
EXPERIMENTS WITH CONTINUOUS REINFORCEMENT IN 
CONCRETE PAVEMENTS 

H . D C A S H E L L , Asaistant Highway Engtneer 
Public Roads Adminislralion 

AND 

S . W . BENHAM, Research Engineer 

Indiana Hightoay Commisston 

SYNOPSIS 
Last year there were described before the Highway Research Board, cooperative 

experiments wi th continuously reinforced concrete pavement sections laid near 
StilesviUe, Indiana The present report contains the data obtained during 
the first two years of observation of these experimental sections 

Changes in pavement elevation have been generally small and there is 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 wi th as much freedom as the very short sections 
The movement of sections greater than 150-ft i n length is apparently restrained 
by the subgrade and this restraint is progressively greater as the section length 
IS increased 

I n the long, heavily-reinforced sections many fine cracks have developed in 
the central area I n the sections of intermediate length containing i-m steel 
bars a moderate amount of cracking has developed, while only a very l imited 
amount of cracking has occurred i n the short sections contaimng welded wire 
fabric While the width of the cracks is slightly greater in the sections contain­
ing the smaller amounts of longitudinal steel there is 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 either 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- velopments and trends that have become 
scribing the experimental reinforced con- evident during its 2-year life. I t is not 
Crete pavement investigation that is being the purpose of this report to draw defimte 
conducted by the Public Roads Adminis- conclusions regarding the relative merits 
tration and the Indiana State Highway of the various sections, but to present 
Commission. In the first report̂  the data that will show the observed behavior 
scope of the study was outlined in detail to date. 
and the construction of the project was To aid in the better understanding of 
described The present report contains the data certain essential details of design 
a general discussion of the current condi- that were presented in the first report will 
tion of the reinforced pavement, with be repeated here. The number and 
data showing the more important de- length of the sections and the amount and 

type of remforcement used i n each are 
1 Earl C Sutherland and Sanford W Ben- given in Tables 1, 2, and 3. I t will be 

^L^i^:'^:Se^fJ^^Tpr^^ ^̂^̂^̂'̂t T^"" the calculated 
ings, Highway Research Board, Vol 19, 1939, maximum steel stresses is such as to per-
Ptiblic Roads, Yol 20, no 11, January 1940 mit direct comparison between sections 

354 



CASH ELL AND BENHAM—REINFORCEMENT IN PAVEMENT 355 

containing different types as well as 
different percentages of longitudinal steel 

ment as found bv tests is given in Table 4. 
I t IS appaient from these data that the 

T A B L E 1 

D E T A I L S OP S T E E L R E I X F O H C E M E X T I X E X P E R I M E N T A L R E I X F O R C E D C O X C R B T B P V V E M E N T 

Cold Drawn Wire (Welded Fabiic) 

Number of 
sections 

Length of 
each 

section 

Calculated 
maximum 

stress in steel 

Reinforcement size and spacing Weight of 
longitudinal 

steel 
Number of 
sections 

Length of 
each 

section 

Calculated 
maximum 

stress in steel Longitudinal Transverse 

Weight of 
longitudinal 

steel 

149-lb 

ft lb per sq in 16 per too tq ft 
6 140 25,000 No 4-0 No 3 132 
6 190 35,000 d = 0 3938 in 12 in c c 
6 250 45,000 4 in c c 
6 310 55,000 

107-lb 

6 90 25,000 No 4-0 No. 3 91 
6 130 35,000 d = 0 3938 in. 12 in e c 
6 170 45,000 6 in c c 
6 200 55,000 

91-lb 

6 80 25,000 No 3-0 No 4 77 
6 110 35,000 d = 0.3625 in 12 in c c. 
6 140 45,000 6 in c c 
6 170 55,000 

65-lb 

6 60 25,000 No 0 No 6 55 
6 80 35,000 d = 0 3065 in 12 in c c 
6 100 45,000 6 in c c 
6 120 55 000 

45-lb 

6 30 25,000 No 3 No 6 35 
6 50 35,000 d = 0 2437 in 12 in c c 
6 60 45,000 6 in c c 
6 80 55,000 

32-lb 

6 20 25,000 No 6 No 6 22 
6 30 35,000 d = 0 1920 in 12 in c c 
6 40 45,000 6 in c c 
6 50 55,000 

NOTE—Sections aie 10 ft wide 

The avciage tensile sticngth of each of the 
different types and sizes of steel lemfoicc-

yield points of both the billet and lail 
steel bais aie appieciably highei than the 



356 DESIGN 

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 different methods 
of reinforcing were employed. The es­
sential common features of these four 

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 

T A B L E 2 
D E T A I L S OF S T E E L R E I N F O R C E M E N T I N E X F E B I M E N T A L R E I N F O R C E D C O N C R E T E P A V E M E N T 

Billet Steel Bare (Intermediate Grade—Deformed) 

Number of 
Beetioas 

Length of 
eaoh 

Calculated 
maximum 

Remfoiaament sue and spaaing Weight of 
longitudinal 

steel 
Number of 

Beetioas section stress in steel Longitudinal Transvene 

Weight of 
longitudinal 

steel 

St. lb. per iq in 16. p«r 100 «g. ft. 
2 360 15,000 1-in i-in. 534 
2 600 25,000 round bare round bare 
2 840 35,000 6 in . c c 24 in c c. 
2 1,080 45,000 

4 200 15,000 }-in i-in. 300 
4 340 25,000 round bare round bare 
4 470 35,000 6 in c c. 24 in c c 
4 610 45,000 

4 90 15,000 i - i n . i-in 134 
4 150 25,000 round bare round bare 
4 210 35,000 6 in c.c. 24 in . c c 
4 270 45,000 

6 60 15,000 i - i n . i - i n 76 
6 80 25,000 round bare round bare 
6 120 35,000 6 in c.c. 24 in . c c 
6 150 45,000 

6 20 15,000 i-in. i-in. 33 
6 40 25,000 round bare round bare 
6 50 35,000 6 in c c. 12 in . c c. 
6 60 45,000 

NOTE—Sections are 10 f t . wide. 

sections are. (1) Each section is 500 f t . 
long (2) WesJcened-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 fabric 
reinforcement weights 91 lb. per square. 

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

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

No. 4. The section is the same as no. 3, 
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except that it is leinfoicod with a 45-lb 
welded fabiic 

The amount of longitudinal steel in the 
91-lb welded fabiic is 77 lb, while that 
in the 45-lb welded fabric is 35 lb per 
square 

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

matelj-1^ miles of this 6-mile project has 
been subject to heavj'̂  tiuck and passenger 
traffic foi neaily two ycais, while the 
remaining 4J miles has been undei the 
same traffic foi IJ ĵ ears 

The schedule of obseivations that was 
descubed in the first repoit has been 
adheied to and, foi infoimation concern-

T A B L E 3 
D E T A I L S O F = S T E E L R B I . V F O R C E M E X T I X E X P E R I M E N T VL R E I N F O R C E D C O X C R E T E P A V E M E N T 

Rail Steel Bars (Defoimed) 

Number of Length of Calculated Reinforcement size and spacing Weight of 
each maximum longitudinal sections section stress in steel Longitudinal Transverse steel 

ft lb per aq in lb per too ag ft 
2 600 25,000 1-in i-in 534 
2 840 35,000 round bais lound bars 
2 1,080 45,000 6 in c c 24 in c c 
2 1,320 55,000 

4 340 25,000 }-in i-in 300 
4 470 35,000 lound bais round bais 
4 610 45,000 6 in c c 24 in c c 
4 740 55,000 

4 150 25,000 i-in ^-in 134 
4 210 35,000 round bars round bars 
4 270 45,000 6 in c c 24 in c c 
4 330 55,000 

6 80 25 000 i-in f-in 75 
6 120 35,000 round bars lound bais 
6 150 45,000 6 in c c 24 in c c 
6 180 55,000 

6 40 25,000 i-in }-in 33 
6 50 35,000 lOund bars lound bais 
6 60 45 000 6 in c c 12 in c c 
6 80 55,000 

NOTE—Sections are 10 ft wide 

cores at the age of six months. The aver­
age strength was found to be 6,360 lb. per 
sq. in. The average densitj"- of the con­
crete was 154 lb. per cu. f t 

The experimental pavement was con-
stmcted duiing 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-

ing the details of this program, the reader 
IS referred to the fiist leport 

Briefly, 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. 

T A B L E 4 

T E N S I L E S T R E N G T H OF S T E E L R E I N F O R C E M E N T 

Welded Fabric 

Weight 
Average tensile strength 

Weight 
Longitudinal wires Transverse wires 

16. per tq. 16. pertq tn /6. per tq. tn. 

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 81,820 

Bil let Steel Bars 

Average tensile strength 

Yidd point Ultimate 

tn. 16 pertq tn 26. per tq m 

1 56,850 77,300 
i 55,480 81,940 
i 51,433 78,567 
i 49,132 78,468 
1 46,943 78,033 

Rail Steel Bars 

Average tensile strength 
Diameter Diameter 

Yield point Ultimate 

in. (6 per tq. tn lb pertq m 

i 60,250 84,600 
i 66,650 93,625 
i 68,768 115,312 
i 64,428 113,255 
1 63,342 113,202 

P A V E M E N T E L E V A T I O N S D E T E R M I N E D 
P E R I O D I C A L L Y 

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

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

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 
tune, however. 

The second set of elevation measure­
ments over the full length of the experi­
mental sections was made during October 
1939, the pavement being about one year 
old. I t 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 in 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 moisture determinations were 
made at the time the second set of eleva­
tion data were obtained it is only reason-
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able that changes had occuiicd duung the 
yeai since the concicte was placed and it 
IS behoved that the changes m pavement 
elevation that had developed duung this 
peiiod aic caused by changes m the phj'si-
cal state of the subgiade soil 

I t will be noted that little change had 
occurred at any point in the 595-ft. sec-

whilc on the 1,310-ft section slight in-
cieases and slight decieascs developed in 
ccitain aicas during the fiist year period 

The data in Figure 1 give a fair indica­
tion of the genei al order of the changes in 
elevation that were observed at the end 
of the first j-eai Over the entire length 
of the expeiimental sections no change in 

T A B L E 5 
SUBGRADE S O I L D A T \ 

Moisture content 
Liquid 
limit 

Plasticity 
indev Silt Clay Liquid 

limit 
Plasticity 

indev 0-3 in 
below 

surface 

3 in -12 in 
below 

surface 

12 in -24 in. 
below 

surface 

% % % % % % % 
Maximum 65 26« 52 26 22 6 24 0 27 5 
Minimum 20 7 19 4 6 1 8 9 8 1 
Average 4S 17 33 12 12 8 15 5 17 1 

• This maximum percentage was exceeded m two instances, however, but these cases were not 
considered as representative of the entire project 

^ L A T E R A L ^ M A I N y - L A T E R A L DRAIN 

• 

S 9 5 f I • 830 FT » 

0 1 - 0 2 

i °* 
S 0 2 

• II ... 1 

1^10 FT 

SOIL SAMPLE Na 1 2 3 
PER 

* 
CENT 

s 6 SOIL SAMPLE NO 1 2 3 1 4 
PERCENT 

s 6 

SILT sa 63 39 54 4 6 4 3 MOISTURE CONTENT 
fl- 3 INIH D C P Y H I I 5 129 •92 1 ITO 16 6 9 8 

CLAY I B 13 12 2 3 19 I B 3 - I 2 I N C H DEPTH 14 6 156 13.5 2 1 4 16 7 15 7 

LIQUID LIMIT 37 « 3 2 8 39 3S 29 1 2 - 2 4 I N C H DEPTH 131 2 a 9 
I 3 S 1 2 1 2 

t9 6 12 8 

PLASTfCITY INDEX 12 19 I I 16 14 11 

Figure 1. Changes in Elevation of Certain Sections of Pavement at End of First Year 

was found tion In the 830-ft section the most 
noticeable change wa.s a settlement of 0 2 
in. ncai the centci During construction 
it w as ob&crvcd that the subgi ado in this 
aica was somewhat spongy at the time 
the concietc \̂as placed The figure 
shows that over much of the length of 
both the 335-ft and the 1,070-ft sections 
the elevation increased 0.1 to 0 2 m , 

elevation of moic than 0 5 in 
at this time. 

Using as a datum the elevations meas­
ured on the pavement surface in October 
1939, when pic&umably the sections had 
stabilized at then noi mal position foi this 
season of the j^eai, the position of certain 
selected sections aic shown in Figuics 2, 
3 and 4 as they wcic found to be (1) in 
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January 1940 with the subgrade frozen 
deeply, (2) in May 1940 after thawing 
was complete, and (3) in October 1940 
after the annual cycle of change was again 
completed. 

In these figures the data are divided into 

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

I t is of interest to note that the changes 
in elevation caused by freezing are* 

1. Of relatively small magnitude 
2. Not uniform 

L A T E R A L ORAIN>^ 

LATERAL DRAIN 

595 FT 

LATERAL DRAIN 

SOIL SAMPLE NO 1 1 2 
PTRC 

3 
^ N T 

* 
SILT « l s s 4 3 SS 

CLAV IT 17 l e 10 
LIQUID L M I T 27 34 3 3 37 
PLASTICITY INOCV 9 10 14 12 

6 - a INCH DEPTH 14 7 • • 2 13 6 I I S 
S - I 2 I N C H DEPTH 10 2 14 2 2 1 6 14 6 

12-24 INCH DEPTH • e f t 15 9 I & 4 I X I 

DATUM FALL l « a 
WINTER 1939-40 
SPRING I M O 
FALL 1940 

Figure 2. Seasonal changes in elevation of selected sections during the second year. 
One-Inch bar, sections of considerable length 

SOIL S A M P L E NO I 
PERCENT 

S I L T • 
C L A r - - — I S 
L I Q U I D L I M I T Se 
PLASTICITY INDEX 12 
MOISTUAE CONTENT 

0 - 3 I N C H DEPTH - - - I 3 » 
1 - l 2 I N C H D e P T H - I S O 

1 2 - 2 4 I N C H DEPTH — H O 

D A T U M FALL 1939 
WINTER 1939-40 
SPRING 1 9 4 0 
FALL 1 9 4 0 

2 I 0 F T 190 FT I SOFT 

Figure 3. Seasonal changes In elevation of selected sections during the second year. 
One-half Inch bars, Intermediate length sections 

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 
contaimng 1-in. diameter bars and of con­
siderable length; in Figure 3 are those 
containing ^-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 evident in these sections. I t 
appears, howevci, that the warping joints 

0 2 

0 

- 0 2 

- 0 4 

— 1 2 0 F T - H 

0 6 

0 

0 2 

- 0 * 

S O I L S A M P L E NO 
1 1 2 

PERCENT 

S I L T 4 3 3 8 

C L A Y 18 I S 

L I Q U l O L I M I T 3 4 3 2 

P L A S T I C I T Y INDEX 11 14 
MOISTURE CONTENT 

G - 3 I N C H D E P T H I I 0 16 0 

3 12 I N C H D E P T H 1 3 0 I S O 

12 - 2 4 I N C H D E P T H l > 0 I S O 

F A L L 1939 
W I N T E R I M 9 4 0 
SPRING 1 9 4 0 
F A L L 1 9 4 0 

Figure 4 Seasonal changes in elevation of 
selected sections during the second year. 
Welded wire fabric, short sections. 

5 0 I L 5 A M P L E NO 
1 

PERC 
2 

ENT 

S I L T 4 7 4 3 

C L A Y I S I B 

L I Q U I D L I M I T 4 4 3 3 

P L A S T I C I T Y I N D E X 14 1 2 
M O l S T U R t CONTENT 

0 - 3 I N C H D E P T H 21 0 I S O 

3 - 1 2 I N C H D E P T H 2 4 0 l a o 

12 2 4 I N C H D E P T H 19 0 1 7 0 

Figure S. Increase in elevation caused by 
freezing of subgrade to a depth of 20 inches of 
sections containing 10-foot slabs. 

were better sealed and did not aggravate 
the frost heaving as did the expansion 
joints in the longei sections 

In spite of the deep freezing the general 

order of the frost heaving is not large, 
being generally within the range 0 2 to 
1 0 m. I t is not uniform, varying prob­
ably with the physical nature and condi­
tion of the subgrade soil In this connec­
tion it is of interest to note that where 
lateral drains were placed under the 
360-ft section there appears to have been 
a decrease in the magnitude of the frost 
heaving 

I t is beheved that the flexure caused by 
the nonuniformity of the frost heaving 
was not sufficient to fracture the sections 
and the condition surveys confirm this 
belief. 

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

The importance of subgrade umformity 
and of tightly-sealed joints as aids to 
maintaining the structural integrity of 
concrete pavements exposed to freezing 
conditions is emphasized by these data. 
ANNUAL CHANGES I N S E C T I O N L E N G T H NOT 

PROPOHTIONAL TO L E N G T H O F S E C T I O N 

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 is primarily 
that caused by the temperature change, 
but the annual cycle combines the length 
changes caused bj' temperature and mois­
ture changes with any permanent change 
in length from other causes. In the pres­
ent report only the annual cycle of length 
change will be discussed Measurements 
of this movement are made at the expan­
sion joints of one section of each length 
for each of three types of reinforcement, 
a total of 64 sections altogether. 

In Figure 6, the broken line and the full 
line curves are the average maximum 
changes in length obseived for sections 
of different length during the first and the 
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second years, respectively, of the pave­
ment's life. The change m 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 m 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 
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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 
contract. 

The type of reinforcement used ra the 
various sections is denoted by the char­
acter of symbol and it 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 

the second year, for sections exceeding 
600 ft. in 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 2 27 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 

o 

R O M J A K 1 9 4 0 T O J U L Y 1940 

F R O M lEC 1938 0 A U G I I 

M 

--^^ 

• B l 
A R A 
o WE 

L L E T S T E E L B A R S 
I L S T E E L B A R S 
L O E D F A B R I C 

4 6 a 10 
S E C T I O N L E N G T H - H U N D R E D S O F F E E T 

Figure 7. Relation between Section Length 
and Annual Expansion 

and by other influences. I t 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 ft . long and practi­
cally constant in those over 1,000 f t . of 
length indicates that it is more probably 
the result of changes in soil restraint than 
of other causes. 

When the changes m length observed 
during the two annual cycles are reduced 
to umt 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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magnitude of the annual length change 
vanes with the length of the section 
The unit length change, while cxpicsscd 
in terms of temperatuic, is not actually 
a coefficient of thcimal change alone but 
rathci a cocflficicnt of length change that 
involves tempeiature, moisture and per­
haps othci factois The relation is 
u.seful m indicating the oider of move­
ment to be expected at the ends of pave­
ment slabs of vaiious lengths I t ap­
peals from this figure that for sections of 
about 150 f t or less in length the coeffi­
cient has a value of about 0 000004 
As the length of section is inci cased to 
about 600 f t , the value of the coefficient 
is reduced to about 75 percent of that 
foi short sections, while for sections 1,200 
to 1,300 f t long it IS reduced to about 50 
percent 

In the discussion of Figuic 6 it was 
pointed out that for the long sections the 
changes in length that accompanied a 
given tempeiature change were greater 
duiing the second ycai than during the 
fiist year This is shown moie clearly 
perhaps in Figuic 7. 

The annual longitudinal movements 
observed at the centci quai terpoints and 
ends of the 1,310-ft section aie shown 
for each of the two j'eais in Figure 8. 
The value shown foi the quartorpoint 
and that shown foi the end is in each 
case the a\eiagc of the measuiemcnts at 
both quaitci points and at both ends of 
this section In this graph aic shown 
also stiaight line relations between move­
ment and section length as observed on 
the short and relatively unrestrained 
slabs duiing each annual period 

During the fust year the movement at 
the quartei points was about 10 percent 
and at the ends about 40 peicent of that 
w hich would be expected in a free slab of 
this length During the second cycle 
the movement at the quai terpoints was 
about 33 percent and at the ends about 
54 percent of that of the h3'pothetical 
unrestrained section This is added evi­

dence that less restraint to longitudinal 
movement was present during the second 
cj'clc of length change 

Figures 9, 10 and 11 aie typical ciack 
survey .sheets, including all data obtained 
m the SIX survcj's made up to this time 
These wcie made duiing the vaiious 
seasons of each of the two years of the 
service life of the pavement Figuic 9 
shows the crack foimation in a section 
1,070 f t in length reinforced with l-m. 
diameter billet steel bais. Figure 10, 
sections 90, 150 and 330 f t in length 
reinforced with ^-in diameter steel bars; 

F R O M OEC I 9 3 S TO A U G 1939 
T E M P E R A T U R E C H A N C E 6 3 " F 
F R O M J A N 1 9 4 0 TO J U L Y 1940^ 
T E M P E R A T U R E C H A N C E S 4 - F 

R E L A T I O N F O U N D F O R 

S H O R T S E C T I O N S 

L ^ C E N T E R 

Q U A R T E R 
P O I N T 

0 1 2 3 4 5 6 7 
D I S T A N C E F R O M C E N T E R O T S E C T I O N - H U N D R E D S O F F E E T 

Figure 8. Annual Movement at the Center, 
Quarter-point and End of a 1310-foot Section 

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

Referring to Figure 9, it will be noted 
that a veiy laigc number of cracks have 
formed in the central area of this long, 
heavilj' lemforccd section. In this area 
cracks aic frequently less than 2 f t 
apart but near the ends the spacing 
gradually becomes much grcatei This 
manner of ciacking was anticipated 
The cracks aic barelj'̂  visible even on 
very close inspection and none has opened 
enough to indicate an inelastic elongation 
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of the steel. At this time there is no of cracks that have formed in a given 
spalling or disintegration and the section length is much less than that found in the 
is structurally intact. Figure 12 is a longer, more heavily reinforced sections, 
recent photograph of a crack typical of Of the three sections represented in Fig-
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Figure 9. Typical crack surrey sheet for long sections reinforced with one-inch diameter 
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Figure 10. Typical crack survey sheet for intermediate length sections reinforced with 
i-lnch diameter steel. Sections placed September-October, 1938 
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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 spalUng, 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-lb. 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 

indicate the presence of a relationship 
between the average slab length, or 

Figure 13. Typical crack in section of inter­
mediate length reinforced with J-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 
again in November 1940. The sections 
represented in 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 
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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 

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 longitudmal 
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 vanous 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 ^-in. 
diameter bars, while the short sections 
contain the three lighter weights of 
welded fabric (32, 45 and 65 lb. per 
square). The condition at the time of 
each of the six survejrs is shown. The 
first survey was made after the com­
pletion of the curing period and within 
about one month after the section was 
laid At this time about 40 percent of 
the cracking that now exists was present 
in the long sections and about 20 percent 
m 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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Clacking that has occuuod in the longci 
sections of the pavement This is in­
dicated by the fact that compai atively 
httlc ciackmg has developed thus fax in 
cithei the shoitei sections or m the ends 
of the longei sections In long slabs 
leinfoiced with continuously bonded 
longitudinal steel, the tensile sti esses 
m the conciete caused hy subgiade ic-
sistance ai-c lelievcd when a crack oi 
luptuie occuis The foices that caused 
the stresses aic tiansmitted across the 
luptuic plane by the steel and arc tians-
feiied back to the conciete hy the bond 
between it and the steel The distance 

tuie fell below that point duiing the wm-
tei This being the case, it is natural to 
expect fuither that ciacking from sul> 
giade lestiaint w ould develop during the 
wintci It was shown by Figuie 16 
that the gicater pait of the ciacking was 
found aftei the hot weathei of summei, 
rather than after the cold weathei of 
winter as might have been expected. It 
I S , of couise, possible that incipient 
ciacks staited duiing the winter do not 
become discernible for some months. 
Whcthei or not this is tiuc has not been 
established It is possible that the 
lesidual sti esses mentioned above would 
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Figure 16. Rate of Crack Development 

lequued for this transfer depends upon 
the magnitude of the foicc and the quality 
of the bond available This explains 
why cracks have formed at such close 
inteivals in the long sections with laigc 
amounts of reinfoi cement and at greater 
intervals in the shoitei sections contain­
ing lelativcly small amounts of leinfoi ce­
ment 

Since the pavement was laid in the fall 
of the j^eai, it might be expected that, m 
the long sections that ai-e lestiained, 
there would be a icsidual compiessive 
sti ess duung the summci when the tem-
pciatuie uses above that at which the 
concrete was placed and a coiiesponding 
lesidual tensile stress when the tempeia-

be iclieved by plastic flow. If this 
happened, the highest tensile stresses 
would piobably be the combined stresses 
that develop duiing the daily tempeia-
tuie cj'clc in the summer months 

The occasional cracking that has de­
veloped in the shoi tei sections and m the 
end aieas is piobablj' the lesult of com­
bined load and waiping stresses as the 
lestiaint of the subgiade could not pio-
ducc ciitical tensile stress in sections of 
such length Also the ciacking in the 
shoitei sections appaientlj' occuiied dui­
ing the summei when waiping sti esses 
are high 

In connection with the study of crack­
ing of the vaiious sections of the cxperi-



368 DESIGN 

mental pavement, there has been afforded 
an opportunity to observe the influence 
of traffic on the development and con­
dition of the cracks. Tlus 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 jomt 
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 CONTAININO 10-ft. SLABS GIVEN 
SPECIAL STUDT 

It will be recalled that in the experi­
mental pavement were four sections each 

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. ProgressiTe cracking of submerged plane of weakness contractton 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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T A B L E 6 

ANNUAL CHANGES I N L E N G T H OF 500-FT. SECTIONS WITH W E A K B N E D - P L A N E JOINTS AT 10-FT. 
I N T E R V A L S 

Section 
number 

Weight of 
reinforcement 

Type of weakened-
plane joint 

Time of observation 
Temperature 

difference 
Change in Section 

number 
Weight of 

reinforcement 
Type of weakened-

plane joint 
Winter Summer 

Temperature 
difference length 

lb. per sq. deg. F. in. 
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 

The 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 durmg the first year was 
smaller than that dunng the second and 
that there is a difference in 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 dtu-ing expansion and contraction. 

Figures 18 and 19 show the appearance 
of cracks over the submerged grooves in 
the right hand and the left hand lanes, 
respectively. These cracks have opened 
slightly 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 is indicated by an index 
expressed in mches 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 m 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 
* See page 621. 

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 modem 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 
sectionB. Values obUlned 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 in Figure 20 are intended 
to furmsh a basis for future comparisons. 
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S U - M M A R Y 

It has been shown that m the long, 
lieavilj--icinfoiccd sections many fine 
tiansvcisc ciacks have dc\ doped in the 
central aica Ficqucntly, these ciacks 
aic no more than 2 ft apait At all 
times and in all cases the ciacks have 
icmained tightlv closed and no spalling, 
lavcling 01 dismtcgiation has appealed 
at any of them so fai 

In the sections of intei mediate length 
containing the ^-in diamctci bais a 
model ate amount of tiansvcrsc ciacking 
has developed in the longci sections with 
but 1 datively little in the shoi tci sections 
In this gioup of sections the cracks aic 
open slightly moie than those in the 
sections containing the f-in and 1-in 
diametei bais, but thcic is as vet no sign 
of spalling, i'a\ cling, disintcgi ation, or 
of inelastic dcfoimation of the steel 

Only a \ciy limited amount of tians-
vcise Clacking has occui icd in the sections 
containing the \veldcd wiic fabiic The 
Ciacks that aic picscnt aie open slightly 
more than those in the more heavily ic-
mtoiced sections but hcie also no evi­
dence of spalling, raveling, disintcgiation 
01 stiuctuial weakness has been found 

Theie appears to be a relation between 
the length of the section as constiuctcd 
and the average slab length (or distance 
between transvci sc ci acks) So far there 
appeals to be no ielation between the 
average slab length and cither the type 
or the amount of longitudinal steel 

The amount of change in elevation ob­
served fiom season to season has been 
generally small (less than 1 in ) and has 
not been uniform There is nothing to 
indicate that it has affected the structural 
condition of the vanous sections 

In the four special 500-ft sections 
containing 10-ft slabs separated by 
plane-of-weakncss type joints, the sec­
tions as a whole are in excellent con­
dition The joints in which the suiface 
groove was used are appaiently peifcct, 
while those foimed by a submerged 
paiting strip have opened and laveled 
slightly 

Relative loughness detei mi nations over 
the cxpciimcntal pavement shows that 
the suifacc of all of the sections was veiy 
smooth after about 18 months of scivice. 
The sections containing planes of weak­
ness at 10-ft mtcivals ^\eic as smooth a& 
those m which the joints weic 1,000 ft 
oi more apart 




