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SYNOPSIS

This paper reports, 1n part, the results of a study of the performance of 3300
miles of rigad pavements constructed in Indiana from 1921 to 1943. The study
was made by the staff of the Joint Highway Research Project, Purdue Umiversity,
for and in co-operation with the State Highway Commission of Indiana.

The data were obtained primarily from field performance surveys made over a
period of some two years, together with records of construction and materials ob-
tained from the construction and testing departments of the Commission and
from blowup reports obtained from the maintenance department. Those data
pertaining to the influence of materials on the performance of pavements—partic-
ularly data indicating a correlation between coarse aggregate and blowups—are
included in this report. Additional data covering other features have been re-
ported previously or are still being analyzed. Furthermore, since expansion
joints were not generally employed in the design of pavements in Indiana until
1935 and after, and since the susceptibihity of a pavement to blowing up is not
generally indicated until the pavement is from 7 to 10 yr old, the data herein re-
ported are confined largely to the 2623 miles of paveménts constructed between .
the years of 1921-1935 whach are still in service

In analyzing the data it was found that there were 2404 blowups 1n the 2623
miles without expansion joints and that 851 miles contained no blowups, while 1715
miles (65 per cent) constructed from 82 coarse aggregate sources contained only 203
blowups. In contrast, 1188 blowups were found in 284 miles of pavements con-
structed with coarse aggregates from only five different sources Furthermore,
97 1 miles of pavement constructed with material from one of these sources con-
tained 707 blowups (29.6 per cent of the total blowups in the State). These data
were considered important, since 1t was observed generally that map cracking,
serious disintegration, and a relatively short pavement lhfe accompamed the
blowup failures.

It was concluded, on the basis of a statistical analysis of these blowup data,
that: .

(1) An outstanding correlation existed between certain coarse aggregates used

1 the concrete mix and the blowup performance of the pavements.

(2) No correlation existed between the cement, fine aggregate, traffic, or sub-
grade soils used and blowup performance.

(3) Extensive laboratory research is indicated as necessary to determine the
basic reason for the variation i1n performance between aggregate sources
and to develop new and better methods of tests by which those aggregates
which produce concrete of an unsatisfactory quahity can be identified before
they are incorporated in the concrete pavement.

For the past 20 years or more, many State the susceptibility of certain rigid pavements
highway departments, including the State to “blowing up.” Associated with this phe-
Highway Commission of Indiana, have en- nomenon is map ecracking and subsequent
countered an increasingly serious problem in  disintegration of large sections of the pave-
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ment. Experience has shown, even at an
early date, that blowups result from pavement
expansion and that this expansion is most
pronounced during periods of exceptionally
high temperatures which follow a period of
precipitation, even of low intensity.

Figure 1. Excessive Map Cracking and Dis-
integration of One of the Pavements Con-
structed with Coarse Aggregate 82-1G, One of
the Five Very Poor Aggregates in the State.

Figure 2. A Typical Example of One of the
many Indiana Pavements Showing Excellent
Performance. This road was constructed with-
out joints in 1933, with a good performing ag-
gregate.

Since the susceptibility of a pavement to
excessive expansion under certain conditions
of temperature and moisture is not generally
indicated until the pavement is 7, 8, or even
10 years old, it can be readily understood why
the problem was considered lightly until
possibly in the late twenties or even the early
thirties. Research in particular has suffered
because of this fact, and also because of the
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further complication of differential perfor-
mance—some pavements may have had
numerous blowups after a period of several
years (Fig. 1), while others of comparable
age show no signs of serious distress (Figs.
2, 3, 4, and 5).

Figure 3. Excellent Performance on S.R. 1,
Constructed Without Joints in 1931 with Aggre-
gate 21-1G.

Figure 4. A View of S.R. 3, Constructed with
Good Aggregates in 1935. The pavement has
no joints and the average transverse crack in-
terval is over 100 ft.

Likewise, the evaluation of materials in
the concrete mix has been exceedingly difficult
despite the fact that it has long been known
that the so-called standard methods used for
acceptance testing are frequently inadequate.
In fact, these extreme variations in pave-
ment performance have been responsible, at
least in part, for the large-scale endeavors to
evaluate materials with greater refinement
by the use of tests such as the autoclave, freez-
ing and thawing, sodium and magnesium
sulphate, and others.
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Design of the pavement slab must be con-
sidered also in connection with this problem.
Here again, several hundred miles of pave-
ment may be built before the problem is
recognized and a “cure’” can be incorporated
in the new designs. In addition, the new
design may introduce new problems—some-
times of greater magnitude than the original
one. The expansion of concrete pavements
and the subsequent susceptibility of certain
ones to blowing up is one of the major reasons
for the almost standard use of expansion joints
since about 1935. However, it remains to

Figure 5. S.R. 62, One Mile East of Dale,
Illustrating a Pavement with Exceptionally
Long Crack Interval (42 ft and no blowups).
The pavement was constructed in 1930.

be proven that blowups are eliminated by the

types of joints used extensively to date, and

it has been well established that the expansion
joints most frequently employed contribute
to pavement pumping under certain conditions
of traffic, subgrade soil, and climate.

In Indiana, as in Illinois, Ohio, Missouri,
and other states, pavement blowups have
made trouble for many years. The main-
tenance superintendent stated in the 1925
Annual Report, State Highway Commission
of Indiana that “Quite a few ‘blow-ups’ have
taken place in concrete roads due to expansion
caused by extreme heat and moisture on hot
days. Although these blow-ups disturb the
pavement temporarily, they are not usually
difficult to repair, the cracks and breaks are
usually filled with a bituminous mixture, or,
if only small, with the pure asphalt or tar and
coated with the ordinary covering materials.
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It is noted that these blow-ups occur much
more frequently on some roads than others.”
Ten years later (1935) expansion joints were
incorporated in the State Highway Depart-
ment designs for rigid pavements. Although
various types and spacings have been em-
ployed, practically all rigid pavements con-
structed on the State system have had these
joints until in 1944.

Research was initiated on this problem in
1942 in connection with an analysis of blowup
records obtained by various districts. These
records have proven valuable in establishing
the variation in susceptibility of various pave-
ments to this action and in determining the
the climatic conditions—temperature and
moisture—which are necessary to cause
blowups. At about the same time large-
scale performance surveys were initiated to
study such problems as blowups, pavement
pumping, scaling and frost damage, and to
evaluate soils, materials, traffic, and other
factors as they influence pavement design.

Although additional data and analyses
are required before all the important paving
factors can be evaluated, these surveys have
already been particularly useful in analyzing
specific problems, including scaling, pavement
pumping (27),' and soils (26). This paper
reports the data collected on blowups and
shows the correlation established between
this type of failure and the coarse aggregate
used in the concrete mix.

PREVIOUS INVESTIGATIONS

One of the earliest references to the occur-
rence of blowups was in the Engineering News-
Record (1) in 1925, which states: ‘“The causes
of blowups are something of a speculation.
There is expansion longitudinally of the pav-
ing slab. This causes it to hump up or arch
at some weak point, generally a transverse
joint. The rise is from a fraction of an inch
to 18 in., and there is an amount of cracking
and shattering depending upon the extent
and character of the expansion movement and
on other conditions, as slab strength. Blow-
ups are most common on long flat tangents
and on a sand subgrade. On clayey subgrade
the greater bottom friction appears to hold

1 Numbers in parentheses refer to list of
references at the end of the paper.
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the slab. Where there are frequent vertical
or alignment curves, they appear, like bends
in a steam pipe, to take up the expansion with-
out disruptive movement. The most fre-
quent occurrence of blowups 18 when a hot
day 1s followed by a rainy mght succeeded
by another hot day, causing both temperature
and moisture expansion

As early as 1925 varymng performance of
different roads with respect to blowups was
observed Although blowups in themselves
do not appear‘to be a serious problem since
they are “not usually difficult to repair,”
they assume importance because of two fac-
tors (1) they have led fo the widespread in-
corporation of expansion joints ;n pavements;
and (2) their occurrence is associated with
other mamfestations of pavement deterioration
such as map cracking.

Regarding the first factor, Hewes (9)
states ‘“the expansion corresponding to in-
creased temperature requires sufficient rehef,
which is provided by elastic fillers in the trans-
verse joints Without such rehef, buckling
or blowups may occur in extreme cases, such
as sudden hot weather following prolonged
moisture, particularly on low-friction sub-
grades ” On the other hand, Reagel and
Gotham (18) concluded that: “Under average
conditions in Missour1 expansion joints are
not necessary but, in fact, are detrimental
in pavement built with the commonly used
crushed-limestone aggregate, provided con-
traction Joints are installed at suitable inter-
vals to provide efficient crack control Under
average conditions the use of expansion joints
causes increased transverse cracking in pave-
ments bwlt with either chert aggregate or
crushed hmestone However, n pavement
built with chert aggregate some provision for
expansion 15 probably necessary to provide the
degree of control of blowups generally con-
sidered desirable.”

The comments of Mr E F. Kelley (13)
are of interest in this respect: “.. a rise m
temperature as great as 100 deg. F. would
create a compressive stress of only 2500
psi (assummng a modulus of elasticity of
5,000,000 psi and a thermal coefficient of
0000005 per deg F.). A diwrect compressive
stress of this magmtude should cause no dis-
tress in concrete of the quahty commonly used
in pavements. . . . Also, such a large change in
temperature generally can be expected to take
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place only over a relatively long period of time
and therefore, 1t may be expected that the
mdicated stress will be reduced somewhat
by the plastic flow of the concrete However,
the slab undoubtedly acts to some extent as a
long column and its ultimate strength as a
column 15 considerably less than 1ts compres-
sive strength as measured by tests on short
specimens It 18 believed that compressive
failures are due primarily to column action
rather than to direct compression and observa-
tions of pavement failures support thiscon-
clusion.” Xelley also showed that the shrink-
age from the tendency to dry out during the
summertime would tend to compensate for the
expansion due tfo increased temperature.
He noted the mamfestation of “slow growth”
of concrete and asenibed it to the failure of the
concrete to return to its original length after
expansion from moisture had occurred.

‘Also pertinent in this respect are the ob-
servations of Cashell and Benham (5) on an
experimental pavement on US. 40 mn In-
diana They note. *...the sections were
able to expand more freely each succeeding
year Specifically the length change of the
1310-ft. sections for the first year was only 41
per cent of the expected length change of an
unrestrained section This percentage value
for the second, third, and fifth years respec-
tively increased to 53, 61, and 62 per cent.
Thus, 1t appears that the sections encountered
less subgrade resistance each syccessive annual
éxpansion period until, by the end of the third
period, a condition of stability was attained.”
However, they also observed that the sections
up to and including 140 ft. long showed “no
defimte indication of a permanent change in
length . . . the 335-, 600-, 1070-, and 1310-ft.
sections show a progressive increase in ex-
panded lengths each August but every suc-
ceeding February they return so closely to
their base length of February 1939 that, up to
the present tume, permanent growth is not
manifested.”

In the projects upon which the foregoing
observations were made, the reinforcing varied
from light-weight (0.19-in. diameter) welded
wire fabric to 1-in diameter rail and billet
steel bars aft 6-in centers In the long sections
under consideration, the extremely heavy
reinforcement was used.

These observations suggest a possible de-
sign procedure; the use of heavy reinforcement
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In cases where abnormal expansion 1s to be
anticipated, assuming that this action could
be duplcated in projects where expansive
aggregates were to be incorporated..

Oregon engmeers (17) concluded that-
“Expansion joints 1n portland-cement concrete
highway pavements i western Oregon are
unnecessary, 1n fact they are a detriment to
the smooth riding qualities required in a
modern highway.” Their conclusions were
based on observations of experimental sec-
tions constructed in 1939 and 1940. It
should be noted that these concrete pavements
were, however, comparatively youthful.

It is evident from the foregoing references
that blowups occur more frequently on some
roads than on others and, indeed, 1n many
cases they do not appear even though there
may be no expansion joints. Obviously, if
the causes of the excessive expansion which
occurs in some cases can be determined and
the situation corrected, expansion joints can
be ehmmated. The advantages consequent
to this may be enumerated briefly as: (1)
Saving in cost, (2) Improvement in riding
quahty, (3) Mimmizng of pumping and
faulting at expansion joints (due to malfunc-
tioning of load-transfer dewices); (4) Mim-
mizing, at least in some 1nstances, of the total
amount of transverse cracking

Regarding the map cracking associated with
blowups, Jackson and XKellerman (10) noted:
“The primary cause (of map-cracking) ap-
pears to be excessive and abnormal expansion
of the concrete. Ewitdence of this 13 found
in the closed expansion joints which usually
accompany the appearance of map-cracking.”
Many other investigators have observed that
“excessive” expansion usually accompanies
map cracking and similar forms of concrete
disintegration. Included among these are
T. E. Stanton (21), who concluded “Excessive
expansion sufficient to rupture a concrete mass
may occur when certain minerals are present.”
Such action 18 to be expected from siliceous
magnesium hme rocks which oceur 1 upper
Miocene sedimentary deposits in California.
He further states that: “The chemical re-
action producing excessive expansion (occurs)
only when the portland cement component
contains an appreciable percentage of alkali
mn the form of,sodum and potassium oxides.
Blanks and Meissner (3), m an investigation
of deterioration of concrete dams, also noted
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“excessive expansion” and “expansive de-
terioration” apparently due to alkali aggregate
reaction.

In investigating the problems of blowups,
warping, curkng, map cracking and other
failures of concrete pavements, several in-
vestigators have studied coarse aggregate
as a possible source of trouble. W. H.
Johnson and W. H. Parsons (11) outlned
a method for determining the mean thermal
coefficient of Linear expansion of aggregates
and pomted out that aggregates contaimning
the following expansivity charactenstics might
be detnmental to concrete: “(a) matenals
having a umform coefficient of thermal ex-
pansion markedly different from the normal
value of concrete; (b) aggregate composed
of single crystalline fragments with different
expansivity 1 vanous crystallographic di-
rections, (c) aggregate (gravel or crushed
coarse grained rock) composed of two or more
fractions which are present in considerable
amounts and have widely different expansivi-
ties; and (d) matenal with irregular expan-
sion.” In 1936, J. H. Gnffith measured the
coefficient of thermal expansions of various
rocks and came to the conclusion that “the
expansion appears to be dependent upon the
amounts of free silica in the rocks

In considering thermal conductivity and
diffusivity (time rate of change of tempera-
ture) with regard to aggregates, W. T. Thom-
son (24) developed a method for measurement
of the two characteristics. He states “Since
a difference in diffusivity would result in
different rates of diffusion of heat through the
aggregate and cement, it is believed that such
& combination would result in additional ther-
mal stresses over that of homogeneous bodies ”
This might also be true of thermal conduc-
tivity.

Considering only geological characteristics,
F. R. McMillan and G. W. Ward (16) state
that, in general, igneous rock aggregates have
not been traced to any concrete fallure. How-
ever, considering sedimentary rocks, ‘“Lime-
stones that break with a smooth conchoidal
fracture, particularly if the porosity 1s low,
are usually good aggregates, Uneven frac-
tures that tend to follow planes, the presence
of many closely spaced bedding lamellae and
high unsoluble matter, especially if clay mm-
erals can be microscopically detected, are
danger signs.” “In addition,” they state,



152

“some danger points, such as bedding planes,
concentrations of clay minerals, mica seams,
sulfides, etc , may occur and one should be on
the watch for them.” With regard to chert,
McMillan and Ward add ‘1t must be stated
that many cherts are not unsound or un-
stable. The two factors which seem to
contribute most to the instability of certain
cherts are the mucroscopic irregularities of
texture and the presence of firmly embedded
crystals, such as pyrite, with their different
physical properties.” Additional information
on chert in coarse aggregate 18 contained in
reference 22.

In Kentucky, failures attributed to the
coarse aggregate led to a study by Curtis
Cantrill and Louis Campbell (4). They
traced the failures of concrete in western
Kentucky to the use of a gravel “obtained
from the Tepnessee and Cumberland Rivers
in Western Kentucky ” Therr study also
showed that the deleterious chert gravel could
be ehminated by the following two require-
ments- “(a) Coarse aggregate shall not show
an absorption greater than 3 per cent when
subjected to ASTM standard test C95-36;
(b) Concrete in which any aggregate 18 incor-
porated shall not show a reduction 1n flexural
strength greater than 30 per cent when sub-
jected to 40 cycles of freezing and thawing
in the presence of water.”

ANALYSIS OF BLOWUP REPORTS

Since 1925 the Maintenance Department
of the State Highway Commission of Indiana
has collected detailed data on blowups by
requiring reports from the field men covering
each fallure These records show the location
of the road with the failure, the location of the
failure on the road with reference to grade
and ahgnment, time of day of occurrence, air
temperature, age of pavement, and matenals
incorporated in the pavement. In analyzing
these data, some field checks were made and
the blowup locations, as indicated by pave-
ment patches, were checked. The age of
pavement and materials used was checked
against similar data compiled in connection
with the imtiation of the performance survey
program. The weather data were checked
agamnst records available at variously located
weather stations. The data for 1940, 1941,
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and 1942 are believed to be representative.
During this period 517 blowups were reported
—230 in 1040, 162 in 1941, and 116 in 1942.

Records of the maximum temperatures on
the days each blowup occurred weré ob-
tained from the weather station nearest the
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Figure 6. Maximum Temperature vs. Num-
ber of Blowups.

location of the blowup. These data are shown
in Figures 6 and 7. The maximum tempera-
tures on the days blowups occurred ranged
from 65 to 105 F. with an average of 93.7 F.
Data were also obtained for maximum tem-
peratures on the four days preceding the blow-
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ups. The average maximum temperatures

on these days were the following:
One day before  ...... 91.7 F.
Two days before . ..... 884F.
Three days before .. ... e STOF,
Four days before...... eiess 8B8.5F.

Figure 6 shows the blowup occurrence and
the maximum temperature for each day of the
summer months in 1940, 1941, and 1942,
The relationship of blowups to periods of high
temperature is striking. It may be noted

1563

median time of approximately 3:00 P.M.
This represents, in general, the maximum heat
of the day.

Analysis of rainfall data showed that, in
general, the precipitation was greater on the
days preceding the blowups than on the days
blowups occurred. ‘Total precipitation for the
5 days including and preceding the day of the
blowups averaged 0.23 in., while on the day of
the blowup the precipitation averaged 0025
m. These figures represent the average of
weather conditions for the occurrence of 517
blowups.
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Figure 7. Summary for Three Years

from these curves that a tendency is shown
toward a greater number of blowups when
periods of high temperature oéeurred in the
earlier months; high temperature in August
has lesser effect. This tendency could be
accounted for by probable decrease in mois-
ture in the pavement In the spring months
1t is logical to expect a igher moisture content
than in the summer. (Lang'’s (15) test re-
sults showed that the moisture content of a
concrete pavement in Minnesota vaned from
8 per cent in March to 4 per cent in August.)

The number of blowups at each hour of the
day is shown in Figure 7. The earhest oc-
currence noted was at 8:00 AM and the
latest, 11:00 P.M Afternoon was the time
of the greatest number of occurrences with a

PERFORMANCE SURVEY PROCEDURE

In examining the blowup reports, it wasob-
served that many more blowups occurred on
certain sections of pavement than on others.
As a result of this observation detailed per-
formance surveys were undertaken in an
attempt to establish the reason for this wide
variation in pavement performance.

As a first step in the survey, construction
records were obtained from the Indiana State
Highway Commussion on all state-constructed,
concrete-pavement projects. Data regarding
location of road, length, dates of contract
award and completion, design features, and
source of matenals were transeribed from these
records.



154

The performance surveys were made during
the latter part of 1943 and early part of 1944.
The survey was conducted by driving over the
road at a slow rate of speed and logging, for
each construction project, the number of
blowups, the average crack interval, and the
presence or absence of such defects as pitting,
pop outs, scaling, map cracking, and pumping.

Figure 8. Pavement Blowup Patch on U.S. 41,
One-half Mile South of S.R. 68, on a 7-8-7 in.
Section, Constructed in 1924 (Agg. 82-10).

Figure 9. Close-up of Blowup Patch Shown in
Figure 8.

The crack interval was determined by count-
ing the number of cracks in several represent-
ative 1000-ft. sections.

The method of recording blowups js of spe-
cial interest since it is obvious that only a very
limited number of the total blowups were
seen during or immediately following their
actual occurrence. Here again, the Main-
tenance Department’s reports were of great
help in locating the area where a blowup had
occurred. After inspecting several hundred
such repairs the blowup areas were readily
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recognized by such features as narrowness
and shape of the patch (Figs. 8 and 9) and
their rhythmic occurrence at remarkably
consistent intervals. Since the repair of other
types of pavement distress such as frost heaves
and settlements over culverts, other drainage
structures, peat bogs, and bridge approaches
might be confused with blowup patches, ex-
treme care was used in classifying the failures.
Furthermore, it was found early in the per-
formance survey work that map cracking,
particularly at cracks and joints, was almost
invariably associated with blowups. This
observation was useful in the detection of
blowups, since more than average caution
could be employed in their location when the
pavement showed map cracking.

TABLE 1

BLOWUPS IN PAVEMENTS CONSTRUCTED
BEFORE 1935

No. of Blowups per Mile No. of Miles
851.1
.0l to 0.10 223.3
0.11 to 0.50 641.1
0.51 to 1.00 384.0
1.01 to 2.00 182.4
2.01 to 4.00 213.4
4.01 to 6.00 55.6
6.01 to 10.00 44 .4
10.01 to 26.00 27.5
1y 7 DRSNS N MIONE 2622.8
Total number of blowups..............oovivnennn. 2404
Average number of blowups per mile.............. 0.924

Percentage of miles of projects without blowups. ..

Five hundred projects comprising 3300
miles, or 78 per cent of the concrete pavement
in the State were examined. The survey was
confined almost entirely to rural 2-lane pave-
ments. Of the pavements surveyed, 2623
miles were constructed prior to 1935 without
expansion joints. It is the information re-
garding these pavements that is considered
in the analysis of data. In these pavements,
all older then 8 yr. at the time of the survey,
the ‘performance varied from 25.3 blowups
per mile on one project to no blowups on 130
projects comprising 851 miles. Table 1 sum-
marizes the performance of these pavements.

ANALYSIS OF DATA

The following variables which might effect
blowup performance were recognized in
analyzing the data:

1. Pavement design

2. Age of pavements

3. Traffic
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4. Subgrade soil

5. Cement used in pavement

6. Fine aggregate used in pavement
7. Coarse aggregate used in pavement,

Pavement Design

The following resume of design practice 1n
use for the Indiana concrete pavements bult
before 1940 was made by M. R. Keefe (12):
“Dunng 1919 and 1920 the pavement de-
sign provided for 6-8-6 in. plain concrete
using 8 2-in. crown and a mix of 1.13:3....
In 1922, the concrete-pavement design was
modified to a 7-8-7-in. section using a 2-in.
crown and a concrete mix of 1:2.3. In 1923
the concrete-pavement design was again
changed, this time going to an 8-in. uniform
thickness, still retaining the same 2-mn. crown.
...In November, 1923, a new design for
concrete pavements was adopted that involved
more radical changes than had been made
in any of the numerous sections used up to that
time This design provided for a uniform
thickness of 7 m. with one f-n remforcing
bar along each edge of the pavement 6 in.
in from the edge. One-half 1nch transverse
bars were spaced 4 ft. center to center. The
pavement width still remained 18 ft. and the
crown 2 in. Up to this time none of the sev-
eral designs provided for any type of joint,
and the pavement thickness had either been
uniform or thickened at the center.. .”

A sinth change was made in 1925 whereby
a 9-7-94n. cross-section, with a $-in. marginal
bar along each edge and a longitudinal joint
were required. The pavement crown was
reduced from 2 in. to 14 in This design was
used until late 1934, at which time expansion
joints spaced at 105 ft , with two intermediate
contraction joints, were employed The 9-
7-9-in design was retained for heavy traffic
and, in addition, two bghter cross sections,
9-6-9 and 8-5-8, were developed. The con-
crete mix was also changed, lowermng the ce-
ment content from 1.72 to 1 5 bbl. per cu. yd.
Mesh remnforcement was provided for crack
control.

Subsequent changes included vanations in
expansion-jomnt spacing between the himits of
80 and 120 ft. and the use of load-transfer
devices at both expansion and contraction
jonts

In addition to the numerous changes in
design, improvements have been made from
time to time in the control of quantity, quahty,
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and composition of materials as well as in
construction methods. For example, in No-
vember 1928, weight proportioning of aggre-
gates was specified instead of proportioning by
volume On March 10, 1930, the specifica-
tions were revised, fixing the percentage of
sand between 35 and 40 per cent. Also
the crosssection yield test was specified for
cement content determination On Septem-
ber 22, 1933, the specifications were revised
permitting the use of bulk cement and specify-
1ng more accurate water-measuring equipment
and requiring an auxiliary tank on the mixer.
In addition to the reduction in cement content
1n 1934 (already noted), the coarse aggregates
were split into two sizes “U” and “L”, to
permit more accurate control of the aggregate
gradation Also, the bucket yeld test was
employed for cement-content determuination.
For the first time (1934) a soundness require-
ment was specified for aggregates used in the
concrete mixture.

Prior to 1935 concrete highways 1n Indiana
were constructed by the State without ex-
pansion joints They have been included in
practically all concrete pavement projects
built since that time. Of the concrete pave-
ments, 2623 mules were constructed without
expansion joints and were older than 8 yr.
A total of 2404 blowups was observed in these
pavements, an average of 092 per mile.
However, 2099 miles or 80 per cent of these
pavenents had less than one blowup per mile,
while 851 of the 2099 mules had no blowups.
In contrast, 4 per cent of the total miles with-
out jomts contamned 40 per cent of the total
blowups m the state.

Included in the survey were 595 miles of
pavements with expansion joints Five blow-
ups were observed in these pavements. In
considering this record it should be recogmized
that the pavements with expansion joints were
all constructed in 1935 and later years,

On the basis of the performance surveys
which showed that pavements could be con-
structed successfully without expansion joints,
these devices were largely eluminated on pave-
ments designed since late 1944.

Age of Pavement

The pavements surveyed were constructed
between 1921 and 1943 Figure 10 shows
graphically on a cumulative basis, the number
of miles constructed mm each year. Also
plotted in this figure are the miles of projects
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with no blowups. The number of projects
without blowups are shown in Figure 11 as a
percentage of the total number of miles con-
structed each year. The average number of
blowups per mile for pavements of different
ages is also plotted in Figure 11.

The curve of average blowups per mile
shows a trend toward fewer blowups per mile
in the younger pavements, considering even
those without expansion joints. As pre-
viously noted, no joints were employed in
pavements constructed prior to 1935. Most,
but not all, projects completed in 1935 were
also without joints.

Traffic

The effect of traffic has been observed to be
secondary. Blowups have occurred on both

Figure 12. View of Blowups and Excessive
Cracking of Pavement Constructed in 1928 with
Coarse Aggregate Source 9-1S. An unsatis-
factory coarse aggregate, combined with ad-
verse soil conditions, and heavy traffic con-
tributed to this failure.

lightly- and heavily-traveled roads. Con-
versely, many roads, built before 1935 and
subjected to wide ranges of traffic conditions,
are without blowups. However, it has been
observed that on highways where blowups are
prevalent, accompanying concrete deteriora-
tion is more severe on the heavily-traveled
roads. See Figure 12.

Subgrade Sotl

The effect of type of soil upon which the
pavement was laid has not been completely
evaluated. It was observed, however, that
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blowups occurred on all types of subgrade
soil, although there was some evidence to
indicate that subsequent deterioration was
much accelerated in those instances where the
pavement was located on plastic, poorly-
drained soils (Fig. 13.) Further, detailed
studies of the effect of soil type are indicated
as desirable.

Figure 13. The excessive map cracking on this
section of pavement is probably due in part to
adverse soil and drainage conditions.

Figure 14. Excellent Performance of a Por-
tion (17 miles) of S.R. 53 Constructed in 1930
Largely with Aggregate from Source 79-1G.

The following example is of interest in con-
sidering the effect of soil type: On a 19.4-
mile section of concrete pavement built
. without expansion joints in 1930, 17 miles
were constructed using coarse aggregate 79-
1G, and 2.4 miles using coarse aggregate 9-1S.
The other materials incorporated in the con-
crete were the same. The entire section of
road was in very gently undulating topog-
raphy on a till plain of Wisconsin drift; soil
types were the same between the two sections.
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The 17-mile section had no blowups (Fig.
14); the two-mile section had eleven blowups
(Fig. 15).

In this case, where the soil types were the
same, the difference in performance between
the two coarse aggregates is striking. Nu-
merous other examples of the same nature were
noted, leading to the tentative conclusion that
subgrade soil is not a major factor in the oc-
currence of blowups.

Figure 15. Severe Disintegration of a Portion
(2.4 miles) of S.R. 53 Constructed at the Same
Time as the Pavement Illustrated in Figure 14,
but with coarse aggregate 9-1S.

Effects of Materials in the Concrete

For comparison of the effects of materials
used in the concrete, only the highways con-
structed before 1935 were considered. This
distinction served to eliminate all projects with
expansion joints. The effect of age was also
minimized, since the curves in Figure 11 show
an abrupt change in the blowup performance
in pavements constructed after 1934. Al-
though the curve for average blowups per
mile showed a steady decline for newer pave-
ments, the curve representing the percentage
of miles of projects without blowups appears
to be constant at approximately 31 per cent
until the year 1934 when a decided break oc-
curs.

In evaluating the performance of the differ-
ent cements, fine aggregates, and coarse
aggregates, the indices used were average
blowups per mile and miles of projects without
blowups, expressed as a percentage of the total
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mileage. The performance of aggregate or
cement from each source, was determined in
these terms by grouping all the projects in
which each particular materal was used.
Some difficulty was encountered in those
projects in which cement, fine aggregate, or
coarse aggregate were from more than one
source. In the case of cement and fine ag-
gregate, it was impossible to determine, in the
field, in which section of the project a particu-
lar material was incorporated. This was also
the case where two or more different gravels
had been used as coarse aggregate. Where
stone and gravel were both used as coarse
aggregate, 1t was possible to differentiate visu-
ally between the two, and the performance of
each section was determined separately.
‘Where no better information was available it
was assumed, arbitrarily, that an equal length
of road had been constructed with each ma-
terial and that each material had the same
performance (ie., the mileage 1n the project
under consideration was divided by two, the
total blowups in the project were divided by
two, and one-half were assigned each mater-
ial). In the over-all analysis, this approxi-
mation would introduce little error.

The performance rating of each material
was then analyzed for significance. An adapt-
ation of the method given in the A S T.M.
Manual on Presentation of Data (28) was
employed. The percentage of miles of proj-
ects without blowups for each source was
compared with the percentage without blow-
ups of total miles of projects. This was done
to determine whether or not these percentages
differed by an amount greater than should be
attributed to chance. The difference in
percentage was considered to be significant
if 1t was greater than the value computed from
the following formula:

Ap =3 1/r»u )
i
where

A p 18 the difference in the percentages to
be considered

p is the percentage of the total miles that
are without blowups (32.4 per cent)?

fi is the mles of projects constructed with
material from the source in question.

? In computing the total miles without blow-
ups, the smallest unit employed was the con-
struction project.

MATERIALS AND CONSTRUCTION

If the difference in percentage proved to be
greater than the value of p computed from
the formula, this indicated a 99.7 per cent
probability that the observed difference was
not attributable to chance.

The number of miles of pavement con-
structed with material from the different
sources varied widely. In order to apply the
significance test, the curve shown in Figure
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Figure 16. Curve for Determination of
Significance

16 of i versus percentage of miles without
blowups was drawn. Using this curve, the
material sources with performance signifi-
cantly different from the average were de-
termined. These sources were then exanuned
in detail since a strong probabihity was in-
dicated that something other than chance
was govening the performance of these ma-
terials.

This significance test rated the material on
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the basis of consistency of performance. It
was deemed advisable to distinguish further
between the materials on the basis of the
average number of blowups per mile. Since
the entire group of pavements averaged 0.92
blowups per mile, any material with a record
close to this was not analyzed in detail.

Fine Aggregale

Fine aggregate for the concrete pavements
constructed before 1935 came from 138
sources The performance of these sources
in terms of percentage of miles of pavements
without blowups 18 shown on the curve in
Figure 17. Each pomt plotted represents
one fine aggregate source.

Since the performances of some of the fine
aggregates differed sigmficantly from the
average, further analysis of these matenals
was undertaken In this analysis, an attempt
was made to discover whether the cause of the
performance indicated was assignable to some
other factor—coarse aggregate, soil, traffic,
etc.—or whether 1t was due to a characteristic
of the material itself.

The indicated sigmficantly-bad-performing
fine aggregates were Listed first in Table 2
These were considered to be those shown to be
bad by the signmificance test and averaging
more than 1.5 blowups per mile Materal
from five sources fell in this category, repre-
senting 231 miles of pavements with 557 blow-
ups. As noted in the “discussion” column,
detailed examination of the performance
records showed that, with one exception,
differentiation between performance of fine
and coarse aggregate could not be established.
The records of material 27-3, the exception,
showed a striking relationship between coarse
aggregate and performance This case 18
particularly interesting because the two sec-
tions were let under one contract of 22.7
miles, the only known construction variable
between the two sections bemg the coarse
aggregate. One section of 11.4 mues, in
which 9-1S was the coarse aggregate, con-
tained 80 blowups (Fig. 18). The other sec-
tion of 11.3 miles, with 9-28 as the coarse
aggregate, contained one blowup.

Algo shown in Table 2 are those fine aggre-
gates having performance classified as poor.
These failed to show significance statistically
but were examined in detail because their
performance might, at the least, be considered
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suspicious., All sources, except those already
hsted, with performance averaging greater
than two blowups per mile were included.
Eleven sources were included in this eategory
representing 136 mules of pavements con-
taining 349 blowups No definite distinction
between coarse or fine aggregates was possible

from the records of these materials
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Figure 17. Performance of Fine Aggregates

Materials with performance averaging less
than two blowups per mile and not differing
significantly from the average of all pavements
were grouped together in Table 2 Fine
aggregate from 106 sources 1s included repre-
senting 2050 miles of pavements with 1497
blowups. Also shown 1n the table are the 16
sources with sigmficantly good performance
representing 206 miles of pavement with one
blowup. In considerng the performance of
the latter it was recognized that, in projects
with strikingly good performance, all ma-



TABLE 2 ,
SUMMARY OF FINE AGGREGATE PERFORMANCE

e

No of :
Total No of Blowups | Total | Primary
Source| Gl:lt‘:‘ig;k:l:l }{)?. Miles per Mile No of | Factor in

without Discussion
Origin Pro} 1199231; Biow- | —————| Blow- Blowupb

ups |Avg |[Min IM:x ups® | Perform
Sigruficantly Bad Performance
273 | Glacal Gr 2] 227 0 |[357]|000 700 81 CA In these two projects the cement used,

soil, traffic, and were the same

for each, the C A differed In one,
A was from 9-1S, 80 blowups

occurred 1n 11 4 my  In the other,

with matenal from 9-28, 1 blowup

occurred 1n 11 3 i

62-1 { Raver Gr. 6 | 4588 0 311057427 142 CorFA |In evuré case this matenal was used

with C A from 62-1G, 1 e , the per-

formance of coarse and fine aggre-

gates cannot be differentiated

82-1 | Ruver Gr 10 | 54 57 367[236] 0 |5 52 126 CorF A | CA 82-1G was combined with 82-1 F

A 1n every project

522 | Glacial Gr 10 ] 46,96 308{200] O |9 40 98 Indeter- | See Note 1

73-1 | Raver Gr. 9| 6237 0 |177]071]3 83| 110 CorFA | Used with coarse aggregate 73-1G 1n
every project

Group summary. 87 |23218; 76524 0 |04]557

Poor Performance

95-5 | Glaeial Gr 2| 1033 0 677656745 70 CorFA | C A 055G was combined with 95-5

F A 1n both projecta

942 | Glacial Gr 1 2 86 0 560|560 560 16 CorF A | Used with ME?IG only—no differen-
tiation 1ble

36-7 ] Glacial Gr 1 103 0 |550]|550/580] 567|CorFA Us::'l wntlEﬂAS and 45-68 lnonnir:i'-
eat—the only one 1n which t!

tes were used
50-2 | Glacial Gr 1 145 0 |[660|5860 560 8 CorFA U.?S?m?‘ﬁﬁ': 9-183 C A, a material
- with consistently bad performance.

763 | Glacial Gr. 4 966| 304|414 0 (11 50| 40 Indeter- | With 76-3G, a C A used only with 76-3,
minate the performance was 0 to 1 7 blow-
up:l per %114 g.;.lhss-zs as C A,
was to owups per mt.
84-2 | Glaoal Gr. 1 466 0 |322]3.22{322 15 CorFA U::d only with 842G
86-8 | Glacial Gr 1 0 0 |326]326(326f 267| CorFA | Used only with 38-5G
84-1 | Glacial Gr 7] 38 6271270 0 | 813} 97 Cor F A | Used predominantly with 84-1G
04-12| Glacial Gr. 1 6 87 0 |251]|251|281 18 Cor F A | Used only with 94-12G
55-1 | Glacial Gr. 1 189 0 [212{212/213 4 Cor F A | Used only with 55-1G
43.1 | Glacal Gr. 13| 6061 | 1237|208| O |94} 75 CorF A | Used with a number of

coarse aggre-
gates, but most often with 43-1G,
n whwhfeue gegolrl;,ngel: waa fair,
ranging from wups
m  With 9-18 the record vm[ﬁ'
from 19 (for a section constructed
1n 1934) to 20 3 blowups per m

Group summary . | 83 | 135 51 msa'z.e o 11 50f 349.34

Indeterminate Performance
108 Sources | am |2o¢9.5|ozs.s 7] o |20|1m.1| |
Significantly Good Performance

14-1 | Glamal Gr. 41 40,13 | 3098 {0 0 |0.11 1
Glacial Gr 1 420 420| 0 0 0 0

43-4 | Glamal Gr 2 429 29| 0 0 0 0
Glacial Gr 1 4 51 451 O 0 0 0

94-3 | Glacial Gr. 1 4 81 481 0 0 0 0
93-5 | Glamal Gr 1 587 5371 0 0 0 9
57-2 | Glaeal Gr 1 560 560] 0 | 0 | O 0
8-1 | Glacal Gr. 1 568 568| 0 0 0 0
93-18] Glaaial Gr. 1 5.80 5.80| 0 0 0 0
93-1 | Glacmasl Gr. 1 615 615| 0 0 0 0
293 | Glacial Gr, 1 6.82 68| 0 0 0 0
10-8 | Raver Gr 1 700 70| 0 0 0 0
24.2 | Glacial Gr 2 827 8271 0 0 0 0
28-2 | Glaaal Gr 1 12,52 1252| 0, O 0 0
27-1 | Glacial Gr 4 19601 1990 O 0 0 0
87-7 | Glacial Gr 9| 6444 | G4 44| O 0 0 0
Group summary. 32 | 2055819643 /0004] O | O 11 1

Grand total, 138

sources .| 376 |2022 77 | 851 06 {0 92 | O |11 50] 2404

Note 1 The following coarse aggregates were combined with 52-2 fine aggregate
9-18 (very bad performance wf:enever used)
9-28 (vanable performance)
35-28 (vanable performance with other fine aggregate)
43-1G (variable performance with other fine aggregate
52-1G (vaniable performance with other fine aggregate
52.2G (vanable performance with other fine
8 The figures sh the app. t of a fractional number of blowups were obtained because 1t was necessary
to divide the number of blowups oceurnng 1n a given project by the number of fine aggregates used in that project.
A and F A represent Coarse and Fine Aggregate, respectively
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terials and possible variables should be
classified as good performing. Therefore
no distinction between fine and coarse ag-
gregate could be obtained except indirectly.
In general, it was found that those coarse
aggregates combined with the significantly
good fine aggregates also had good perform-
ance records when used with other fine ag-
gregates.

Figure 18. A typical Illustration of a Blowup
in one of the Pavements Constructed with
Coarse Aggregate 9-1S in 1932. Eighty such
blowups were found in 11.4 miles of this road.
An adjacent section, 11.3 miles long and con-
structed at the same time with aggregate 9-2S,
had one blowup.

Coarse Aggregate

Coarse aggregates from 155 sources were
incorporated in concrete pavements con-
structed between 1921 and 1935. The per-
formance of material from these sources was
rated in terms of percentage of miles without
blowups and plotted on Figure 19. Each
material is represented by a point.

An analysis similar to that discussed under
“fine aggregate’” was made of the records of
those coarse aggregates with performance
differing significantly from the average. The
results of this analysis are shown in Table 3.

Five coarse aggregates showed outstand-
ingly bad performance. These five materials
were used in 284 miles of pavements (10.8
per cent of the mileage in the period con-
sidered) in which 1168 blowups occurred
(49 per cent of all the blowups observed).
Detailed examination of the service records
of these pavements showed that material
9-1S gave very poor performance in every
project in which it was incorporated. This
material was used in 23 projects in combina-
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tion with six different cements and eight differ-
ent fine aggregates. Every project contained
blowups, ranging from 0.17 to 25.3 per mile
with an average of 7.28. The project with
0.17 blowup per mile consisted of a 5-mile
length with one blowup. Two other coarse
aggregates were used in addition to 9-1S and
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Figure 19. Performance of Coarse Aggregates

may have predominated. Two additional
projects containing 9-1S material and with
less than two blowups per mile also contained
other coarse aggregates to an unknown extent.
Material 35-28, a limestone from the Hunting-
ton formation of the Silurian system, likewise
gave bad performance in each of six projects
in which it was incorporated.

The other three bad-performing materials
in this group were each used in combination
with only one fine aggregate so that differen-
tiation between coarse and fine aggregate per-
formance was not possible.



TABLE 3
SUMMARY OF COARSE AGGREGATE PERFORMANCE

No of Prima.
Probable No %}ﬁ:} Miles Nop:£ ]l‘!h:mps 'I‘No‘t,al Fnctorrﬁl
Source Gealogncsl Pof_ 1921~ wlx;.lhwt Blow- ll,!l&wup Dascussion
rigin r0j. oW |—F—T— erform-
1934 ups JAvg IMm lMu ups® an(:er{'n
Significantly Bad Performance
9-18 Des\lrlomnn- 23 97 10 0 |728]0 172530 707 CA For discussion,see Note 1
urian
3528 | Siluman 6 | 2827 0 |312]0 621150 88 CA Used with 7 F A which had variable
records with other C A
62-1G | Raver Gr. 6 45 58 0 [310]0359] 427 141 CorF A | Used with 82-1 F A 1n every case—
differentiation 1s possible
82-1G | Raver Gr 10 51 00 245240 O | 552] 122 Cor F A | Used with 82-1 F A 1n every project
73-1G | Ruver Gr. 9 62 37 0 |[L77]|084383 110 Cor F A | Used with 73-1 F A 1n every project
Group summary. 54 |284 33| 245611 | 0 |25 30] 1168
Poor Performance
95-5G | Glacal Gr. 2 10 83 0 6771658 7.45| 70 C or F A | Used with 95-5 F A 1n both projects.
942G | Glacial Gr 1 288 0 |560]5¢60] 560 16 CorF A | Used with 94-26 F A
47-48 | Mississippian 05 155 0 [580]|650]55| 885 | CorFA | Both 4748 and 47-58 used with F A
30-7,42-6, and 84-4 Material 36-7
was 1n this project The
other two showed vanable per-
formance with other C A
47.58 | Missismappian 05 155 0 |[550|5650/550 85 | CorFA | See discussion for 47-48, above
23-2G | Glacial Gr 3138 0 {365|3.65/365] 115 | CorFA | Used with 23-2 F A which showed
varmg'l: performance in other
roje
#9G | Glamal Gr 1| 4e8| o [322|32:(32 15 | corFA |Usedonly mthstara
38-5G | Glacal Gr 1 0 82 0 [320/326/328 267| CorFA | Used only with 3656 F A
84-1G | Glacial Gr. [] 33 42 50028 O 13| 90 CorF A | Used only with 84-1 F A
93-12G | Glacial Gr 1 6 37 0 2 51 | 2 51| 2 B1] 16 CorF A | Used o with 94-12 F A
823G | Raver Gravel 2 527 0 [218]188/336) 115 | CorFA | Usedwith82-3F A Inanotherproj-
ect of 2 mz , 82-3 was used wath a
different C A without blowups.
72-4G | Glacial Gr 05 172 0 |233]|233/233 4 CorFA | Usedonly mith 724 F A
72-8G | Glaaal Gr 05 172 0 2833233233 4 CorF A | Used only with 253 F A
55-1G | Glaeial Gr 1 186 0 2 10 | 2 10| 2,10} 4 Cor F A | Used only with 85-1 F A
83-1G 5 11 41 24202} 0 |6 23 Cor F A | Used wath 83-1 F A 1n every project.
Group summary 23 | so72| 843328| 0 |81 38467
Indeterminate Performance
19 Sources | 238 [1034 99 5124 o a0 | o |2.00 es | |
Significantly Good Performance
93-198 | Silunan 5 2824) 1822(005) 0 |020 1
60-13 | Mississippian 10 50 67 | 45 gg 001| 0 |OO7f 05
67-18 | Mississippian 17 8465| 80 00L| 0 {029 1
434G | Glacial (?r 2 429 420| O 0 0 0
04-3G | Glacial Gr 1 481 4811 0 0 0 0
67-5S Mmusxxg:m 2 503 503 0 0 0 0
8-1G | Glacial Gr 1 5 68 5681 0 0 0 0
293G | Glaoal Gr 1 6 82 68| 0 0 0 0
10-8G | Raver Gravel 1 700 700] 0 0 0 0
1-18 | Silunan 1 702 7941 0 0 0 0
51-18 Mmulxgim 3 822 8221 0 0 0 0
93-18G | Glacial Gr 2 8 90 890 O 0 0 0
18-7G | River Gr 1 1141 1141] 0 0 0 0
242G { Glacial Gr. 2 11.79) 11 79| 0 0 0 0
59-18 | Mississippian 3 1204 1204 | O 0 0 0
67-7G | Glacial Gr 2 2046 | 2046 | 0 0 0 0
6728 | Mississippian 8 3878 3876 | O 0 [)] 0
Group summary. 62 |31680|20900J0007f O |020] 25
Grand total, 155
sources 375 (2622 83| 851121092 O {25 30| 2404

Note1 The t‘ollo:x‘:g fine aggregates were used with 9-18 coarse aggr
83 with no other coarse aggregate
9-3 (with other course aggregates this material showed variable performance, 1ncluding 64 miles wathout blowups)
9-4 (vanable performance with other coarse aggregates, inclu ni‘zo m1 without blowups) -
2738 ormance with coarse aggr 9-28—see discus of FA performance)
43-1 (vanable ormance with other coarse aggr , including 12 mi, wathout blowups)
50-2 (used with no other coarse
52-2 (vanable performance including 4 m1 without blowups)
79-1 (vanable performance including 71 mu without blowups) N
 The apparent occurrence of a fraction of a blowup waa caused by the necessity for dividing the number of blowups occur-
ring in a particular project by the number of coarse aggragates incorporated in that project This occurred only when it was
notbfeanble 1n the field to distinguish betw een the sactions containing each type of aggregate.
C A and ¥ A indicate coarse and fine aggregate, respectavely
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The coarse aggregate sources with non-
significant performance but with an average
of more than 2.0 blowups per mile were
grouped and considered in detail. These
are listed in Table 3 as materials having poor
performance records. Fourteen materials fell
in this category, totaling 86.7 miles with 285

"® Figure 20. Excellent Performance of a 1928
Pavement Constructed with a Good Coarse
Aggregate.

Figure 21. A view of a portion of U. S. 50 in
Southern Indiana Constructed in 1934 Without
Joints.

blowups. Materials with a performance not
significantly different from the average of all
pavements and with less than 2.0 blowups
per mile comprise the next group shown in
Table 3. Included are coarse aggregates from
119 sources incorporated in 1935 miles of
pavement with 949 blowups. Many of the
coarse aggregates included in these two groups
were used on an insufficient number of miles
of pavement to afford accurate evaluation
and is the primary reason for the materials
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not falling in the significantly good or bad
groups. In other instances, variable per-
formance of an aggregate may be attributed
to changing plant operations or changing
source of supply for a given company.

The coarse aggregates with significantly
good performance (Figs. 20 and 21) are listed
individually in Table 3. Seventeen sources
are listed from which materials were used in
317 miles of pavement with only two blowups.
However, when the significantly good per-
forming aggregates are added to those in the
indeterminate group which contained less
than 0.5 blowup per mile, it is important to
note that there are represented, 82 sources,
232 projects, 1715 miles (65 per cent of the
total) with only 203 blowups (8 per cent of
the total). In contrast, 73 sources were used
in 143 projects totaling 908 miles and con-
taining 2201 blowups.

The significance of the coarse aggregate
component in regard to its effect on blowup
occurrence was suspected early because of the
cases, some of which already have been de-
scribed, where performance was vastly different
between adjacent sections of highway in which
the only known variable was the coarse ag-
gregate. The statistical analysis of all the
accumulated data substantiates this early
suspicion.

Cements

Cements used in the construction of con-
crete pavements between 1921 and 1935
were obtained from 17 sources. The number
of miles constructed with each cement and the
number and percentage of miles of projects
without blowups were determined. The per-
formance of each source, in these terms, was
plotted on the significance curve, Figure 22.
Each point on the graph represents one cement
source. It is evident from the curve that no
significantly bad performance records were
obtained, the variation in performance of all
but one of the cements being of a magnitude
which may be attributed to chance. One
source, No. 7, was used only once and in this
instance the cement was used in conjunction
with two other cements, 1 and 3, in a 14.68-
mile project which had no blowups. In
accordance with the system established, one-
third of this mileage, 4.89 miles, was assigned
to cement 7. Since no blowups occurred on
this project, the performance of cement 7
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was shown by the significance curve to be
significantly good.

In order to evaluate further the cement
performance, the projects in which the sigmfi-
cantly bad coarse aggregates were used were
eliminated from consideration. This changed
the performance figures on six of the 17 ce-

MATERIALS AND CONSTRUCTION

neath the smgnificance curve. Since each
cement was used, in general, with many
different aggregates—good, indeterminate,
and bad performing—the average perform-
ance of any one cement was not significantly
different from the average performance of all
pavements.
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Figure 22. Performance of Cements

ments. With these projects eliminated (387
miles) 2235 miles of pavement remained for
consideration with 851 mules (38.1 per cent)
without blowups. The comparison of the
revised cement performance data with the new
average is shown in Figure 23. The graph
shows that elmunation of the projects with
poor performance improved the general per-
formance rating However, even though the
deleterious effect of the sigmificantly bad
aggregates on the apparent performance of
the cement was removed, the performance
rating of every cement source remained under-

Figure 23. Revised Cement Performance
(Projects containing bad aggregates have been
deleted from the analysis.)

This analysis, although showing no cements
to be significantly good, 18 strikangly important
in that none 1s indicated as being bad. These
data show definitely that none of the cements
used was the controlling variable in the In-
diana projects with bad performance. On
the other hand, it is obvious that the cement
performance, as well as that of the other ma-
terials, was good in the projects with good
performance. It is recognized that inter-
action between the cement and other materials
incorporated in the concrete may occur and
cause distress However, the data indicate
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that, if such were the case, this possibility
was latent in all the cements in use at the
period considered.

Relation of Blowups to Map Cracking

The association of map cracking and blowup
occurrence is indicated in Table 4. Only

TABLE 4

RELATION OF MAP CRACKING
TO BLOWUP OCCURRENCE

No. of Projects Percerfxtage
Blowups 9

perMie | With |Without | Won S
ap ap ota .

Cracking | Cracking Cracking
0 3 127 130 2.3
0.01-0.50 16 86 102 15.7
0.51-1.00 11 36 47 23.4
1.01-2.00 13 19 32 40.6
2.01-4.00 23 15 38 60.5
Over 4.01 24 2 26 92.5
Total........ 90 285 375 24.0

Figure 24. Severe Map Cracking of Pavement
on S.R. 62, 1} mile East of Dale. (Constructed
in 1930.)

three projects without blowups contained map
cracking, while 47 out of 64 projects with
over two blowups per mile showed map crack-
ing. Figures 24, 25, and 26 illustrate this
type of failure.

DISCUSSION

The analysis of performance survey data
showed that 2404 blowups occurred in 2623
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miles of concrete pavements constructed be-
fore 1935. These pavements had a number of
different design characteristics; they were
alike in the respect that they contained no
expansion joints. The blowups occurred in

Figure 25. Close-up of Severe Map Cracking
of Pavement Shown in Figure 24.

Figure 26. View Showing Extensive Cracking
in Pavement Constructed in 1927 with Coarse
Aggregate from Source 9-1S.

all parts of Indiana, on all types of soils, and
on roads with all degrees of traffic. In
considering the possible effects of the materials
in the concrete, it was found that the cement
(as classified by source). could not be con-
sidered as a primary factor in the occurrence
of blowups.
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Certain sources of fine aggregate proved to
have significantly bad performance. How-
ever, 1t was determmed that each of these
matenals, m all but one case, was used in
combimation with the gravel coarse aggregate
produced at the same source In the ex-
ception, the fine aggregate was used mn two
projects 1n combination with a different stone
coarse aggregate in each. In one project 80
blowups occurred in 11 mules; on the other,
1 blowup occurred 1n 11 muiles, indhcating that
the performance of this fine aggregate was
apparently bad only because of the mfluence
of the one deleterious coarse aggregate. This
same coarse aggregate was a bad performer in
every one of the 23 projects in which 1t was
used, having as many as 25 blowups per mile.

The outstanding correlation observed in the
analysis was that between the coarse aggregate
source and the pavement performance as in-
dicated by the number of blowups Five
sources of coarse aggregate were shown to
have significantly bad performance and pro-
duced almost half the total blowups mn the
State 1n only 10 per cent of the total mileage
of pavements constructed before 1935 In
the case of three of these sources, differentia-
tion between the coarse and fine aggregate was
difficult because the coarse aggregates were
combined 1n every case with fine aggregate
from the same source. In the other two cases
the coarse aggregates were combined with s
number of fine aggregates, but showed consist-
ently bad performance. Of possibly greater
significance 1s the fact that only 203 blowups
(8 per cent of the total) occurred m 1715
mles of pavements (65 per cent of the total),
thus mdicating that the coarse aggregates
in Indiana are predominantly satisfactory.

It was observed that map cracking and gen-
eral concrete deterioration usually existed in
pavements which were also subject to blowing
up. This condition was more related to soil
and traffic, however, than was the actual
occurrence of blowups On concrete pave-
ments with what might be called “excessive”
blowups, the associated concrete deterioration
was more extensive 1n pavements carrying
heavy traffic and/or on those constructed on
plastic soils.

It should be noted that these aggregates,
toward which suspicion is now directed, con-
formed to the specification requirements
existing at the time of their use and that ma-
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tenal from the same sources is satisfactory
according to present aggregate specifications
1n use in Indiana (29).

It may be concluded that existing standard
test procedures and speafications are inade-
quate to differentiate between the coarse
aggregate having good and bad performance
with respect to blowups, map cracking and
general deterioration. Research 18 needed,
and 15 contemplated, to establish the causes
for the performance observed and to develop
a test procedure that will enable prediction
of the performance of the materal when 1t is
incorporated 1n concrete pavements.

SUMMARY OF RESULTS AND CONCLUSIONS

The following conclusions are drawn pri-
marily on the basis of performance surveys
covering 3300 miles of concrete pavements in
Indiana, 78 per cent of all concrete pavement
constructed between 1921 and 1943. Of this
mileage 2623 miles weie constructed prior
to 1935 without expansion joints ncluding
851 mules without blowups. Eighty per cent
(2099 mules) of those constructed prior to 1935
had less than one blowup per mile A total
of 2404 blowups was observed in these pave-
ments constructed before 1935, an average of
0 92 per mile

1. Performance surveys constitute the best
prehminary method available for evaluating
matenials, soils, and pavement design They
do have defimte limitations 1n determuning the
ultimate solution to a problem since they can
be used only to establish performance facts
—such data must be supplemented by labora-
tory research to determine the reasons for the
specific performance recorded.

2. An outstanding correlation has been es-
tablished with Indiana pavements between
certain sources of coarse aggregate incor-
porated in the concrete mix and the lack of
blowups in the resulting pavement.

A. 316 8 miles of pavements constructed
prior to 1935 from 17 sources of supply
had a total of only two blowups

B 17156 miles (66 per cent of the total) con-
structed from 82 sources of supply con-
tained a total of only 203 blowups (8 per
cent of the total).

3. An outstanding correlation has been es-
tablished with Indiana pavements between
certain sources of coarse aggregate incor-
porated in the concrete mix and the suscep-
tibiity of the pavement to blowups.

A. 284 miles of pavement (10.8 per cent of
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the total miales) constructed from five
soyrces of supply contained 1168 blowups
(49 per cent of the total blowups).

B. One of the five sources was used 1n the
period from 1926 to 1934 to construct
97 1 miles of pavement (3 7 per cent of
the total surveyed) containing 707 blow-
ups (29 4 per cent of the total blowups).

C. Considering the significantly bad sources

together with those 1ndeterminate
sources which produced one-half blowup
per mile or more, 73 sources were used to
construct 908 miles of pavement which
contained 2201 blowups

4 On pavements containing more than two
blowups per mile map cracking predominated,
oceurring in 47 out of 64 projects in this cate-
gory. In contrast 127 projects out of 130 wath
zero blowups contained no map cracking

5 Blowups, as such (when their occurrence
is not too extensive) do not constitute a serious
problem, since they can be repaired_easily.
They assume 1mportance because their occur-
rence has led to the widespread use of expan-
sion joints 1n pavements and because of the
map cracking and general concrete deteriora-
tion associated with them

6 Since blowups occur only to a lmited
extent in Indiana, bemg primarily restricted
to pavements constructed with coarse aggre-
gate from a limted number of sources, 1t
appears that the use of expansion joints can be
largely abandoned.

7 In regions of the state where only poor
performing aggregates prevall and where 1t
may be economically expedient to import
better performing materials, special design
procedures are to be recommended. These
may 1nclude the continued use of expansion
joints to relieve at least some of the stress
created by excessive expansion, the possible
use of granular base courses to 1mprove con-
crete durabiity; and the possible use of an
extra amount of reinforcing steel to restrain
some of the abnormal expansion associated
with the use of these aggregates in concrete
pavements. .

8. New methods for quickly evaluating
materials and design are urgently needed since
by the present methods these evaluations can-
not be made until pavements are at least 10
years of age. Likewise, after changes in mate-
rial and design are made to correct a given
problem, there is no assurance that new prob-
lems will not arise as a direct result of the
changes made

9. No definite correlation of fine aggregate
with blowup occurrence was indicated

10. None of the cements used was the con-
trolling variable 1n the Indiana projects with

167

bad performance The cement performance,
as well as that of the other matenals, was good
in the projects with good performance.

11. Soil 18 not a sigmficant factor 1n the sus-
ceptibility of a pavement to blowing up, this
farlure having occurred on a wide range of soil
textures However, deteroration of those
pavements susceptible to blowups was more
rapid on plastic soils than on the more granular
types:

12 Traffic 1n Indiana 18 not a significant
factor 1n the susceptibility of a pavement to
blowing up, this failure having occurred on
roads with a wide range of traffic conditions.
However, 1t 18 true that the heavier the traffic,
the more accelerated 1s the deterioration on
those pavements which are susceptible to
blowups

13 On the basis of the blowup reports ob-
tained from field offices covering primarily
1940, 1941, and 1942, 1t was determined that
blowups occurred predominantly in mid-after-
noon at a temperature above 90 F, which period
was usually preceded by varying amounts of
precipitation.

14. Blowups occurred 1n pavements with a
wide range of ages but 1t was found that they
were generally not observed until the pavement
age was between 7 and 10 years However,
many miles of pavements never blow up, there-
being, for example, 100 miles of pavement over
20 years of age and without expansion joints
still 1n service with no indication of blowups.
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