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SYNOPSIS

Last year there were described before the Highway Research Board, cooperative
experiments with continuously reinforced concrete pavement sections laid near
Stilesville, Indiana The present report contains the data obtained during
the first two years of observation of these experimental sections

Changes 1n pavement elevation have been generally small and there 18 nothing
to indicate that these changes have affected the structural condition of the
various sections.

The annual cycle of length change of the various sections shows that those
approximately 150-ft. long move with as much freedom as the very short sections
The movement of sections greater than 150-ft in length 18 apparently restrained
by the subgrade and this restraint 18 progressively greater as the section length
18 1ncreased

In the long, heavily-reinforced sections many fine cracks have developed in
the central area In the sections of intermediate length containing 3-1n steel
bars a moderate amount of cracking has developed, while only a very limited
amount of cracking has occurred in the short sections containing welded wire
fabric While the width of the cracks is shightly greater in the sections contain-
ing the smaller amounts of longitudinal steel there 18 no evidence of spalling,
raveling, disintegration, steel failure or other structural weakness at any of
the cracks. A relation between the length of the section as constructed and the
average slab length (or a distance between transverse cracks) appears to exist.
So far, no relation has been found between the average slab length and exther the
type or the amount of longitudinal steel

Relative roughness determinations over the various sections show that the

surface of the sections was very smooth after about 18 months of service

This is the second progress report de-
scribing the experimental reinforced con-
crete pavement investigation that is being
conducted by the Public Roads Adminis-
tration and the Indiana State Highway
Commussion. In the first report' the
scope of the study was outlined in detail
and the construction of the project was
described The present report contains
a general discussion of the current condi-
tion of the reinforced pavement, with
data showing the more important de-

1Earl C Sutherland and Sanford W Ben-
ham, “Experiments with Continuous Rein-
forcement 1n Concrete Pavements,’”’ Proceed-
ings, Highway Research Board, Vol 19, 1939,
Public Roads, Vol 20, no 11, January 1940

velopments and trends that have become
evident during its 2-year lfe. It is not
the purpose of this report to draw defimite
conclusions regarding the relative merits
of the various sections, but to present
data that will show the observed behavior
to date.

To aid in the better understanding of
the data certain essential details of design
that were presented in the first report will
be repeated here. The number and
length of the sections and the amount and
type of remnforcement used 1n each are
given in Tables 1, 2, and 3. It will be
noted that the values of the calculated
maximum steel stresses is such as to per-
mit direct comparison between sections
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contaimng different types as well as ment as found by tests 1s given 1n Table 4.

different pereentages of longitudinal steel

TABLE 1

It 1s appaient from thesc data that the

DETAILS OF STEEL REINFORCEMENT IN EXPERIMENTAL REINFORCED CONCRETE PAVEMENT

Cold Drawn Wire (Welded Fabnic)

I h of lculated Reinf t d v
Number of | Lengthof | Calolaie nzo eghtof
section | stress in steel Longitudinal I Transverse steel
149-1b
ft Ib persq n b per 100 sq ft
6 140 25,000 No 4-0 No 3 132
6 190 35,000 d = 03938 1n 121n cec
6 250 45,000 41n cc¢
6 310 55,000
107-1b
6 90 25,000 No 4-0 No. 3 91
6 130 35,000 d = 03938 1n. 121n ce
6 170 45,000 6in cc
6 200 55,000
91-1b
6 80 25,000 No 3-0 No 4 77
6 110 35,000 d = 0.36251n 12mn cec.
6 140 45,000 6in cec
6 170 55,000
65-1b
6 60 25,000 No 0 No 6 55
6 80 35,000 d = 03065 1n 121n cec
6 100 45,000 6imn ce
6 120 55 000
45-1b
6 30 25,000 No 3 No 6 35
6 50 35,000 d = 02437 1n 12mn cc
6 60 45,000 6m cc
6 80 55,000
32-1b
6 20 25,000 No 6 No 6 22
6 30 35,000 d =01920 1n 121n cc
6 40 45,000 61in cc
6 50 55,000

Nore—Sections ale 10 ft wide

The average tensile stiength of cach of the
different types and sizes of steel 1emnforce-

yield pomts of both the billet and 1ail
steel bars aic appreciably higher than the
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calculated maximum stresses shown in
Tables 2 and 3.

In addition to the regular sections there
were included four other sections in which
special joint designs and dufferent methods
of reinforcing were employed. The es-
sential common features of these four

DESIGN

transverse steel at this point and by greas-
ing (5) Dowel bars for load transfer
were placed across one-half of the weak-
ened-plane joints of each section.

The distinguishing features between the
four sections are as follows:

No. 1. Weakened-plane joints are of

TABLE 2
DETAILS OF STEEL REINFORCEMENT IN EXPERIMENTAL REINFORCED CONCRETE PAVEMENT
Billet Steel Bars (Intermediate Grade—Deformed)

ng::' of Le:::ll: of g".,;'}'.}.'ﬂ Renforcement size and spacing . 'x:::‘l:& :fd
section stress 1n steel Longitudinal Transverse steel
. Ib. persg = b, per 100 sq. ft.

2 360 15,000 1an #-in. 534

2 600 25,000 round bars round bars

2 840 35,000 6mm.cc 241n ce.

2 1,080 45,000

4 200 15,000 §-in 44n, 300

4 340 25,000 round bars round bars

4 470 35,000 6in cec. 24in cc

4 610 45,000

4 90 15,000 $-1n. $-in 134

4 150 25,000 round bars round bars ,

4 210 35,000 6in c.c. 241n.cc

4 270 45,000

6 50 15,000 $-1n. $-in 75

6 80 25,000 round bars round bars

6 120 35,000 610 c.c. 2¢in.cc

6 150 45,000

6 20 15,000 }-in. 3-in. 33

6 40 25,000 round bars round bars

6 50 35,000 6in cec. 12in. ce.

6 60 45,000

NoTe—Sections are 10 ft. wide.

sections are. (1) Each section is 500 ft.
long (2) Weakened-plane joints were
placed at 10-ft. intervals in each. (3)
Reinforcement consisted of welded fabric
placed continuously through the weak-
ened-plane joint. (4) The bond between
the steel and the concrete was broken for
a distance of 18 in. on each side of each
weakened-plane joint by omitting the

the submerged type and the welded fabrie
reinforcement weights 91 lb. per square.

No. 2. This section is the same as no 1,
except that it is reinforced with a 45-1b.
welded fabrie.

No. 3. Weakened-plane joints are of
the surface groove type and the reinforce-
ment weights 91 1b. per square.

No. 4. The section is the same as no. 3,
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except that 1t 15 1cinforced with a 45-1b
welded fabnie

The amount of longitudinal steel 1n the
91-1b welded fabiic 1s 77 1b, while that
m the 45-1b welded fabric 15 35 Ib per
square

The stiength of the concicte was deter-
mimned by compression tests on drilled

357

mately 13 miles of this 6-mile project has
been subject to heavy tiuck and passenger
traffic fo. necaily two yeais, while the
remaining 43 miles has been under the
same traffic for 1 years

The schedule of observations that was
descitbed 1n the first report has been
adheted to and, fo1 information concern-

TABLE 3
DETaILS OF STEEL REINFORCEMENT IN EXPERIMEANTAL REINFORCED CONCRETE PAVEMENT
Rail Steel Bars (Deformed)

Number of Lex;cgt;l: of | Calculated Reinforcement size and spacing , Welghg of i
sections section | atress 1n steel Longitudinal Transverse steel
Nt b persg n Ib per 1005 St

2 600 25,000 l-in }-1n 534
2 840 35,000 round bais round bars
2 1,080 45,000 6mn cec 241n cc
2 1,320 55,000
4 340 25,000 ian 1-1n 300
4 470 35,000 1ound bats round bais
4 610 45,000 6in cc 24 cec
4 740 55,000
4 150 25,000 $-in 4-1n 134
4 210 35,000 round bars round bars
4 270 45,000 6m cec 241n cec
4 330 55,000
6 80 25 000 3-1n 4an 75
6 120 35,000 round bars round bais
6 150 45,000 61in cec 241n cec
6 180 55,000
6 40 25,000 ian }an 33
6 50 35,000 1ound bars round bais
6 60 45 000 6 cc 121n ce
6 80 55,000

NoTe—Sections are 10 ft wide

cores at the age of s;xmonths. The aver- 1ng the details of this program, the reader

age strength was found to be 6,360 lb. per
5q. 1n. The average density of the con-
crete was 154 1b. per cu. {t

The cxperimental pavement was con-
structed during the months of September
and October 1938 as a regular Federal-
aid project, being a part of the transcon-
tinental highway U S 40 Approxi-

1s referred to the fiist 1eport
Brefly, however, the schedule com-
prises
1 Measurement of changes in pave-
ment elevation
2 Measurement of changes in length
of the experimental sections.
3 Condition and crack surveys
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In addition to these observations dur-
ing the past year, measurements of the
relative surface roughness of the various
sections were made. The results of all
of these various studies are presented in
this report.

TABLE 4
TENSILE STRENGTH OF STEEL REINFORCEMENT
Welded Fabnic

Average tensile strength
Weight
Longitudinal wires | Transverse wires
1b. per sg. Ib. persq n 1b. per sq. .
32 88,700 84,767
45 . 81,000 87,000
65 83,700 87,800
91 89,100 88,867
107 80,250 86,150
149 81,820 §1 ,820
Billet Steel Bars
Average tensile strength
D ter
Yield point Ultimate
n. Ib persg n b, per sq n
i 56,850 77,300
$ 55,480 81,940
L] 51,433 78,567
E; 49,132 78,468
1 46,943 78,033
Rail Steel Bars
Average tensile strength
Diameter
Yaeld point Ultimate
m. Ib persg.n Ib persg n
* 60,250 84,600
) 66,650 93,625
3 68,768 115,312
i 64,428 113,255
1 63,342 113,202

PAVEMENT ELEVATIONS DETERMINED
PERIODICALLY

In connection with the presentation of
the pavement elevation data certain per-
tinent physical characteristics and mois-
ture determinations of the subgrade are

DESIGN

given in Table 5. The soil samples were
taken from the finished subgrade at the
depths indicated.

The first set of elevation measurements
to establish the normal elevation of the
pavement was started as soon as possible
after the necessary bench marks had been
established and the measuring points in-
stalled in the pavement.

Unfortunately, the first set of elevation
measurements had been completed on
only about 1% miles of the experimental
pavement when the first freezing weather
occurred, so it cannot be certain that the
remaining portion was entirely undis-
turbed at the time of these first measure-
ments. The winter of 1938-39 was gen-
erally mild in this area and frost did not
penetrate more than a few inches at any
time, however.

The second set of elevation measure-
ments over the full length of the exper:-
mental sections was made during October
1939, the pavement being about one year
old. It is believed that by this time the
subgrade had attained a normal moisture
condition throughout and the pavement
slab was at an elevation normal for the
season.

The third set of elevation measure-
ments over the full length of the experi-
mental sections was made in January
1940. This was a severe winter and the
frost had penetrated to a depth of about
20 in. at the time of the measurements.

Other measurements of the elevation of
certain selected sections of the pavement
have been made from time to time.

In Figure 1 are shown the changes in
pavement elevation that had occurred on
typical sections at the end of the first
year of pavement life, using the elevations
determined 1n the fall of 1938 as a base.
The moisture condition and other sub-
grade soil data at the time the pavement
was placed are shown also on this graph.
While no mosture determinations were
made at the time the second set of eleva-
tion data were obtained it is only reason-



CASHELL AND BENHAM—REINFORCEMENT IN PAVEMENT

able that changes had occur1ed during the
yeal since the concicte was placed and 1t
18 belicved that the changes in pavement
elevation that had developed duiing this
petiod atc caused by changes in the physi-
cal state of the subgrade soil

It will be noted that little change had
occurred at any pomt 1n the 595-ft. sec-

359

while on the 1,310-ft section shight -
creases and shght decieases developed 1n
ccrtain areas during the first year period

The data 1n Figure 1 give a fair indica-
tion of the geneiral order of the changes 1n
elevation that were observed at the end
of the first year Over the entire length
of the experimental sections no change 1n

TABLE 5
SuBGrADE SoiL DaTa
Moisture content
Liqud Plast
Sult Clay .lll?n“ll": mde!:‘ky 0-31n 3in-12mm |12 —24mn.
below below below
surface surface surface
% % % % % % %
Maximum 65 260 52 26 22 6 24 0 276
Minimum 20 7 19 4 61 89 81
Average 48 17 33 12 12 8 15 5 17 1

# This maximum percentage was cxceeded 1n two instances, however, but these cases were not

considered as representative of the entire project
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Figure 1. Changes 1n Elevation of Certain Sections of Pavement at End of First Year

tion In the 830-ft scction the most
noticeable change was a settlement of 0 2
1n. near the center  During construction
1t was observed that the subgiade 1n this
alca was somewhat spongy at the time
thc conciete was placed The figure
shows that over much of the length of
both the 335-ft and the 1,070-ft scctions
the clevation increased 0.1 to 02 n,

clevation of more than 0 5 1n was found
at this time.

Using as a datum the elevations meas-
ured on the pavement surface in October
1939, when presumably the scetions had
stabilized at then noirmal position for this
season of the year, the position of certain
selected scetions are shown in Figuies 2,
3 and 4 as they weie found to be (1) 1n
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January 1940 with the subgrade frozen
deeply, (2) in May 1940 after thawing
was complete, and (3) 1n October 1940
after the annual cycle of change was again
completed.

Inthese figures the data are divided into

DESIGN

Figure 4 are relatively short sections rein-
forced with welded wire fabric.

It is of interest to note that the changes
1n elevation caused by freezing are*

1. Of relatively small magnitude

2. Not uniform
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three groupings on the basis of the
amount of longitudinal reinforcement
present (and indirectly the general length
of the sections). In Figure 2 are sections
containing 1-in. diameter bars and of con-
siderable length; in Figure 3 are those
containing 4-in. diameter bars and of
intermediate section length, while in

3. Frequently greater at the expansion
joints than elsewhere in the sections.

Figure 5 contains similar data showing
changes in elevation caused by freezing
at six joints in the central area of each of
the four 500-ft. sections that have warp-
ing joints at 10-ft. intervals. The same
general order and nonuniformity of heav-
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ing is cvident in these sections. It
appears, howevel, that the warping joints

.
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were better scaled and did not aggravate
the frost heaving as did the expansion
jonts 1n the longer sections

In spite of the deep freezing the general
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order of the frost heaving is not large,
being generally within the range 02 to
101n. It s not umiform, varying prob-
ably with the physical nature and condi-
tion of the subgrade so1l  In this connec-
tion 1t is of interest to note that where
lateral drains were placed under the
360-ft section there appears to have been
a decrease 1n the magmtude of the frost
heaving

It is believed that the flexure caused by
the nonumformity of the frost heaving
was not sufficient to fracture the sections
and the condition surveys confirm this
belef.

After the soil had completely thawed,
the elevation of the pavement was, mn
general, shightly greater than before freez-
ing occurted Between May 1940 and
October 1940 little or no change in pave-
ment elevation developed

The importance of subgrade uniformity
and of tightly-sealed jonts as aids to
maintaining the structural integnty of
concrete pavements exposed to freezing
conditions 1s emphasized by these data.

ANNUAL CHANGES IN SECTION LENGTH NOT
PROPORTIONAL TO LENGTH OF SECTION

As a part of the regular schedule, meas-
urements are made of the daily and an-
nual cycle of length change of a number of
representative sections In the case of
the daily cycle the change 1s primanly
that caused by the temperature change,
but the annual cycle combines the length
changes caused by temperature and mois-
ture changes with any permanent change
n length from other causes. In the pres-
ent report only the annual eycle of length
change will be discussed Measurements
of this movement are made at the expan-
sion joints of one section of each length
for cach of three types of 1cinforcement,
a total of 64 sections altogether.

In Figure 6, the broken hine and the full
line curves are the average maximum
changes 1n length observed for sections
of different length during the first and the
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second years, respectively, of the pave-
ment’s ife. The change 1n average pave-
ment temperature accompanying these
changes in length were 63°F. for the first
year and 87°F. for the second year. For
clarity mn presentation, the points repre-
senting observed values for the first year
are omitted from the graph. The two
light weight straight lines, that appear
to be tangent to the lower portion of the
two curves, were drawn through the
points for the shorter sections and thus

a2

—=—=FROM DEC 1938 TO AUG 199,

TEMPERATURE CHANGE 63°F

——FROM JAN 1940 TO JULY 1940,
TEMPERATURE_CHANGE B7°F / x

1 -

28

DESIGN

the second year, for sections exceeding
600 ft. 1n length, are appreciably greater
than those during the first year. For
example, take the extreme case of the
1,310-ft. section. During the first year
the observed change in its length, as
indicated by the broken line curve, was
1.64 in. Multiplying this by the tem-
perature ratio 87/63 gives 227 in., the
change in length that might be expected
with an 87° change in temperature.
During the second year, however, a
change in length of 2.72 inches was ob- °
.served. Thus, it appears that the change
in length was affected by temperature
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Figure 6. Relation between Section Length
and Annual Change in Length

represent the relation for short sections
that.are comparatively free to expand and
confract.

The type of reinforcement used in the
various sections 1s denoted by the char-
acter of symbol and 1t is apparent that
type of reinforcement exercises no signifi-
cant influence on the magnitude of the
length changes thus far observed.

The two curves represent length
changes that accompanied temperature
changes of quite different magmtude.
When the two sets of data are reduced to
a common temperature base, it is found
that the length changes observed during

and Annual Expansion

and by other influences. It seems pos-
sible that the restraint offered by the
subgrade may have been less after having
been through an annual cycle of moisture
and temperature change. The fact that
the effect is most pronounced in sections
between 700 and 1,000 {t. long and practi-
cally constant in those over 1,000 ft. of
length indicates that it is more probably
the result of changes in soil restraint than
of other causes.

When the changes 1n length observed
during the two annual cycles are reduced
to umit values per degree temperature
change and related to the corresponding
section lengths, the curves shown in Fig-
ure 7 result. This figure shows how the
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magmtude of the annual length change
vailes with the length of the section
The unit length change, while expressed
in terms of temperatuie, 18 not actually
a cocfficient of thermal change alone but
rather a coefhicient of length change that
mvolves temperature, moisture and per-
haps othet factors The relation 1s
usceful in indicating the oider of move-
ment to be eapected at the ends of pave-
ment slabs of vaious lengths It ap-
pears from this figure that for sections of
about 150 ft or less in length the coeffi-
cient has a value of about 0000004
As the length of section 1s incicased to
about 600 ft , the value of the coefficient
15 reduced to about 75 percent of that
for short sections, while for sections 1,200
to 1,300 ft long 1t 1s reduced to about 50
percent

In the discussion of Figme 6 1t was
pointed out that for the long scetions the
changes 1 length that accompamed a
given tcmperature change were greater
during the second year than during the
fust year This 1s shown moie clearly
perhaps 1n Figute 7.

The annual longitudinal movements
observed at the center quaiterpoints and
ends of the 1,310-ft scction are shown
for cach of the two yeais in Figure 8.
The value shown for the quarterpomnt
and that shown for the end 1s 1n each
casc the axcrage of the measurements at
hoth quatterponts and at both ends of
this section In this graph ate shown

also straight line relations between move- .

ment and section length as observed on
the short and relatively unrestrained
slabs duiing cach annual period

During the fust year the movement at
the quarterpoints was about 10 percent
and at the ends about 40 percent of that
which would be expected 1n a free slab of
this length During the second cycle
the movement at the quaiterpoints was
about 33 percent and at the cnds about
54 percent of that of the hypothetical
unrestrained section This 1s added ew1-
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dence that less restraint to longitudinal
movement was present during the second
cycle of length change

Figures 9, 10 and 11 aic typical crack
survey sheets, including all data obtained
in the six surveys made up to this time
These were made duning the vanous
seasons of cach of the two yecars of the
service lifc of the pavement Figwe 9
shows the crack formation 1n a section
1,070 ft 1n length reinforced with 1-in.
diameter billet stecl bars, Figure 10,
sections 90, 150 and 330 ft in length
reinforced with 3-in diameter steel bars;
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Figure 8. Annual Movement at the Center,
Quarter-point and End of a 1310-foot Section

and Figure 11, scctions 20, 30, 40, 50,
60, 80, 100 and 120 ft long containing
three different weights of welded wue
fabric reinforcement as noted

Referring to Figure 9, 1t will be noted
that a very laige number of cracks have
formed 1n the central arca of this long,
heawvily 1cinforced section. In this area
cracks ate frequently less than 2 ft
apart but ncar the ends the spacing
gradually becomes much greater This
manner of ciacking was anticipated
The cracks aic barcly visible even on
very close inspection and none has opened
enough to indicate an 1nelastic elongation
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of the steel. At this time there is no
spalling or disintegration and the section
is structurally intact. Figure 12 is a
recent photograph of a crack typical of

DESIGN

of cracks that have formed in a given
length 1s much less than that found in the
longer, more heavily reinforced sections.
Of the three sections represented in Fig-
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Figure 11. Typical crack survey sheet for short sections reinforced with welded fabric.
Sections placed September-October 1938

those that formed early in the life of this
section.

In the intermediate length sections
shown in Figure 10, containing as they
do much less reinforcement, the number

ure 10, only the 330-ft. section has an
appreciable number of cracks discernible
at this time. In the 150-ft. section only
one crack has formed and the 90-ft.
sections contains no full length cracks.
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The cracks in this group appear to be
slightly more open than those in the more
heavily reinforced sections but the dif-
ference is slight and no quantitative
data are available at this time. There
is no spalling, disintegration or evidence
of inelastic deformation of the steel in
these intermediate length sections. Fig-
ure 13 is a photograph showing the pres-
ent appearance of a typical crack in this
part of the pavement.

As will be noted from Figure 11, little
or no cracking has occurred to date in

Figure 12. Present Condition of Typical Early
Crack in Long Heavily Reinforced Section

the shorter sections reinforced with
welded wire fabric. Of the nine sections
represented in this figure only two have
cracked. These are 40- and a 50-ft.
sections reinforced with the 32-1b. fabric,
the lightest weight used. One full-width
crack has developed in each of these
sections. Figure 14 shows the present
appearance of one of these cracks. The
cracks are open slightly but there is no
spalling, disintegration or evidence of
steel failure at this time.

Comparison of Figures 9, 10 and 11
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indicate the presence of a relationship
between the average slab length, or

Figure 13. Typical crack in section of inter-
mediate length reinforced with }-in diameter
bars.

Figure 14. Present condition of crack in 40-
foot section containing 32-pound wire fabric

number of cracks, and the length of the
sections, or amount of longitudinal rein-
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forcement. A study has been made of
this relationship and in Figure 15 is
shown the relation between length of
section and the average slab length of
the section as found.in March 1939 and
agamn in November 1940. The sections
represented 1n this graph include three
sizes of bar reinforcement and several
weights of welded wire fabric. As in
other figures, the points for the first
survey have been omitted for the sake of
clarity.

At the time of the March 1939 survey
little or no cracking was to be found in

240

200 | 1 o 1-INCH ¢
v | \ :;J;:::.:} BARS (RAIL & BILLET)
g L © WELDED FABRIC
* 160 ‘BB
E /|
2 11\
3o gy
a \ \/.wmcn 1939
§ 80 \
H —INOVEMBER 1940

\
40 a
\"'o. \\\ —
% 2 a ) [} 0 12

LENGTH OF SECTIONS WHEN PLACED - HUNDREDS OF FEET

Figure 15. Relation between Length of Sections
and Average Slab Length

sections having a length of 210 ft. or
less. In sections of a length greater
than 210 ft. cracking occurred and the
frequency, as indicated by the average
slab length, increased rapidly with section
length. For example, at the time of this
survey the average uncracked slab length
of the 250-ft. sections was approximately
120 ft., that for the 600-ft. sections was
about 16 ft., and that for the 1,070-ft.
sections was about 13 ft. .

By November 1940 a considerable
change had occurred. The average
length of the uncracked slabs had been
reduced to about 130 ft. The average
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slab length of the 250-ft. sections had
been reduced to about 23 ft., the 600-ft.
sections to about 10 ft., and the 1,070-ft.
sections to about 6 ft.

While it might be inferred from this
graph that the average slab length is not
influenced by the amount of longitudinal
steel present, it is believed desirable to
await further developments before at-
tempting to draw any conclusion regard-
ing this point.

Figure 16 was constructed to show the
manner in which the cracking developed
in the sections of various lengths, par-
ticularly with respect to time of year.
In this graph the long sections are rein-
forced longitudinally with 1-in. diameter
bars, the intermediate sections with 3-in.
diameter bars, while the short sections
contain the three lghter weights of
welded fabric (32, 45 and 65 lb. per
square). The condition at the time of
each of the six surveys is shown. The
first survey was made after the com-
pletion of the curing period and within
about one month after the section was
laad At this time about 40 percent of
the cracking that now exists was present
in the long sections and about 20 percent
1n the intermediate length sections. By
March 1939 there had been but little
change although the pavement had
passed through a winter. The next
survey in October 1939 showed a very
great change in all groups, however.
Since October 1939 there has been only a
gradual increase in the number of cracks
in all of the different length sections.
The rate of cracking during this period
has been greater for the shorter sections,
although so few cracks have occurred
that this is probably not significant.
This graph indicates that the severe
freezing of December 1939 and January
1940 had no noticeable influence on the
rate of cracking.

The tensile stress in the concrete caused
by the resistance offered by the subgrade
is apparently responsible for most of the
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cracking that has occuired mn the longer
scctions of the pavement This 1s n-
dicated by the fact that comparatively
Iittle eracking has developed thus far 1n
cither the shorter seetions or m the ends
of the longer scctions In long slabs
1emforced with  continuously bonded
longitudinal steel, the tensile sticsses
m the concicte caused by subgiade 1c-
sistance arc 1eliecved when a crack o
rtuptute occuis  The forces that caused
the stresses arc tiansmitted across the
1upture planc by the steel and are t1ans-
feired back to the concrete by the bond
between 1t and the steel The distance
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ture fell below that point duiing the win-
ter  This being the case, 1t 1s natural to
expect further that ciacking from sub-
grade 1cstiaint would develop during the
winter It was shown by Iigme 16
that the gicater part of the cracking was
found after the hot weather of summaer,
rather than after the cold weather of
winter as might have been expected. It
15, of couise, possible that incipient
cracks started duning the winter do not
become discermble for some months.
Whether or not this 1s tiue has not been
cstablished It 1s possible that the
1esidual stiesses mentioned above would
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Figure 16. Rate of Crack Development

1equued for this transfer depends upon
the magnitude of the force and the quality
of the bond available This ecxplans
why cracks have formed at such close
mtervals in the long scctions with large
amounts of reinforcement and at greater
mtervals in the shorter sections contain-
ing rclatively small amounts of 1einforce-
ment

Since the pavement was laid 1n the fall
of the yca1, 1t might be expected that, in
the long scctions that arc 1estrained,
there would be a 1csidual compicssive
stiess duiing the summer when the tem-
perature 11ses above that at which the
concrete was placed and a coriesponding
1esidual tensile stress when the tempera-

be 1cheved by plastic flow. If this
happened, the highest tensile stresses
would probably be the combined stresses
that develop duing the daily tempera-
ture cycle 1n the summer months

The occasional cracking that has de-
veloped 1n the shoiter seetions and 1n the
end arcas 1s probably the 1csult of com-
bined load and waiping stresses as the
1estiaint of the subgiade could not pio-
duce ctitical tensile stress in sections of
such length Also the cracking n the
shorter scctions apparently oceurred dw-
g the summer when warping stiesses
arc high

In connection with the study of crack-
g of the various sections of the experi-
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mental pavement, there has been afforded
an opportunity to observe the influence
of traffic on the development and con-
dition of the cracks. Ths 2-lane pave-
ment is one-half of a dual highway;
consequently, the right hand lane carries
the greatest number of vehicles and prac-
tically all of the heavy trucks, the left
hand lane being used largely for passing.
While it might be argued that the two
slabs are tied together at the center joint
and thus cannot act independently,
still it would be expected that if heavy
traffic played an important part in the
development of the transverse cracking,
some difference in the condition of the
two lanes would exist. None has been
found.

SECTIONS CONTAINING 10-ft. SLABS GIVEN
SPECIAL STUDY

It will be recalled that in the experi-
mental pavement were four sections each
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pavement, and this record is shown in
Figure 17. It is noted that only two
cracks were found at the time of the
removal of the burlap and only two more
during the remainder of the curing period.
The others occurred gradually until by
the end of the first year complete frac-
tures had developed at all of the joints.

Measurements are being made peri-
odically of the changes in width that
take place, both at the expansion joints
and at the warping joints, in these 500-ft.
sections and, from these, certain trends
have been observed.

1. The weakened-plane joints near
the center of the section open and close
slightly with temperature but there
appears to be no tendency for progres-
sive increase in width.

2. The weakened-plane joints near
the ends of the sections show a tend-
ency toward a progressive increase
in width and this tendency seems to be
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Figure 17. Progressive cracking of submerged plane of weakness contraction joints.
Section placed September 8, 1938

500 ft. in length, in which contraction or
warping joints were placed at 10-ft.
intervals. Two of these sections con-
tained 45-lb. wire fabric; the other two
91-lb. fabric The fabric was continuous
through the warping joints although the
bond was broken for 36 in. These
joints were planes of weakness formed by
grooves in the bottom of the pavement in
two sections and in the upper surface in
the other two sections

A record was kept of the time at which
the cracks appeared over the grooves that
had been formed in the bottom of the

greater in the sections with the groove

in the lower surface of the pavement

than in those that have the grooves in
the upper surface.

3. There seems to be a tendency
toward a progressive closing of the
expansion joints. This tendency is
apparently more pronounced in the
sections containing the lighter reinforce-
ment. .

The changes in length of each of the
four 500-ft. sections as measured at the
ends for the two annual cycles are given
in Table 6.
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TABLE 6
ANNUAL CHANGES IN LENGTH OF 500-FT. SECTIONS WITH WEAKENED-PLANE JOINTS AT 10-FT.
INTERVALS
Section Weight of Type of weakened- Time of observation Temperature | Change in
number |reinforcement plane joint difference length
Winter Summer
1b. per sq. deg. F. n.
1 91 Submerged 1938-1939 1939 60 1.10
1939-1940 1940 84 1.47
2 45 Submerged 1938-1939 1939 60 1.33
1939-1940 1940 84 1.41
3 91 Surface 1938-1939 1939 60 0.74
1939-1940 1940 84 1.23
4 45 Surface 1938-1939 1939 60 0.83
1939-1940 1940 84 1.05

Figure 18. Typical Crack over Submerged Part-
ing Strip in Lane Carrying Heavy Traffic

'I"he changes.in length are not caused  Figure 19. Companion Crack in Lane Carrying
entirely by variation in temperature and Light Traffic
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moisture because, as stated, there has
been a slight progressive opening of some
of the plane-of-weakness joints. It will
be noted in this table that the change
in temperature during the first year was
smaller than that during the second and
that there is a difference 1n the length
changes of the same general order.
Using the coefficient of 0.000004, as
explained earlier, the observed changes
in length of these 500-ft. sections indicate
that a certain amount of restraint was
present during expansion and contraction.
Figures 18 and 19 show the appearance
of cracks over the submerged grooves in
the rght hand and the left hand lanes,
respectively. These cracks have opened
glightly and the edges have become
slightly rounded. This condition is more
noticeable in the right hand lane.
Those weakened-plane jointsformed un-
der a groove in the upper surface appear
to be' in perfect condition at this time.

SURFACE ROUGHNESS OF THE SECTIONS
COMPARED

Recently a new instrument for indicat~
ing the relative roughness of road sur-
faces has been developed by the Public
Roads Administration. The roughness
of the surface 1s indicated by an index
expressed in inches per mile of pavement
length. With this apparatus it is pos-
sible to compare the surface roughness of
sections of various lengths.?

The relative roughness index as de-
termined during August 1940 for the
various sections of the experimental
reinforced pavement is shown in Figure
20, plotted with respect to section length.
The pavement at this time was nearly
two years old. It will be noted that in
this graph different symbols are used to
distinguish between sections reinforced
with the different types of steel.

A study of this figure indicates that

1 The pavement as a whole is
smooth (with this apparatus, index

2 See page 621.
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values of the order of 80 to 120 repre-
sent smooth surfaces, 200 and above
rough surfaces).

2. The different types and weights
of reinforcement have had no notice-
able influence on the relative rough-
ness of the various sections.

3. With modern methods of con-
struction and proper care, the number
or spacing of joints in a concrete pave-
ment apparently need not affect its
surface roughness.

The roughness index for the four special
sections with weakened-plane joints at
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Figure 20. Relative roughness of various
sections. Values obtained with Public Roads
roughness indicator. (80-120 smooth surfaces,
200 and over, rough surfaces.)

10-ft. intervals is shown on the graph
as a section length of 500 ft., the distance
between expansion joints. Two points
are shown, one for the two sections with
submerged joints and one for the two
with surface joints. These sections ap-
pear to be no rougher than sections of
equal length having no intermediate
joints. In fact, their surface roughness
appears to be about the average for the
experimental pavement as a whole.

It should be pointed out that any effect
of the design of the various sections on
their smoothness will probably become
more evident as time passes and that the
data presented 1n Figure 20 are intended
to furmsh a basis for future comparisons.



CASHELL AND BENHAM—REINFORCEMENT IN PAVEMENT

SUMMVARY

It has been shown that in the long,
heavily-1cinfoiced sections manv  fine
transverse cracks have developed in the
central atea TFiequently, these ciacks
aic no more than 2 ft apait At all
times and 1n all cases the crtacks have
remamed tightlv closed and no spalhng,
taveling o disintegration has appeared
at any of them so fa

In the scctions of intermediate length
containing the 3-in  diamecter bais a
modciate amount of tiansverse cracking
has developed 1n the longer sections with
but relatively ittle in the shor ter sections
In this group of scctions the cracks are
open shghtlv moic than those in the
scetions contaiming the $-in and 1-in
diameter bais, but theie 15 as vet no sign
of spalling, ravchng, disintegiation, or
of ielastic deformation of the steel

Only a very hmited amount of tians-
verse craching has occuried in the scetions
containing the welded wne fabnie The
ctacks that are present are open shghtly
more than those 1n the more heavily 1e-
inforced sections but heie also no ewi-
dence of spalling, ravehng, disintegiation
ot stiuctw al weakness has been found
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There appears to be a relation between
the length of the section as constiucted
and the average slab length (or distance
between transveise cracks)  So far there
appeals to be no 1elation between the
average slab length and cither the type
or the amount of longitudinal steel

The amount of change 1n elevation ob-
served fiom scason to scason has been
generally small (less than 1 1n) and has
not been uniform  There 1s nothing to
indicate that 1t has affected the structural
condition of the vaiious sections

In the four spceial 500-ft sections
containing 10-ft slabs scparated by
planc-of-weakness type joints, the sce-
tions as a whole arc in excellent con-
dition  The joints 1in which the sutface
groove was used arc apparently perfect,
while those formed by a submerged
parting strip have opened and 1aveled
shghtly

Relative 1oughness deter minations over
the cxperimental pavement shows that
the suiface of all of the sections was very
smooth after about 18 months of se1vice.
The scctions containing planes of weak-
ness at 10-ft intervals were as smooth as
those 1n which the joints were 1,000 ft
ot more apart





