, Washington D.C., 1982, p. 1~
9.

M. L. Traylor. "Efforts to Eliminate D-~Cracking in
Illinois."™ In Transportation Research Record 853, TRB,
National Research Council, Washington, D.C., 1982, p. 9-
14.

D. N. Winslow, M. K. Lindgren, and W. L. Dolch. "Relation
between Pavement D-Cracking and Coarse-Aggregate Pore
Structure." In Transportation Reséarch Record 853, TRB,
National Research Council, Washington, D.C., 1982, p. 17~
20.

V. J. Marks and W. Dubberke. "Durability of Concrete and
the Iowa Pore Index Test." In Transportation Research
Record 853, TRB, National Research Council, Washington,
D.C., 1982, p. 25-30.

A. Shakoor. "Evaluation of Methods for Predicting
Durability Characteristics of Argillaceous Carbonate
Rock." Purdue University Project Number C-36-42M; 1982.

W. Dubberke, V. J. Marks. "The Effects of Deicing Salt on

Aggregate Durability." For presentation at the 64th Annual
Meeting of the Transportation Research Board, Washington D.C.,

46



32.

33.

34.

35.

36.

37.

38.

January 1985.

W. K. Mysyk. "Petrological Studies on Carbonate Aggregate
Responsible for Pavement D-Cracking in Southern Manitoba,
Canada." Transportation Research Record 1110, TRB,
National Research Council, Washington, D.C. 1987.

W. Dubberke, V. J. Marks. "The Relationship of Ferroan
Dolomite Aggregate to Rapid Concrete Deterioration." Iowa
Highway Research Board Research Project HR-266. For
presentation at the 66th Annual Meeting of the
Transportation Research Board in Washington, D.C.,
January 1987.

R. H. Vogler and G. H. Grove. "Freeze-Thaw Testing of
Coarse Aggregate in Concrete: Procedures Used by Michigan
Department of Transportation and Other Agencies." Paper
for presentation at ASTM Committe C9 Meeting, June 1987.

F. A. Renninger and F. P. Nichols. " The Sodium Sulfate
Soundness Test - A Controversy Continues." Stone Review,
August 1987.

D. Q. Hunsucker. "A Survey of States’ Aggregate Soundness
Specifications and Test Methods." Kentucky Transportation
Research Program, Report UKTRP=-87-25, October 1987.

D. R. Schwartz. "D-Cracking of Concrete Pavements." NCHRP
Synthesis of Highway Practice 134, October 1987.

Wendell Dubberke and Vernon J. Marks. "Evaluation of Carbonate

Aggregate Using X-Ray Analysis." Transportation Research
Record 1250, Washington D.C., 1989.

PERSONAL CONTACTS

Construction Technology Laboratories
David Stark (312-965-7500)

Illinois - Bill Shepick (217) 782-7200

Indiana - Rich Smutzer (317) 232-5280

Iowa = Verncon Marks, Wendell Dubberke (515) 239-1447
Kansas - Dean Hamilton (913) 296-2231

Michigan - Ralph Vogler (517) 332-1211

Missouri - Gene Myers (314) 751-1040

47
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"D" CRACKING ON CONCRETE PAVEMENTS IN MINNESOTA

"D ecracking of the type indicated in the photographs submitted along
with the questionnaire have occurred on concrete pavements in Minnesota.

In reply to the Bureau of Public Road's questionnaire regarding "D' cracking
in concrete pavements the following is the opinion of the Concrete Engineer
of the State of Minnesota.

~

"pr cracking of this type, as occurring in this State, we believe is limited
to five major factors the least of which is the concrete aggregate. The
factors in relation to their importance are:

1. Heavy truck volumes along with excessive axle loads.

2. Inadequate subgrade support for the pavements for the
axle loads that were applied.

3. Deficiency in the pavement design in that too thin pavements
were constructed for the traffic loading the pavement was
subjected to.

4. Low cement contents in the concrete mixes being used.

5. Aggregates that have relatively high percentages of limestone
pebbles.

To i3llustrate the case in point let us consider U.S. T.H. 75 in the southwestern
part of the State. -

The section from the Towa State Line to Luverne was paved in 1932 and had a
pavement section of 9-7-9 and the concrete contained slightly over 6.4 sacks

of cement per cubic yard. This particular stretch of road has no "D'" cracking.
The next section of T.H. 75 which runs from ILuverne (T.H. 16) to Hardwick Cormer
was paved in 1936. This concrete had a cement content of 5.7 sacks per cubic
yard. On this particular stretch of road there are a few areas of "D" cracking.
A1l the "D¥ cracking occurred in cut sections. At the time the road was built
there was no provision for subcutting and compaction as is currently being used.
The pavement was placed on natural soils. This pavement also had a 9-7-9 thick-
ness. Both projects were built out of aggregates from the same deposit. The
percentage of limestone pebbles was from 50 to 55 percent.

The next section of T.H. 75 which runs from Hardwick Corners to 2% milessouth of
Pipestone was constructed in 1940. This project had a pavement section of 9-6-9.
The cement content of the concrete was 4.8 sacks per cubic yard. This particular
section of road had 8 inches of sand base from Hardwick Corners to 1 mile south
of the North County Line. At the present time this section of road has very pro-
nounced and deep "D'" cracking.

The portion from 1 mile south of the North County Line to 23 miles south of Pipe-
stone (which has the same pavement design thickness) was placed on the natural
soil with the exception that there was a trace of gravel surfacing left on the

subgrade. This particular section of road had very serious "D" cracking back
in the 1950's and has been repeatedly repaired by maintenance patching since. In

1966 the project was overlaid with a bituminous surfacing (leveling course, base,
and wearing course) and has a thickness of 53 to 6 inches of bituminous. The
bituminous repair extends for a distance of 12 miles.
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The truck traffic on all four sections of the above road had approximately
the same truck count.

Another illustration is T.H. 60 from Luverne to Wilder. The section from
Worthington to Brewster was 9-6-9 and had a cement content of 4.9 sacks
per cubic yard. The aggregate for this project was from the same source
as that used on T.H. 75 just north and south of Luverne. The project was
built in 1940.

The section from Brewster to Wilder was paved in 1941 and had the same pave-

ment design. The project had alternate 2 mile sections with Portland Cement

and with a blend of Portland and natural cement. All sections showed about

the same degree of "D" cracking. The project was repaired in 1961 by cutting

out the distressed areas and replacing them with new concrete. At the time

this work was done plate bearing tests were made on the subgrade soils. The

plate bearing values ranged from 50 to 80 p.s.i. (K value) where the pavement

was distressed. This was on natural soils. It was noted there were many short
sections where the concrete was very sound and it was discovered that these areas
were on subgrade treatments. The subgrade freatments consisted of removing the
soil and backfilling it with granular material. The depth of treatments were 3
feet. TIn one of these areas a segment of concrete was removed so that a plate
bearing test could be made. The plate bearing test in this case was approximately
350 p.s.i. (K value). This particular project was overlaid with 4 inches of bitu-
minous base and 1% inches of bituminous surfacing. The overlay work was done in

1963.

In the town of Worthington the same concrete mixes were used with a uniform pave-~
ment thickness of 6 inches on the village streets. Work was done the same year
by the same contractor that performed the work on T.H. 60 in 1940.

In 1947 concrete pavement was placed on T.H. 60 south of Worthington. The pave-
ment section was a 9-7-9 and the cement was 5.3 sacks per cubic yard. This pave-
ment shows some distress ("D" cracking) but they occur in isolated areas where
there is apparent lack of subgrade support. Pavement was again placed on the
natural soil subgrade. This contractor also placed pavement in Worthington using
the same mix design with a 6 inch pavement on the village streets.

In the town of Worthington there is no evidence of "D" cracking on any of the
pavements since the truck traffic on these pavements is nil.

The above illustrations we believe indicate that the #D" cracking is a function

of heavy loads and lack of subgrade support. To further the illustration we had
curb and gutters placed with these similar mixes. The same aggregates were used
and there is no distress in the curb and gutter work.
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In reference to the lime deposit (actually CaCo,) or calcium carbonate which

is used in the description we have seen this octur in many instances. Very
often this will occur in a crack that has developed from a structural fracture
and no further loads cause additional cracks to occur. However, the calcium
carbonate deposit continues to build up from leeching of lime from the concrete
through water perculation. We have also seen the calcium carbonate deposit
occur in concrete where the very best of aggregates have been used such as trap
rock (basalt) and granite and there has been no load stress applied. This "D
cracking has been caused by freezing and thawing and the action of salt in non
air entrained concrete. They have been noted predominantly in concrete wing walls
on monolothic culverts and precast concrete culverts.

To indicate the extent of "D" cracking that has occurred on projects built since
1940 there is about 50 miles of pavement that has been given bituminous overlays.
There is atleast another 60 miles that is in a serious state of "D" cracking and
will need to be resurfaced in the near future. There is probably another 60 miles
that are beginning to show signs of "D" cracking but it will be a considerable time
before it will be necessary to resurface these roads.
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Y STATE OF MINNESOTA
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DEPARTMENT Highway, Meterials Office, Rm 132 Of](lce Memorandum
: mtension 3111 _

TO : Paul R, Staffeld, Materials Engineer _ DATE: November 21, 1972

Qffice of Materials, Room 137
, In reply refer to:

350

FROM  © @, ¢, Carsberg, Concrete Engineer ' SN
Office of Materials - €/ﬁ ,4

SUBJECT:  proposed Specification for Coarse
Aggregate to Reduce Potential D!
Cracking

Attached hereto is a proposed specification to be used for coarse
aggregates that are to be used in concrete pavements,

The intent of this specification is to pronibit the use of gravel
aggregates that have more than 30 percent of the material from lime-
stone origin as a multiple size aggregate. It also restricts lime-
stone aggregates that have an absorption value of more than 1.75

percent.

In operation,the first section will be used only on interstate
highways and major highways such as T.H. 10 and T.H. 52. The second
section will be added or contained in the special provisions on
secondary highways. As a method of determining secondary nighway,
ve can apply it as any highway where the main line roadway is of the
non-reinforced design. ’

Also ‘attached is a summary of tests on various limestone quarries.
0f the quarries listed only the following would be permitted for use

as 3/L" plus aggregate:

Goldberg Quarry, Rochester, Minnesota
Kuennen Quarry, Northwood, Iowa

Hart Quarry, Hammond, Minnesota

Kraemer Quarry, Savage, Minnesota
Randell Quarry, Kensett, Iowa

Groath Quarry, Ridgeway, Minnesota

Conc, Materials Co. Quarry, Garner, Iowa

[{15712/L%i%?t

E. C. Carsberg
Concrete Engineer

ce: :
Fe Ja. Heinen

P. A, Jensen

Je A. Rudberg

E. K. Christopher
Ps J. Diethelm

E. C. Carsbergy” ..



Special Provision for

Coarse Aggregate for use in Concrete Pavements

(For Interstate and Major Highways)

The provisions of Minnesota Highway Department 2301.2 are modified as
follows: 4

The coarse fraction of the coarse aggregate (CAl or CA2) shall be Class
A whenever the contractor proposes to use a source that will not meet the
following:

1. GClass C gravel must have less than 30 percent of the particles

by weight frcm limestone origin. ‘

2. Class B limestone must have‘an absorption value of less than 1.75
percent when tested in accordance with the test procedure on file
at the Minnesota Highway Department Labofatéry.

The contractor.will be permitted to use materials that do not comply
with (1) and (2) above as the fine fraction of the coarse aggregate (CA5)
provided it meets all the other quality requirements of the specification,
and the fine fraction then shall not exceed 50 percent ¢f the total coarse

.
aggregate by weigni.

Modification for Selected Projects j*f“
(Lower Volume Roads)

In lieu of the above, Class C gravel with more than 30 percent limestone
particles by weight or Class B aggregate having an absorption greater than
1.75 percent will be permitted for use as a single size coarse aggregate
provided it meets the gradation requirements for CA60. The coarse aggregate
shall meet the other quality requirements of the specification. When CA60
coarse aggregate is used in accordance with the above, the minimum cement

content shall be not less than the values shown below:

Mix Number Sluhp Cement Content
3426 1 to 2 inches 600 1bs/c.y.
3436 2 to 3 inches 630 1bs/c.ye
3AL6 3 to 4 inches 660 1bs/c.y.

The cement content will be increased from these minimum values whenever

required in order to maintain a cement-voids ratio of 0.50.
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Minnesota Highway Department

Aggregate Tests on Various Sources

source Year Size  SP. GR. Absorp. Year Mgs
Bryan Rock Products GCompany e 1965 3/hh+ 2,56 2.80 1966  7-22.
Shakopee, Minnesota 1965 3/un~ 2,56 3.1 1966 16-26
Osmundson Quarry o 1962 3/L"+  2.55 2.58 1966-68 6-17
Grand Meadow, Minnesota 1962 3/Ln— 2,56 2,76
Quarve-Anderson~HighForest Quarry 1963 3/L"+ 2.62 2.15 1963 7-19
Stewartville, Minnesota 1963 3/hr- 2659 2.6l
Goldberg Quarry No. 55-37 1963 3/L"+ 2,69 1.19 1966-62 622
Rochester, Minnesota 1963  3/L"- 2.68 1.57 1966-68 14-24
Quarve~Anderson-New Quarry 55-31 /// 1971 3/h"+ 2,60 2,60 1971 L4-11
‘Stewartville, Minnesota 1971 3/h"~ 2,58 2,92 1971 10-16
Help-MoCarten Kuennen Quarry 1963 3/L"+ 2.73 1.30 1966  6-14
Northwood, Iowa 1963 3/L"— 2,71 1.57 1966 9-16
Quarve-Anderson "Hart" Quarry 79-36 1966 3/Lm+ 2,70 1.2 1966  6-16
Hammond, Minnesota 1966 3/hn~ 2,67 164 1966 9-21
Shiely Quarry 1963 3/kny 2,67 1.91
Grey Cloud Island, Minnesota 1963 3/hn- 2.6l 2.60 1963 10-20
Grey Cloud Island, lMinnesota 1967 3/L"+ 2,67 1.90 1967 14-19
Grey Cloud Island, Minnesota 1967 3/~ 2,61 2,77 1967 =22
Grey Cloud Island, Minnesota 1968 3/hny 2,67 2.65 1968  7-25
Grey Cloud Island, Mianesota 1968 3/Lm- 2.67 022 1368 827
Edw, Krgemer and Son Quarry 1959 3/L%+ 2.69 147 1966 11-22
Burnsville~Savage, Minnesota 1959 3/4L" 2,67 1.83  (39T) 17-29
Conc. Materials Randell Quarry 1969 3/h"+ 2,73 0.92 1969 L4-8
Kensett, Iowa 1969 3/4m- 2,72 1.23 1969 &-16
Groath Quarry 85-56 1972 3/h"+ 2,66 1,67 1971 Specs.
1972 10-15
Ridgeway, Minnesota 1972 3/h"- 2.66 1.98
River Warren Quarry 1971 3/L"+ 257 2.73 1972 8-13
Specse.
Chaska, Minnesota 9--17
Conc. Materials Co. Quarry 1968 3/L"- . 2,75  0.50 1968-70 9-12
Garner, Iowa 1972 B/L"— 275 0.70
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TABLE 1

Classifrcation of T@SMM% Methods and ,
Recommended Tests for Girven Scenarios

Testings Scenarios

A. Pore System One Test 3 Weeks Unlimited

Time Time

Indirect (Environmental Simulation)

Beam Test X X(4)
Sulfate Test-
Aggregate Freeze—Thaw X X(3)

Direct (Aggregate Properties)

lowa Pore Index X X(1)
Mercury Porosimetry

Absorption X X(1)
Petrography

Absorption—Adsorption

B. Aggregate Purity

Insoluble Residue X X(1)
X—ray Analysis
Petrography
C. Chemical Reactivity
X—ray Analysis X X(2)

“ Opinions are those of the Author. See text for discussion.

(1) Numbers suggest order in which tests should be run.



Table 11

Summary of Coarse Aggregale
Specifications/Research by Sfo@

. : Aggregate | ASTM Insoluble lowa Pore | Mercury Sulfate X—Ray
Absorption

Agencies P Freeze—~Thaw | C 666 B Residue Index Porosimetry| Tests Analysis Rottler
fllinois 1 X,2 1 3,4 2 %,5,6 X
Indiana X1 1,3 X, 1,7 ¥
lowa 8 X,9 3 e 8 7 10 y
Kansas X, 11 1 X X, 11 1,3 1,7 ¥
Michigan 1,3 X 4 ¥ 112 %
Minnesota X X 3 3 % %
Missouri X X 8,13 14 3 X
Nebraska 10 ¥
North

X X
Dakota 8
Ohio X X, 15 1,3 X
Oklahoema X X
Penn. X X
South /
Dakota X X
Wisconsin X X
Corps of
Engineers X X X

X) Currently used gs a specifaction

1) Have researched test but did not see a correlation to field performance.

2) Feel that this test is too severe to realistically predict aggreqate field performance.

3) Experimented with, but never adopted a specification.

4) Generally good correlation to field performance for crushed rock, mixed results for gravels.

5) Found o good correlation to field performance.

6) Use as a screening test before running beam freeze—thaw.

7) Test lacks repeatability /reproducibility.

8) Used as an identification measure rather than a specification.

9) Remove known deleterious materials (e.g. chert, siltstone, clayballs, ironstone, shale, etc.) before running test.
10) Not a formal specification, but will fail material on the basis of this test.

11) A combination of insoluble residue and absorption are used for an interim approval basis.

12) Have had ¢ specification regarding this method but have discontinued use or are in the process of doing so.
13) Using for research, may adopt a specification

14) Use only on certain cases.

15) Evaluate results by plotting expansion vs cycles, with the area under the curve comprising-the specification limit.




