Field and Laboratory Studies
of the Effect of Subbase Type
on the Development of D-Cracking
DAVID STARK, Portland Cement Association, Skokie, Illinois

Field and laboratory observations of numerous pavements have indicated
that the development of D-cracking depends on the nature of the coarse
aggregate used in the concrete and the facility with which moisture can
be transported away from the subbase and pavement slab. It has been
found necessary to install longitudinal tile subdrains in the shoulder
areas to prevent the development of D-cracking associated with numer-
ous coarse aggregates. Varying the type of subbase material also has
been found to affect the rate of development of deterioration. Based on
these observations, a series of simulated pavement slabs was cast in
the PCA outdoor test plot to study the effect of granular, clay, cement-
treated, and granular + vapor barrier subbases on moisture movements
and the development of distress in the concrete slabs. Three coarse
aggregates known to cause D-cracking were used. Moisture changes
were based on weight measurements of 1-in. thick by 5%-in. diameter
concrete discs tightly secured and inserted into precast cylindrical holes
of similar size in each slab. Results after two freeze-thaw seasons
showed that the level of saturation in all slabs had increased and, based
on the examination of crack patterns in cores taken from the slab, cer-
tain particles of coarse aggregate had become critically saturated prior
to freezing. It was also found necessary to take into consideration
certain factors unique to the test procedure in the interpretation of the
test results.

eDURING the past several years, field studies of a large number of pavements have
revealed the widespread occurrence of a type of deterioration known as D-cracking, in
which distress develops along joints, structural cracks, and the outside edges of pave-
ment slabs (Fig. 1). Further observations revealed that deterioration was initiated in
the lower levels of the pavement slab (Fig. 2). These observations and associated lab-
oratory studies indicated that distress was due to the freeze-thaw failure of coarse ag-
gregate particles (Fig. 3), and that pavement design, or the environment into which the
concrete was placed, was a decisive factor in the durability of the pavement (1). Rec-
ognition of this fact led to studies at the PCA laboratories in which various combinations
of subbases and concrete slabs were placed in an outdoor test plot to simulate pavement
exposures in a freeze-thaw climate. It was anticipated that the findings in this study
would indicate the need for durability as well as other considerations in pavement de-
sign. Additional information from the field observations, together with interim results
from the laboratory tests, are discussed.
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Figure 1.

D-cracking along transverse joint of
pavement.

FIELD OBSERVATIONS

The field observations were based on
performance of more than 50 pavements
located in Illinois, Iowa, Kansas, Minne~
sota, Missouri, Ohio, and Manitoba.
Aside from inherent differences in dura-
bility of the coarse aggregates used, the
findings underscored the importance of
moisture availability and subbase drainage
in the development of D-cracking. To cite
an extreme comparison, bridge deck con-
crete that contained coarse aggregate from
the same source as that used in the abut-
ting pavement and in other pavements
where D-cracking was extensively devel-
oped did not display similar evidence of
aggregate failures. This may be explained
by the fact that the underside of a bridge
slab isnot regularly exposed to free water
or relative humidities of 100 percent, and
thus the concrete is permitted to dry peri-
odically and the aggregate to remain at a
safe level of saturation.

Differences in subbase materials were
found to affect the rate of development of
D-cracking. In one section of Interstate
pavement, D-cracking developed within 3
years where the concrete was placed on a
granular subbase covered with a 1-mil
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Figure 2. Transverse cross section of pavement in
which severe D-cracking has developed. White line

shows original bottom of pavement slab, lower half
completely deteriorated.

Figure 3.
D-cracked pavement slab. Severe cracking in coarse
aggregate particles extends into surrounding mortar.

Vertical section of core taken through
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thick polyethylene vapor barrier. In a nearby secondary pavement, in which the con-
crete was made with coarse aggregate from the same source but placed directly on a
clay subgrade, only minor D-cracking appeared at a few transverse-longitudinal joint
intersections after 7 years of service.

The importance of early moisture accumulation in base material was evident on a
section of pavement built in 1950, After approximately 15 years of service, D-cracking
had developed only in the southbound lane, which was placed directly on a rutted and
water-filled clay subgrade immediately after a prolonged steady rainfall, In contrast,
the northbound lane was placed at about the same time but on a relatively dry subgrade
and showed no evidence of D-cracking,

The use of drainage facilities has been found, in some cases, to delay and possibly
eliminate the development of D-cracking of the type that has been widely observed in
pavements placed on granular subbases—both trenched in and carried through the shoul-
ders. Schematic diagrams of the various pavement designs are shown in Figure 4. Fig-
ures 4a and 4b show widely used designs where there are no facilities provided to drain
the subbase. D-cracking has developed with these designs at an early age in pavements
containing susceptible aggregates. In these cases, moisture accumulated in the subbase
more rapidly than it was able to drain away through the denser subgrade material;
therefore, an environment was created where the lower levels of the pavement slab be-
came critically saturated.

Three pavement designs with drainage facilities are shown in Figures 4c through 4e.
In Figure 4c, longitudinal tile subdrains are contained in trenches backfilled with open-
graded material to the bottom of the subbase. After less than 2 years, lateral drains
extending from the longitudinal drains were found to be inoperative. Within 5 years,
severe D-cracking had appeared at the pavement wearing surface.

Figure 4d shows a design where the trench was backfilled through the subbase. In
this case, lateral drains were operating after 6 years and there was no evidence of D-
cracking at the wearing surface where coarse aggregatewas used from the same source

as that in Figures 4b and 4c.

Figure 4e shows a later design where a
positive drainage connector was installed
between the trench and the pavement slab.

Lo/ Concrefe}mvemem. P After 3 years, lateral d'ra.lns were functlo_n-
W e il ing and there was no evidence of D-cracking
N Granular Subbase at the wearing surface. However, it is too
(@ early to determine if this design is a dura-

bility improvement on the design in Fig-
. o ! R g ure 4d.
(b) CONTROLLED FIELD STUDIES

In view of these observations, a series
of 4- by 5-ft by 6-in. thick concrete slabs
containing coarse aggregates known to cause
;j D-cracking were cast on subbases of var-
Tile Subdrot ious types in the outdoor test plot at the
PCA laboratories. The primary purpose of
T these tests was todetermine the effect of
I subbase type on moisture accumulation in
B G"’W the concrete slab. In view of the small
Material —=—" scale onwhich thesetests were to be made,
(d) it was considered impossible to install
drainage facilities with the expectation of
having them function ina manner similar to
those used in highway construction.

Longitudinal

Subbase Type and Construction

Figure 4. Pavement designs investigated in field Four types of subbases were used in
studies. this study: granular, granular + 4-mil
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polyethylene sheeting between thebase and TABLE 1
the slab, cement-treated, and clay., De- GRADATION OF GRANULAR SUBBASE MATERIAL
tails for these materials are given in A B ulative Dorotat
Table 1. For the granular materials used Subbase e Passing
for the cement-treated base, the cement | = 1% in, P
content was 6.0 percent by weight and the % in. 93.4
water content was 7.8 percent by weight. Egg sé‘;
The materials used for the clay subbase No. 30 58.4
had the following characteristics: liquid No. 200 4.0
limit, 29; plastic limit, 15; and plasticity = Cement-treated Lin. 100
index, 14. Subbases for each slab were 12:;1 a
carried 2 to 2% ft beyond the test slab. No. 4 58.5
The granular base material was used as g =
it already existed in the test plot and was No. 30 30.7
maintained at a nominal 6-in. thickness g‘)- Al 7.5

. s 1s v 0. 100 245
resting on existing clay loam soil. The No. 200 1.9

clay subbase was placed directly on simi-
lar clay material underlying the clay loam,
and was compacted in 8-in. layers and
brought to the same grade as the granular material, The cement-treated base was com-
pacted in 2 layers to a 6-in. thickness and covered with polyethylene until the test slabs
were cast,

Concrete Slab Construction

Three coarse aggregates known to cause D-cracking were used in this study. These
materials were obtained from limestone sources in Bethany Falls, Coralville, and
Ervine Creck. Each of the aggregates was obtained from the stockpiles used for paving.
Gradations and absorptions for these materials are given in Table 2. All slabs were
cast in the fall of 1967. Before their use, the coarse aggregates were stockpiled and
repeatedly hosed down and covered with burlap for 10 days. The sand used was obtained
from Elgin, Illinois, whereas the cement was a laboratory blend of three commercial
ASTM Type I cements produced in the Chicago area.

The mix design called for 6.8 bags of cement/cu yd and a water-cement ratio of 5
gal/bag. The air content was held at 6.0 + 0.2 percent and the slump at 2 to 3 in. Fol-
lowing the initial floating, full-length, Y-shaped steel forms were vibrated into the
slabs to a depth of 2 in. in order to procude 'longitudinal" and "transverse' joints
(Fig. 5). After the final finish, the slabs were covered with polyethylene. The following
day the forms were stripped and vertical cracks were produced as extensions of the
formed joints. For this work, numerous small, low-angle wedges were placed in the

Y-shaped forms and driven downward until
cracks could be observed on the vertical
TABLE 2 surfaces of the slabs. The forms were
SUMMARY OF DATA FOR COARSE AGGREGATE

Gradation of Pereeit

Coarse Coarse Aggregate Absorption
Aggregate - During
Source v Cumulative
Sieve . 24 Hours
Percent Passing
Bethany Falls 1Y% in, 100 1.74
% in. 95
3% in. 37
No. 4 0
Coralville 1% in. 100 3.58
%, in. ki
3 in. 22
No. 4 0
Ervifie Creak 1% in. 100 2.84 Figure 5. Form for casting test slabs and Y-shaped
2/4 in. 60 forms for making joints and cylinder mold used for
concrete to be placed into cylindrical hole cast into
L in. - te to be placed into cylindrical hole cast int

slab.
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removed, the joints were left unsealed, and granular material was compacted around
the slabs, which were covered for curing with polyethylene for an additional 13 days.

Moisture Measurements

In order to monitor moisture movements in the test slabs, a method initially re-
ported by the California Division of Highways was used (2). Cylindrical steel molds,
machined to an outside diameter of 5.550 in., were positioned at centers 12 and 15 in.
from the outside edges of the slabs (Fig. 5). These were removed from the slabs after
approximately 6 hours. The concrete cylinders to be inserted into the holes thus
formed werecast in steel molds machined to aninside diameter of 5.500 in. and equipped
with centrally located 0.500-in. diameter steel rods, which were required to form a hole
through which another rod could later be inserted to clamp the discs together. Concrete
was taken from each batch for the appropriate slab and externally vibrated into the
mold. After 1 day, the concrete cylinder was removed from the mold, placed in a
plastic bag, and cured under polyethylene with the slab for 13 days. Companion refer-
ence cylinders were made each day of casting and cured in a similar manner.

Following the curing period, the cylinders were sectioned horizontally into six 1-in.
thick discs whose sawed surfaces were finally lapped in water to permit intimate con-
tact during the test exposure. A 0.500-in. diameter aluminum rod was then inserted
into the centrally located hole and a 1-in. diameter rubber gasket and aluminum washer
were fitted between the concrete and a steel nut to provide a tightly secured stack of
discs. After insertion into the slab, the annular space in the hole was sealed with
caulking material at the exposed surface. Weight measurements of each disc were
made in the late fall and early spring to determine moisture changes just before and
after the freezing season. After the 14-day cure, the companion cylinders were sliced
and weighed. After moist-curing for an additional 2 to 3 months at 73 F, the slices
were again weighed, and then oven-dried at 230 F to constant weight to determine the
amount of evaporable water the concrete would hold under conditions of 100 percent
relative humidity. Little or no weight change was recorded between the measurements
at 14 days and at 3 months. Comparisons were then made between these measurements
and those obtained from the test specimens.

Figure 6 summarizes the results of measurements according to subbase type after
exposure to 2 freeze-thaw seasons. Each curve represents the average for the full
depth of slabs made with 3 different coarse aggregates. It should be pointed out that
the curves werederived from data obtained only during the months specifically indicated
on the abscissa, and do not include the extreme effects of summer drying. An initial
moisture increase of 3.7 to 6.3 percent was recorded after a 1-month, late fall expo-
sure. The greatest average increase occurred in concrete placed on the clay subgrade.
By April following the first freeze-thaw season, moisture contents had dropped 2 to 5
percentage points for concrete placed on the clay, cement-treated, and granular + vapor
barrier bases but still remained above that immediately following an initial curing
period. Moisture contents of concrete placed on the granular subbase dropped more
than 4 percentage points to a level somewhat below that immediately following the initial
curing period. Average moisture contents were nearly the same for the spring and fall
measurements but then increased greatly during the fall season. The greatest increase
was recorded for concrete placed on the cement-treated base. By December preceding
the second freeze-thaw season, moisture contents were higher than the previous Decem-
ber only for concrete placed on the cement-treated and granular + vapor barrier sub-
bases. During the second freeze-thaw season, moisture contents increased for concrete
placed on the granular and clay subbases and remained constant or decreased for the
other concretes. Following the most recent summer season, moisture contents were
at higher levels than at any previous time.

Data for the bottom half of the concrete slabs are shown in Figure 7. It is seen that
similar but less pronounced trends occur here compared with those for the full depth
of the slab, except during the first month's exposure following the initial curing period.
During this period, moisture increases were greater, as might be expected, because
there was no direct exposure to atmospheric drying. Also, there was a slight change
in the relative positions of the curves after 22 months' exposure. Comparison of the
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Figure 6. Moisture measurements for full depth of slabs on 4 subbases.

curves in Figures 6 and 7 shows that the bottom half of the slabs placed on the cement-
treated and granular + vapor barrier subbases had smaller increases in evaporable
water content compared with the full depth of these slabs.

Comparison of data for the full depth and bottom halves of the slabs placed on gran-
ular and clay subbases is shown in Figure 8. These curves indicate that greater mois-
ture increases in the bottom half of the slabs during the first month's exposure following
the 14-day curing period were more than maintained at later test ages. For example,
differences between the full depth and bottom half of the slabs for the granular and clay
subbases were 2.3 and 0.9 percentage points respectively after 1-month exposure, and
3.7 and 2.3 percentage points after an exposure of nearly 2 years. Similar results
were obtained for concrete placed on the other two subbases.

As stated earlier, 3 different coarse aggregates known to cause D-cracking were
used in this test series. Comparison of changes in moisture contents for the con-
cretes containing these aggregates is shown in Figure 9. The curves suggest that the
porosity of the coarse aggregate was a factor in the changes in moisture content, be-
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Figure 7. Moisture measurements for bottom half of slabs on 4 subbases.
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Figure 8. Moisture measurements for top and bottom halves of slabs

placed on granular and clay subbases.
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Figure 9. Moisture measurements for full depth of slabs made with 3
coarse aggregates.

cause the percent increase in evaporable water was lowest for concrete containing
Bethany Falls limestone, which had the lowest vacuum absorption of 1.74 percent.

Petrographic Examination of Concrete

At the exposure age of 16 months, immediately following the second freeze-thaw
season, 2 cores were taken from each of the concrete slabs, sectioned, and lapped
longitudinally to study the extent of cracking in the coarse aggregate. Results showed
that between 5 and 12 percent of the particles above those containing cracks in the un-
used aggregate were fractured in the concrete. The least amount of cracking was
found in slabs placed on the clay and cement-treated bases and greatest amount in slabs
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placed on the granular and granular + vapor barrier bases. In no instance was D-
cracking apparent at the wearing surface. Apparently, moisture increases during the
fall and winter seasons had been sufficient to critically saturate some of the coarse ag-
gregate particles before freezing. However, the extent of cracking did not correlate
with the percentage of moisture absorbed.

DISCUSSION OF FINDINGS

Several apparent precautions or limitations that must be considered in the procedure
for measuring the moisture changes by this technique require that the results be inter-
preted with caution. First, the absolute values are probably not totally representative
because the relative roughness of the interfaces would, on a submicroscopic scale,
create relatively large voids between the much smaller capillaries in the cement paste
and aggregate on both sides of the interface. The capillary flow between discs would
thereby be disrupted. Later laboratory tests, in fact, substantiated this effect. Also,
for concrete discs placed on the cement-treated and granular + vapor barrier subbases,
there is no bonded contact between the concrete and underlying material. Therefore,
free water may collect at this interface that would not otherwise be present, or it may
evaporate more rapidly if leaks had developed in the seal in the annular space at the
wearing surface. In addition, because a continuous shoulder composed of open-graded
granular material was used between slabs (4 percent passing the No. 200 sieve), some
evaporation may occur that would tend to minimize larger moisture differentials among
slabs placed on the four types of subbases.

CONCLUSION

Although many precautions were taken in carrying out these tests, it is believed that
the only conclusion that can bedrawn from the moisturcmovement datais that a gradual
increase in moisture content has occurred in these concrete slabs, regardless of the
type of subbase. That these moisture increases were at one time sufficient to critically
saturate certain coarse aggregate particles is indicated by the increase in the percent-
age fractured in the unused aggregate. Cracking of the type observed is similar to that
which develops during the early stages of D-cracking in pavements.

Although field observations of pavements indicate that D-cracking can be delayed and
possibly eliminated by the use of functional artificial drainage facilities, simulation and
study of this factor have not yet been carried out under controlled laboratory conditions.
However, studies of the D-cracking problem are continuing, and it is anticipated that
work along these lines, together with tests to determine whether or not special drainage
provisions would be beneficial with particular sources of coarse aggregate, will be
conducted in the near future.
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Discussion

PHILIP D. CADY and ROGER E. CARRIER, Pennsylvania State University—In dis-
cussing the test method that he employed, the author voiced his concern regarding the
discontinuity between the disc stack and the slab. If the annular area at the top of the
slab is adequately sealed, the space between the discs and the slab should equilibrate
at a relative humidity that will provide equal capillary filling in the discs and slab by
the mechanism of capillary condensation. What appears to be of more concern to us
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is the fact that the moisture exchange surfaces (the hole in the slab and the peripheral
surfaces of the discs) are cast surfaces. We believe that a cast or finished concrete
surface will have a vastly different pore system than the interior of the concrete. For
one thing, the effect of the aggregate in moisture transport will be considerably altered
because no aggregate is exposed at formed surfaces. Because of this, in experiments
similar to those described by Stark, we used disc stacks sliced from concrete cores,
where the disc stacks were tested in the core holes from which they were originally
taken. During February 1968 through July 1969, our experiments were carried out in
a pavement slab at a rest area on I-80 in central Pennsylvania. A rain gage was in-
stalled at the site and the disc installations and rain gage were monitored monthly.
Four-in. diameter cores were taken from the 10-in. thick pavement slab and were sub-
sequently cut into 6 discs approximately 1% in. thick. A %4-in. diameter hole was drilled
through the center of each disc. A large hole, 1 in. in diameter, was drilled through
the top disc and a brass insert (topnut) was cemented in the hole using a weather-
resistant epoxy glue. The top surface of this topnut was flush with the road surface.
The six discs were bolted together with a *4-in. diameter brass bolt. O-shaped rubber
gaskets were placed between the discs to cut off the annular space created by the core
bit. The annular space at the top was sealed with an O-ring and caulking compound
(Fig. 10).

Before insertion into the pavement, the discs were vacuum saturated (1% hours of
vacuum to 2 mm of Hg absolute with 24 hours of water submersion). Each disc was
weighed (after damp drying the surface), and then oven-dried at 220 F to constant weight
to establish the evaporable water content when saturated. They were then bolted to-
gether and inserted into the pavement. The two cores were placed 5 ft apart in 1 slab.
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Figure 10. Test core placement in pavement slab.
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The test slab was a part of a rest area on the eastbound lane of I-80, approximately
10 miles north of Clearfield, Pennsylvania. It is located on the southeastern slope of
a hill, at an elevation of approximately 2,100 ft. The site lies over a thick-bedded,
medium- to coarse-grained sandstone. The sandstoneis well fractured and well drained.
The 10-in. concrete slab is underlain by an 8-in. subbase (< 3-in. maximum crushed
sandstone with a fairly uniform gradation) and 12 in. of granular material (essentially
the same material). Because the test site lies on a sidehill location, little or no resid-
ual soil material lies between the granular material and the sandstone bedrock. In
short, the pavement slab is well drained.

At the end of each month, the stacks of discs were removed. The surfaces were
dried with a towel to a damp condition (SSD), and each disc was immediately weighed
at the test site. After weighing, the stacks were reassembled, and inserted into the
pavement. The O-ring was replaced and the annular space at the top was filled with
caulking compound. To keep the top of the stack flush with the pavement, it was nec-
essary to place a small layer of sand at the base of each core hole.

The nearby precipitation measuring stations could not offer valid data for rainfall
at the test site because of the mountain topography that is atypical to this site. Thus,
a rain gage with a 10-in. capacity was installed at the test site. It was placed in a
cleared area to ensure proper exposure (lateral distance to nearest tall object was
greater than twice that object's height, as recommended by rain gage manufacturer).
Precipitation measurements were made on the last day of each month. Little evapora-
tion occurred from the rain gage in the month period because of the small opening in
the funnel in the top of the rain gage. In the winter months, the gage could not be read
because the water had frozen and no thawing facilities were available at the test site.

The measured fluctuations in moisture content as well as the moisture distribution
are shown in Figures 11 and 12. Results for December were not obtained because sev-
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Figure 13. Monthly accumulation of rainfall.
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eral of the discs became frozen fast in the slab. The rain gage data for the test period
is shown in Figure 13.

As can be seen readily in Figures 11 and 12, the natural conditions allowed more
water uptake than did the vacuum saturation; i.e., more than 100 percent of the evap-
orable water as here defined entered the discs when they were placed in the natural en-
vironment. Oven-dried specimens were placed in February 1968, and, for both cores,
levels over 100 percent were reached by the end of April 1968. Those figures also show
that, as might be expected, the lower discs always contained more moisture than the
uppermost disc.

Traffic caused the top disc in specimen B to crack in November 1968 and it had to
be replaced. It was discovered at the end of the test period that the epoxy bond in spec-
imen A had failed sometime during the test, and it is felt that this caused the upper
discs to become wetter than the lowest disc.

Note that in both cases, the upper 1%-in. thick disc seldom reached the critical 91.7
percent saturation level, the level above which freeze-thaw damage is probable. Note
also that in both cases the lower discs seldom went below the 91.7 percent saturation
level in the test period. There was evidence of slight flaking on the underside of some
of the discs. Small flakes of mortar fell from these faces—especially from entrapped
air pockets located on the undersides of these discs—to the top side of the next lower
disc, These tlakes appeared on the towel when the discs were toweled to the damp-dry
condition. This occurred only in the winter months, but it never occurred on the top
disc.

Note also from Figures 11 and 12 that the upper disc dries in the summer, as ex-
pected, but that the moisture content in the discs below that remains fairly constant.
These discs are apparently not affected by seasonal changes in moisture.

We are currently carrying out similar experiments using disc stacks in concrete
bridge decks. However, there is not enough data at this time to report on those
installations.

DAVID C. STARK, Closure—In their discussion, Dr. Cady and Mr. Carrier point out
another shortcoming in the reported procedure of using stacked discs to measure mois-
ture contents; namely, the introduction of formed (cast) surfaces in the test material.
They have apparently circumvented this problem by using concrete cores from which

to construct the stacked discs.

The data in their discussion are interesting in that saturation levels greater than 100
percent (based on vacuum saturation) were reached within 1 year in the lower levels of
the pavement slab. This finding supports our observations of D~cracking in pavements
where deterioration in the form of fractures extending from coarse aggregate particles
into the surrounding mortar have been noted in the lower levels of the slab after 1 year
of exposure.

Although we are continuing to collect data of this sort in our outdoor test plot, we
are presently exploring alternate methods of measuring moisture contents without hav-
ing to cope with the type of precautions and uncertainties associated with this test
procedure.




