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ontinuous Reinforcement in Concrete Pavement 

A Cooperative Investigation by the 
Bureau of Public Roads and the 
Indiana State Highway Commission 

Concrete pavements, unless constructed with closely spaced transverse joints, 

generally crack transversely at frequent intervals. These cracks tend to open 

appreciably with time unless the pavement is reinforced. For some years there 

has been a continued interest on the part of highway engineers regarding the 

practicability of concrete pavements constructed without transverse joints and 

reinforced longitudinally with continuous bonded steel in sufficient amount to 

hold all cracks closed. 

In the fall of 1938 a considerable number of continuously reinforced sections, 

ranging from 20 to 1,310 feet in length, were constructed near Stilesville, Indiana, 

on U S 40 as a cooperative research project to study the effects of varying amounts 

of longitudinal steel in sections of various lengths. 

The behavior of the sections during the first 10 years of service life conclusively 

shows that continuous reinforcement can be depended upon to prevent the 

opening of transverse cracks in concrete pavements. In the long, heavily rein- 

forced sections many fine cracks have developed in the central region. These 

cracks have not opened and have raveled only slightly with traffic and exposure, 

a condition that has required no maintenance and may be considered superficial. 

The sections have remained strong, durable structural units. 

The presence of even the heaviest longitudinal bar reinforcement has appar- 

ently not affected adversely the condition of the concrete in the pavement. The 

concrete appears to be sound throughout, there has been no spalling, and there 

is a complete absence of longitudinal cracking above the bars. In fact, the 

manner in which the steel has held closed all cracks, especially those in the more 

heavily reinforced sections, is believed to have been conducive to distributed 

interfacial pressure at the cracks which should tend to minimize damage to the 

concrete from concentrations of pressure such as sometimes develop at cracks 

in plain concrete pavements. 

Pumping has developed at many of the transverse joints but, with two excep- 

tions, has not been observed at any of the vast number of transverse cracks. 

This indicates that a concrete pavement without transverse joints and containing 

adequate longitudinal reinforcement is not nearly so susceptible to pumping as 

pavements of other designs. 

In spite of the many transverse cracks that have developed in the long sections, 

the riding quality of the pavement has remained excellent and the pavement 

itself has been protected from damaging impact forces such as tend to develop 

and the State Highway Commission 
jof Indiana have cooperated in making de- 

tinuously reinforced sections. Three pub- 

lished reports! have described the scope of 

|the study, the construction of the project, 

and the observed behavior of the pavement 

during the first 5 years of service. The 

1 Experiments with continuous reinforcement in concrete 

‘|pavements, by E. C. Sutherland and S. W. Benham; PuBLic 

-|Roaps, vol. 20, No. 11, Jan. 1940; Progress in experiments with 

‘}continuous reinforcement in concrete pavements, by H. D. 

-}Cashell and S. W. Benham; Pustic Roaps, vol. 22, No. 3, 
May 1941; and Experiments with continuous reinforcement in 

concrete pavement—A five-year history, by H. D. Cashell and 

8S. W. Benham; Proceedings of the Highway Research 

Board, vol. 23, 1943 (condensed). 

872968—50——1 

where the surface alinement is not maintained. 

present report, which may be considered the 

major report of the investigation, describes 

the performance of the various sections over 

a period of 10 years.- Although previously 

published information is avoided as much as 

possible, certain essential data are repeated 

here for both clarity and completeness of the 

report. 

The experimental pavement is a 9—7—9-inch 
thickened-edge type, 20 feet wide and approxi- 

mately 6 miles long. It is located, near 

Stilesville, about 30 miles west of Indian- 

apolis, and was constructed during September 

and October of 1938 as part of the eastbound 

lanes of the divided highway U S 40. 

Traffic counts indicated an average annual 

daily volume (in both directions) of 3,500 

vehicles in 1941 when the pavement was 3 

Reported by HARRY D. CASHELL, 

Highway Research Engineer, 

Bureau of Public Roads, 

and SANFORD W. BENHAM, 

Research Engineer, Indiana 

State Highway Commission 

years old. Of these, 1,125 were trucks and 

busses, the maximum daily gross load being 

at least 48,000 pounds. In 1948, when the 

pavement had been in service for 10 years, the 

average annual daily traffic volume had 

increased to 5,100 vehicles, trucks and busses 

comprising 1,280 of the total. At this time 

the maximum daily gross and axle loads were 

at least 51,000 and 20,400 pounds, respec- 

tively. 

Briefly, the experimental pavement consists 

of sections ranging in length from 20 to 1,310 

feet. Incorporated in these sections are 

various amounts of steel for each of three 

types of reinforcement. The number and 
range in length of the individual sections, 

together with pertinent data on the reinforc- 

ing steel used in each, are given in table 1 

(p. 4). The lengths of the sections necessary 

to develop the steel stresses shown in the 

table were calculated on the basis of certain 

assumptions as to the resistance offered by 

the subgrade as the pavement expands and 

contracts. It was assumed that the resistance 

would be constant and could be expressed as a 

coefficient equal to 114 times the weight of the 
pavement. 

The maximum steel stresses were intended 

to be such that the elastic limit of the rein- 

forcement would be approached in the longest 

section of each group, producing, under 

repeated stressing, inelastic elongation with a 

consequent opening of the cracks. 

Since a wide range in slab end movements 

was expected in the sections of various lengths, 

several different widths of transverse joint 

opening were provided. The shorter sections 

were separated by conventional dowel-type 

joints having widths of either % or 1 inch. 

A joint of a type similar to that frequently 

used at bridge approaches, and designed to 

permit a 1}4-inch movement in each direction, 
was placed between intermediate-length sec- 

tions; whereas for the longer sections provision 

was made for approximately twice this amount 

of movement by means of a pair of the bridge- 

type joints spaced 10 feet apart. 

In addition to the regular sections of the 

experimental pavement—that is, the sections 

containing continuously bonded steel—four 

special sections each 500 feet long were in- 

cluded. In these, weakened-plane joints were 

spaced at 10-foot intervals and the bond 

between the longitudinal steel and the con- 

erete was broken purposely for a distance of 

18 inches on each side of_each transverse joint. 

1 



CONCLUSIONS 

In this report the performance of the con- 

tinuously reinforced sections is traced through 

the first 10 years of pavement life. The fol- 

lowing statements give what appear to be the 

most significant conclusions to be drawn from 

the results of this investigation. 

Changes in Elevation and Length 

1. Changes in pavement elevation were 

generally small and nonuniform, the lack of 

uniformity becoming progressively more pro- 

nounced, especially during the first 5 years of 

service. The effect of these nonuniform ele- 

vation changes was not apparent in either the 

length changes or the crack patterns of the 

sections; but, as would be expected, was 

reflected in the riding quality of the pavement. 

2. Because of the wide range in section 

lengths an opportunity was afforded to study 

the effect of subgrade resistance as related to 

slab movement. The most important con- 

clusions are: (a) excepting the very short 

sections, the daily and annual changes in 

section lengths are not directly proportional 

to length of section; (b) the magnitude of the 

restraint offered by the subgrade is a function 

of the time during which a given temperature 

or moisture change in the pavement takes 

place; (c) for subgrade soil of the type on 

which the experimental pavement was con- 

structed, it is estimated that, during the rela- 

tively rapid daily length change, the central 

region of sections greater than approximately 

800 feet will be in a state of complete restraint; 

whereas for the slowly developed annual length 

change, the central region of sections some- 

what greater in length than the longest section 

(1,310 feet) of this investigation will be com- 

pletely restrained; and (d) for sections of 

lengths included in this investigation, the 
data suggest that tensile stresses induced by 

subgrade resistance are probably larger during 

the fall than at any other period during the 

year, 
3. Length changes of a progressive or per- 

manent nature developed in sections of all 

lengths. In the short sections containing 

comparatively few cracks, it appeared that 

repeated cycles of moisture and temperature 

were primarily responsible for such changes. 

In the longer sections, the tendency of the 

transverse cracks to open progressively a very 

small amount was an additional factor con- 

tributing to permanent increases. 

Development of Cracks 

4. Transverse cracks in the experimental 

sections formed essentially at right angles to 

the axis of the pavement. The surface widths 

of these cracks because of slight raveling be- 
came, in time, much greater than their real 

widths. For a given computed maximum 

steel stress both the surface widths and the 

real widths of the cracks increased approxi- 

mately directly with a decrease in the percent- 

age of longitudinal reinforcement. In the 

heavily traveled lane, after 10 years of serv- 

ice, the average values of the real width of 

the cracks (obtained in the fall of the year in 

the central region of the longest section for 

each percentage of reinforcing steel) ranged 

from 0.004 inch for the section with 1.82 per- 

cent steel to 0.011 inch for the section with 

0.45 percent steel. Likewise, the average 

surface widths of the same cracks ranged from 

0.05 to 0.10 inch. 
5. The rate of crack development was most 

pronounced during the early life of the pave- 

ment, the greatest rate being between spring 

and fall of the first year after construction. 

On the basis of all transverse cracks that de- 

veloped during the 10-year service period, 67 

percent had appeared by the end of the first 

year. Very few cracks formed during the 

winter months, indicating that nonuniform 

changes in pavement elevation caused by 
frost penetration had little influence upon 

cracking; and, also, that tensile stresses origi- 

nating from subgrade resistance were no 

greater during winter periods than during the 

fall periods. 
6. The study of crack development indi- 

cated that the average interval between trans- 

Installing one-fourth inch diameter longitudinal bar reinforcing steel. 

verse cracks (average slab length) increased 

with an increase in section length until a peak 

value was reached, beyond which there was a 

rapid decrease in average slab length that be- 

came more gradual and finally approached a. 

constant value for the longer sections. If one} 

were interested only in the minimum number 

of transverse cracks and joints, the data sug-. 

gest that, in reinforced concrete pavements, 

the joints should be spaced at approximately 
100-foot intervals. It must be kept in mind, 
however, that this investigation most con- 
clusively shows that the character and not the 

number of cracks is of the greater importance. 

In the longer and consequently more heavily | F 

reinforced sections, many fine cracks have de- j 

veloped at frequent intervals but these sections 5 
have continued to be strong, durable structural , 

units after 10 years of heavy traffic service. 

7. The frequency of cracking increased from 

a minimum value at the end of a section to a 

maximum value in the central area. For some 

distance, beginning at the end of the longer 

sections, the frequency of cracking increased 

directly with increase in distance. The maxi- 

mum values of crack frequency, as found in 

the central area of the sections, increased pro- 

gressively with increase in section length. It 

seems reasonable to assume that such values 

would continue to increase until the sections 

are long enough to develop complete restraint ‘ 

to slab movement. The 10-year data suggest F 

that, for the conditions obtaining in this in- 

vestigation, the crack interval in the region of 

complete restraint might be expected to be 

approximately 2.0 to 2.5 feet provided, of 

course, that the reinforcement was adequate. 

8. Repetition of traffic loads had only a 

slight influence on the development of trans- 

verse cracks. At the end of 10 years 53 per- 

cent of the transverse cracks present in both 

lanes of the pavement formed in the heavily 

traveled right-hand lane. However, the 

greater volume of traffic using the right-hand 

lane produced more raveling and other super: 

ficial damage to the edges of the cracks thar 

the lighter traffic on the left or passing lane, 

the average surface width of cracks in the 

heavily traveled lane being approximately 

three times that of the cracks in the passing 

lane. Traffic had some effect, also, on the 

real widths of the cracks, this being les: 

pronounced than in the case of the surface 
widths. | 

| 

Effect of Reinforcement 

9. All sections were so conservatively de 

signed that the limiting length of section fo 

each percentage of longitudinal steel was no’ 
determined. 

10. Longitudinal steel reinforcement, withir 

the range of the computed maximum stres 

values of this investigation, held closed al 

cracks excepting those in the sections rein 
forced with the 32-pound wire fabric. lh 

several cases the steel crossing the cracks tha 

formed in the sections containing this ligh 

fabric broke, probably from shearing forces 

It is indicated that wire fabric as light as 3 i 

pounds per 100 square feet should be use | * 

with caution as reinforcement in concret | " 

pavements. é 
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11. The presence of the heavy longitudinal 

.par reinforcement was not in any way detri- 

jnental to the condition of the concrete in the 

oavement, as attested by the complete absence 

f longitudinal cracking above such bars and 

yy the continued durability of the concrete. 

n fact, the manner in which the steel held 

slosed all cracks, especially those in the 

1eavily reinforced sections, is believed to be 

sonducive to distributed interfacial pressure 

ind should minimize damage of the concrete 

rom concentrated pressure such as sometimes 

levelops at cracks in plain concrete pave- 

jnents. 

12. The type of reinforcement had only a 

slight effect on the observed length changes 

of the sections or on the frequency of cracking 

n the central portion of long sections; but, 

‘or some unknown reason, the reinforcement 

type seems to have had considerable influence 
yn the average interval between cracks in 

sections of 300 feet or less in length. On the 

other hand, the working stresses within the 

range of the computed maximum values 

.jexercised no significant control over the length 

changes and crack patterns of the sections, 

probably because of the conservative design 
assumptions. 

13. Heavy reinforcement caused the length 

changes and crack patterns of the sections to 

be quite symmetrical about the center of each 
section, thus indicating a structure of pre- 

dictable behavior. 

The Special Sections 

14. In the four special 500-foot sections, 

containing warping joints at 10-foot intervals, 

shear bars and containing the 91-pound fabric, 

the steel did not break or inelastically elongate 

and the pavement remained structurally in- 

tact, the riding quality of these halves being 

nearly the same as that of sections reinforced 
with continuously bonded steel. 

15. During periods of contraction, the con- 

tinuous reinforcement in the 500-foot special 

sections exercised considerable control over 

the length changes of the section as a whole. 

In spite of the continuity of the reinforcement, 

however, the warping joints opened progres- 

sively with time. This behavior is definitely 

* undesirable since a residual opening of the 

joints would dissipate all or part of the elastic 

elongation of the 36 inches of unbonded steel 

and, in time, may cause failure of the relatively 

| lightweight reinforcement. A corrective mea- 

§ sure for the preceding condition would be to 
decrease the amount of available expansion 

space, 

| Pumping and Pavement Smoothness 

16. Pumping developed at many expansion 

joints, but, with two exceptions, was 
completely absent at the vast number of 

transverse cracks. This is evidence of the 
effectiveness of the reinforcing steel in holding 
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The bridge-type joint. 

tightly together the segments of the sections, 

thus reducing slab deflections and minimizing 

the passage of free water to the subgrade soil. 

The absence of pumping at the submerged- 

type warping joints of the special sections 

indicated that the copper seals which envel- 

oped the bottom parting strips prevented the 

leakage of free water to the subgrade soil. 

17. Relative roughness determinations of 

the regular sections showed that their surfaces 

were very smooth initially, and at present are 

no rougher than some concrete pavements as 

constructed. The many fine cracks that 

formed in the long sections have not affected 

the riding quality of the pavement. The 

sections containing warping joints at 10-foot 

intervals were as smooth initially as the regular 

sections indicating that, with proper care dur- 

ing installation and finishing, closely-spaced 

warping joints need not affect the initial 

riding quality of concrete pavements. How- 

ever, where certain weaknesses have devel- 

oped, such as faulting of the joints, these 

special sections have become much rougher 

than the regular sections. 

Economic Benefits 

The performance of the Indiana experi- 

mental sections has indicated certain economic 

benefits to be derived from long, continuously 

reinforced pavement of the type included in 

this investigation, namely: (1) the fine cracks, 

even though frequent, ravel only slightly 

with traffic and exposure, a condition that 

may be considered superficial and one that 

will require no maintenance; (2) except in 

localized areas of extremely poor subgrade, 

pumping will not develop, thus minimizing 

the need for base courses or other expensive 

subgrade treatments; and (3) the riding qual- 

ity of the pavement might be expected to 

remain excellent and the pavement itself 

would be protected from damaging impact 

forces such as frequently develop at faulted 

joints and cracks. 

More recently, other researches relating to 
the use of continuously bonded longitudinal 

reinforcement have been inaugurated.2 The 

experimental sections in these pavements are 

all longer than the longest section of the 

Stilesville experimental pavement and are less 

heavily reinforced. Sections of various thick- 

nesses, reinforced with various percentages of 

longitudinal steel, and constructed both with 

and without subbases, are included. While 

the pavements have not been in service long 

enough to permit conclusions to be drawn, it 

seems probable that eventually they will 

provide considerable additional data on the 

relative economies of continuously reinforced 

pavements and those which are designed as a 

series of comparatively short, independent 

slabs. 

Thus, it is possible that, when all factors are 

considered, a concrete pavement without 

joints and reinforced with continuous bonded 

steel in sufficient amount to resist all stresses 

safely and to hold all cracks closed may, in 

many cases, cost no more than current de- 

signs of concrete pavement which include 

greater slab thickness, lighter reinforcement, 

transverse joints, and subgrade treatment. 

SCOPE OF DISCUSSION 

The discussion of the 10-year performance 

of the pavement is presented in six parts, as 

follows: (1) Periodic elevation changes of the 

‘regular sections; (2) daily, annual, and pro- 

gressive changes in the length of the regular 

sections; (3) development, distribution, and 

present condition of cracks in the regular 

sections; (4) behavior of the 500-foot special 

sections; (5) occurrence of pumping; and (6) 

smoothness of the pavement. Pertinent data 

on the pavement sections and the reinforcing 

steel in them are given in table 1. 

2 Continuously reinforced concrete pavements without joints, 

by W. R. Woolley; Preliminary report on current experiment 

with continuous reinforcement in New Jersey, by W. Van 

Breemen; and An experimental continuously reinforced con- 

crete pavement in Illinois, by H. W. Russell and J. D. Lind- 

say; Proceedings of the Highway Research Board, vol. 27, 

1947. 
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- Table 1.—Details of reinforcement in the experimental pavement 

Reinforcement size and spacing 

24 26 

i 12 vl 

46, 900 

Average tensile strength 
of longitudinal steel 

Num- Calculated , — Percentage ber of : Weight of ars of longi- sections Fea vetress in | * reinforce- Longitudinal Transverse tudinal 

fength steel ape steel * Yield point | Ultimate 
i ; 3 Spacing, Thameters Spacing, 

Diameter c. toc. Ei c. to ¢. 

a Lb. per Lb. per Feet re ae re Ove. Inches Inches Percent eg it a4 ie 

RAIL-STEEL BARS (DEFORMED) 

600 25, 000 

2 | ae reps Ped peecee oe {Snigh visas 6 Yeineh......-.--. 24 1.82 63, 300 113, 200 
1, 320 55, 000 

340 25, 000 

4 a0 ey aie eee ee $4inch.__.......- 6 ¥inch........---- 24 1.02 64, 400 113, 300 
740 55, 000 
150 25, 000 

4 oo es on wan-e-------- ?4-inch...-_---.--- 6 Minch. 422-2222 52 24 45 68, 800 115, 300 

330 55, 000 
80 25, 000 

6 | 160 ee iitibe st eee ote %-inch..-.-------- 6 %inch.......----- 66, 700 93, 600 
180 55, 000 
40 25, 000 

6 0 SP 00 aa Ee= ree os elite ae cee ee 6 Veinche seat 60, 300 84, 600 
80 55, 000 

360 15, ris 
600 25, 0 Yj 2 840 35,000 ~ | f------------- {NCH eee ees 6 2 e-INCh gt So ee 24 78, 000 

1, 080 45, 000 
200 15, 000 
340 25, 000 ya 4 4 470 35,000 ~ |{------------- 4-1nCh waa ee 6 Perino fees ieee ae 24 1.02 49, 100 78, 500 

610 45, 000 
90 15, at 

150 25, 000 143 14j 4 210 35,000 | {------------- JinCh ess en cn 6 Ye-10CR een soe 24 ~45 51, 400 78, 600 

270 45, 000 
50 15, 000 
80 25, 000 x Bh. 6 120 35,000 | {-------- == 56-inch sas 6 SeaiNnCh e282 ees oe 24 . 26 55, 500 81, 900 

150 45, 000 
20 15; fod 
40 25, x if 6 50 35°000 —‘(|{---==-"=-=--- Panchen a. See 6 a7-inch= See 12 slat 56, 900 77, 300 

60 45, 000 

WIRE FABRIC (COLD-DRAWN WIRES) 

140 25, 000 
190 35, 000 

6 250 45, 000 149 Nos0Q00 2 eee s 4 IN Ojo ase ce ee eee 12 ohD eee SP eee 81, 800 

310 55, 000 
90 25, 000 

130 35, 000 
6 | 170 45, 000 107 Nox0000 Sesto = 6 ING 32a 12 Tea ley Ss eel See 80, 300 

200 55, 000 
80 25, 000 

110 35, 000 
6 140 45,000 91 SN O. 000 See ssa 6 NOs 422 eee oe 12 524 PIMA ee AS 89, 100 

170 55, 000 
60 25, 000 
80 35, 000 

6 100 45, 000 65 IN OS0 coo oe 6 UN Os, Osteen oe 12 Lea ee ee 83, 700 

120 55, 000 
30 25, so 
50 35, 00! 

6 60 45, 000 45 INON 32a eee see oe 6 NOAG 22 $25- See aL, ere 81, 000 

80 55, 000 
20 25, we 
30 35, 0 

6 40 45, 000 32 WOS6 oeeeeeceeecre 6 No. 62 S07 > tite eee 88, 700 

50 55, 000 

Sree 

1 The term “‘section”’ as used in this report refers to a lane or 19-foot width of pavement; thus the number ‘‘2” indicates a pair of sections, one being on each side of the center joint. 
? The lengths of the longer sections are nominal lengths and may be either 5 or 10 feet greater than the actual length in cases where a pair of bridge-type joints were installed. 
3 The rail-steel and billet-steel reinforeement were round bars. 

0.2437 inch; No. 4, 0.2253 inch; No. 6, 0.1920 inch. 
4 Cross-sectional area of the longitudinal steel expressed as a percentage of the cross-sectional area of the concrete slab. 

Part 1.—PERIODIC ELEVATION 

CHANGES 

Three sets of precise elevation measurements 

have been made over the entire length of the 

experimental pavement: In the late fall of 

1938 or shortly after construction of the 

sections; in the fall of 1939 or approximately’ 1 

year after construction; and in the severe win- 

4 

ter of 1939-40 when the frost had penetrated 

the ground to a depth of about 20 inches. In 
addition, during the first 5 years, elevation 

measurements were made at more frequent 
intervals over selected sections. All such 

measurements were made on reference points 

installed in the right-hand or heavily traveled 
lane of the pavement. 

At the end of the first year the majority of 

The diameters of the wires in the fabric were as follows: No. 0000, 0.3938 inch; No. 000, 0.3625 inch; No. 0, 0.3065 inch; No 3, 

the elevation changes were very small. 
Specifically, only 7 percent of the 487 midlane 

locations at which measurements were made 

showed a change in elevation greater than one- 

fourth inch when compared with the base 

elevations established soon after construction, 

During the peak of the severe winter of 

1939-40 increases in elevation were generally 
within the range of 0.2 to 1.0 inch as compared 
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Figure 1.—Changes in elevation of selected sections at the end of the first and fifth years of pavement life, and physical characteristics 
of the subgrade soil at the time the pavement was placed. 

with the elevations determined the previous 

fall. It was observed also, in most instances, 

that heaving was greater at the expansion 

joints than at points elsewhere in the sections, 

averaging 0.47 inch at 151 expansion joints 

and 0.33 inch at 185 points elsewhere in the 
sections. These data emphasize the impor- 

tance of tightly sealed joints in pavements 

exposed to freezing conditions. 

Examples of typical changes in pavement 

elevation are shown in figures 1 and 2. 
The elevation changes in figure 1 are those 

observed on selected sections in the fall at the 

end of the first and fifth years of pavement 

life, using as a base the elevations established 

shortly after construction. Subgrade soil data 
applicable at the time the pavement was 

placed are also given in this figure. 

The data of figure 1 indicate that the eleva- 

tion changes at the end of 5 years were 
appreciably greater in magnitude and were 

less uniform than at the end of the first year. 
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The greatest change was a settlement of 0.8 

inch near the center of the 830-foot section. 

However, measurements taken in this area at 

the end of 10 years showed virtually no change 

with respect to the 5-year profile. 

Figure 2 shows the changes in elevation of a 

composite section, this figure being prepared 

from measurements made from time to time 

at the centers and at the ends of 24 representa- 

tive sections, using as a base the elevations 

established soon after construction. Thus, the 

elevation changes shown for the center and for 

the end of the composite section are, respec- 

tively, the average changes in elevation of the 

24 centers and of the 48 ends of the representa- 

tive sections. 

The positions of the center and end of the 

composite section indicate that the pavement 

as a whole raised slightly with respect to the 

basic elevation; and that, excepting in’ the 

severe winter of 1939-40, the changes in 

elevation were greater at the center than at 

the end, suggesting a permanent downward 

warping at the end of the composite section 

with respect to its center. It is believed that 

soil displacement resulting from pumping or 

consolidation of the subgrade at the joints 

may be primarily responsible for this condition 

of distortion. 

Part 2.—CHANGES IN LENGTH 

Daily, annual, and progressive changes in 

length were measured at the ends of a number 

of representative sections. These length 

changes were carefully determined either by 

measurement to fixed reference points located 

at the ends of a section or by measurements 

across joints between sections of equal length. 

Cross-joint measurements give the width 

changes of joints which, when determined for 

a joint separating sections of equal length, 

should approximate the total length change 

of one of the joining sections. All of these 

measurements were from points installed in 

5 



CHANGE IN ELEVATION — INCHES 
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Figure 2.—Changes in elevation of the center and end of a composite section (average of 24 representative sections); base measurements i 

the surface of the right-hand or heavily 

traveled lane of the pavement. 

It will be recalled that all transverse joints 

were designed to care for a reasonable amount 

of slab expansion and, as far as can be deter- 

mined, the observed length changes of. the 

sections were unaffected by restraint at the 

joints during the first 5 years of pavement life. 

Considerable care was exercised during con- 

struction in correctly alining the round steel 

dowels used in the joints which separate the 

shorter sections, so that restraint from this 

source was reduced to a minimum. Over a 

100 

80 

obtained in December 1938. 

period of time, however, the joints, especially 

the bridge-type joints, gradually became filled 

with soil and with bituminous material used 

for their maintenance so, at present, the 

movements of several of the longer sections 

may be restrained to some extent during 

periods of maximum expansion. 

For a given temperature or moisture 

change in the concrete, there should be a 

proportionate change in section length pro- 

vided the section remained structurally intact 

and was not restrained in any manner. 

Actually, however, the length changes of the 

— PERCENT 

40 

OBSERVED CHANGE COMPUTED CHANGE 

20 

VALUES OF 

0 i 6 8 10 12 14 4 

SECTION LENGTH — HUNDREDS OF FEET 

Figure 3.—Observed daily changes in section lengths expressed as percentages of the 
computed changes in length of equivalent unrestrained sections. 

changes of the concrete and not of the steel, 

and changes in width of existing transverse 

eracks. Just how much influence each of 

these factors exerts cannot be determined, but 

it is believed that the subgrade resistance is 

the most important. Since the thermal co- 

efficients of steel and concrete are nearly the 

same (that for steel being somewhat the 

greater) it seems reasonable to expect that this 

factor would have little effect on the length 

changes of the sections, particularly during 

expansion. As for transverse cracking, it will 

be shown later in the report that very few 

cracks occurred in sections having lengths less 

than 120 feet and the cracks that developed 

in the longer, more heavily reinforced sections 

were extremely fine. Thus, for either a daily 

or annual time period, the cumulative change 

in width of all transverse cracks in a given 

section should be small compared to the over- 

all length change of the section. 

Daily Length Changes 

In considering the daily length changes it}> 

will be recalled that all measurements at the 

joints were made at the level of the uppei 

surface of the pavement and were, therefore 

affected in some degree by changes in the 
condition of warping at the ends of the slabs 
In this investigation it was found that the 

corrections for daily warping ranged from 

0.003 to 0.005 inch for days when a large 

temperature change occurred in the pave: 

ment. These corrections were applied only 

to sections having lengths of 60 feet or les: 
because in the longer sections the magnitude 
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of the length changes was such as to make 

the correction unimportant. 
In figure 4 are shown the relations between 

section length and change in section length 

as found for a daily mid-depth pavement 

temperature drop of 24° F. and a daily mid- 

depth pavement temperature rise of 30° F, 

The data for this figure were obtained from 

64 sections that cover the range of section 

lengths for all percentages of longitudinal 

steel included in each of the three types of 

reinforcement. The slopes of the straight 

lines shown in the figure were computed from 

the change in length of 19 uncracked sections, 

20 to 60 feet long, and thus represent, for the 

temperature changes mentioned, the rates of 

length change for short sections that are 

comparatively free to expand and contract. 

From these the coefficients of daily length 
change for short sections, which should 

approximate the thermal coefficient of the 

concrete, are readily obtained. 

It is apparent from this figure that sections 

up to approximately 75 feet in length move 

with as much freedom as the very short sec- 

tions. The change in length of sections 

greater than about 75 feet is restrained by sub- 

grade resistance and perhaps other factors and 

this restraint, the effect of which is shown as 

departure from the slope line established by 

the short sections, increases rapidly as the sec- 

tions become longer. After a section length 

of about 800 feet is reached, the curves level 

off, indicating that the maximum restraint has 

been developed and that sections whose 

lengths are greater than this may be expected 

to show total length changes of equal magni- 

tude. This suggests that the central portion 

of sections greater than 800 feet will be com- 

pletely restrained during quick changes in 

is] average concrete temperature. Applied to the 

1,310-foot section, this would mean that the 

central 500+ feet of this section did not move 

during the daily temperature changes for 

i) which data are shown in figure 4. 

The great influence of subgrade resistance 

on the relatively rapid daily change in length 

ill of the sections is clearly indicated in figure 3. 

This figure, prepared from the curves of figure 

4, shows the observed change in length of a 

section expressed as a percentage of the change 

in length of an unrestrained section of the same 

Re- 

.. duced to this basis, the observed daily length 
changes were about the same for both the 

expansion and contraction cycles. 

In the discussion of figure 4 it was suggested 

that the central portion of long sections may 

i} be completely restrained during quick changes 

in pavement temperature. This seems to be 

confirmed by the data given in figure 5, data 

which show the longitudinal movements ob- 
served at the center, quarter-points, and ends 

of a 1,310-foot section for a daily mid-depth 

temperature drop of 19° F. and a rise of 25° F. 

The values shown for the quarter-point and 

for the end are in each case the average value 

«| obtained from measurements at both quarter- 

RELATION FOR SHORT SECTIONS 
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CHANGE IN SECTION LENGTH— INCHES 
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Figure 4.—Relation between section length and daily change in length. 

the movement at the ends of the 1,310-foot 

section was about 20 percent and that at the 

quarter-points about 1 percent of the move- 

ment which would be found in an unrestrained 

section of the same length. Corresponding 

values for expansion were about 20 and 2 per- 

cent. It will be noted that between 500 and 

550 feet of the central portion of the 1,310-foot 

section did not move during the daily cycle, 

this length being comparable to the 500+ -foot 

length that was estimated from the results of 

figure 4. 

The manner in which certain sections re- 

spond to a daily rise in pavement temperature 

is shown in figure 6. The basic measure- 

ments for this figure were obtained in the early 

morning of a summer day and subsequent 

measurements were made at intervals until 

late afternoon. 

In the case of both the 470- and 1,310-foot 

sections the relation between increase in 

temperature and change in over-all section 

length remained linear until a total elongation 

of approximately 0.2 inch was attained, after 

which the rate of length change increased 

progressively with temperature, being more 

pronounced for the longer section. For ex- 

ample, during the 28° F. temperature rise 

shown in figure 6, the 1,310-foot section 

moved 0.19 inch for the first 14° temperature 

‘increase and 0.27 inch for the second 14° 

increase. Since the movements of the sec- 
tions are intimately related to the restraint 

offered by the subgrade, the increase in the 

rate of length change of the long sections sug- 

gests that, after a certain amount of slab 

displacement, the total or accumulated sub- 

grade resistance continues to increase, but at 

a progressively decreasing rate. 

Daily changes in length of a limited number 

of sections were observed each summer over 

a 4-year period on days when a large tempera- 

ture change occurred in the pavement. This 

4-year period extended from the second 

through the fifth year of pavement life and, 

therefore, it is believed that the movements 
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MOVEMENT — INCHES 
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Figure 5.—Daily movement at the center, quarter point, and end of a 1,310-foot section, 

of the sections were not affected by restraint 

at the transverse joints. Table 2 gives the 

daily length change data for the various 

section lengths, reduced to unit values per 

degree F. These values indicate that the 

coefficient of the daily length change of a 

given section did not change appreciably from 
year to year. 

Table 2.—Summary of values of coefficients 
of daily length change (based on changes 
in over-all section length) 

Unit change in section length per 
degree F. 10-7 

Section June 1941 June 1942 

: ,M.| A.M.) P.M. 
0) 0) to 

P.M.| a 'M.| P.M.| A.M. 

CHANGE IN SECTION LENGTH — INCHES 

92 96 100 104 108 12 
TEMPERATURE AT MIO-DEPTH OF PAVEMENT— °F, 

Figure 6.—Effect of a daily rise of the mean pavement temperature on the change in lengtl 
of several sections (figures in circles indicate the length of sections in feet). 

The average of the five values obtained from 

the observed daily length change for the 20- 

foot section (table 2) is 0.0000048 per degree 

F. Because the 20-foot section is free to 
expand and contract when subjected to a 

temperature change, this value should ap- 

proximate the thermal coefficient of the con- 

crete. As a matter of supporting data the 

slopes established by the short sections, as 

shown in figure 4, when divided by the tem- 

perature change of the concrete, give co- 

efficient values of 0.0000053 per degree F. 
for contraction and 0.0000049 per degree F. 
for expansion. | 

Annual Length Changes | 

Figure 7 contains the annual length change 
data for the various sections for the first, 

second, third, and fifth years of the life of 

the pavement. The annual change in length 
of a section was computed from data obtained 

in the morning of a midwinter day and in the 

afternoon of a midsummer day and, conse- 

quently, includes the length change that oc- 

curred between the morning of a winter day 

and the morning of a summer day plus the 

daily length change that occurred between the 

morning and afternoon of the aforementioned 

summer day. Since an effort was made to 

obtain these data during the coldest period of 

winter and the hottest period of summer, the 

length changes shown are approximately the 

maximum for the annual cycle. The slopes 

of the straight lines represent respective annual 

relations determined from 19 uncracked short 

sections. 

i | 

The type of reinforcement used in the 

various sections is denoted by symbol. There 

appears to be some tendency for sections 

containing billet-steel bars to develop slightly 

greater annual length changes than equivalent- 

length sections reinforced with rail-steel bars. 

expansion and contraction data of figure 4, 

The cause for this difference is not known. 
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FIRST YEAR — TEMPERATURE CHANGE 
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RELATION FOR 
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THIRD YEAR-TEMPERATURE CHANGE 75° F, 

SECOND YEAR—TEMPERATURE CHANGE 87°F, 
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I 4—RAIL-STEEL BARS 

ey It is indicated by the four curves of figure 

om that sections up to approximately 150 feet 

2 length move with as much freedom during 

i44n annual cycle as do the very short sections. 

asf he length changes of sections greater than 

iij50 feet are restrained by the subgrade, 
.{owever, and this restraint increases  pro- 

), \ressively with increase in section length. The 

lata of figure 4 indicated that daily restraint 
o free movement was first noticeable in 

ections about 75 feet long. It should be 

‘Jemembered that the annual length change 

lata considered above include the effects of 

me daily cycle also. A probable explanation 

or the observed difference, just mentioned, 

s that, under the slowly developed tempera- 

ure rise from winter to summer, sections up 

0 at least 150 feet in length moved freely 

yecause they encountered less restraint from 

ihe subgrade than obtains during the more 

‘apid daily cycle of length change. Hence, 

the_small amount of daily restraint to free 

novement of sections between 75 and 150 

eet in length, as shown in figure 4, while 
wresent is not apparent in the curves of 

igure 7. 
In connection with this study of the annual 

ength changes of the sections it is of interest 

10 note the symmetry of movement that was 

‘ound in the long sections. For example, 

luring the fifth annual period, the observed 

novement at one end of a 1,070-foot section 

was 1.50 inches while at the other end the 

ovement was 1.42 inches; likewise the move- 
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ments at the two ends of the 1,310-foot section 

were 1.62 and 1.72 inches, respectively. 

To provide a more easily visualized com- 

parison of the annual length changes of the 

various sections, figure 8 was developed from 
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Figure 7.—Relation between section length and annual change in length. 

figure 7 in the same manner that figure 3 was 

obtained from figure 4. The curves of figure 

8 show not only the magnitude of the restraint 

that was present in the various sections, but 

also that the sections expanded more freely 

8 10 i2 14 

Figure 8.—Qbserved annual changes in section lengths expressed as percentages of the 
computed changes in length of equivalent unrestrained sections (figures in circles 
indicate age of pavement at time of observations). 



progressively for each of the first three annual 

cycles. Thus, it appears that the sections 

encountered less subgrade resistance with each 

successive annual expansion period until, by 

the end of the third period, a condition of 

essential stability was reached. 

Further evidence is added by the annual 

movements observed at the quarter-points of 

the 1,310-foot section. For the first year the 

annual movement at the quarter-points was 

about 10 percent of the movement to be 

expected at the quarter-points of an unre- 

strained section of equal length. For the 

second, third, and fifth years the values were 

respectively 31, 46, and 45 percent. 

Greater Freedom of Movement 

Annually Than Daily 

Table 3 shows the annual length changes of 

selected sections reduced to unit values per 

degree F. These annual coefficients of length 

change, although expressed as unit values per 

degree F., involve temperature, moisture, 

subgrade resistance, and perhaps other factors. 

The factor of moisture will be discussed later 

in the report. 

In comparing the coefficient values of the 

longer sections of table 3 with those of table 

2, it is observed that coefficients for an annual 

expansion period are, in general, much greater 

than those for a daily expansion period, thus 

suggesting greater freedom of movement of the 

sections during an annual period. 

This condition is clearly shown, also, by 

comparing the curves of figure 8 with those of 

figure 3. For example, during the annual 

length-change cycle for the 1,310-foot section 

(fifth year) the observed movement was 62 

percent of the theoretical length change for an 

unrestrained section of equal length; whereas 

during the daily length change the value was 

only 22 percent. Hence, it is strongly indi- 

cated that the magnitude of the restraint 

offered by the subgrade is a function of the 

time during which a given temperature or 

moisture change in the pavement takes place. 

Data Jending further support to this obser- 

vation are given in figure 9, This figure shows 

the length changes of the 

occurred between the morning of a day in 

February when the mid-depth pavement 

temperature was 32° F. and the morning of a 

day in late June of the same year when the 

mid-depth pavement temperature was 77° F. 

Therefore, the data do not include the effect 

of a quick daily temperature rise, but rather 

Table 3.—Summary of values of coefficients 
of annual length change (based on 
changes in over-all section length) 

Unit change in section length per 
degree F.X10-7 

Section 
length 

Third 
year 

Fifth 
year 

First 
year 

Second 
year 

10 

sections that — 

show only the comparative freedom with 

which sections of all lengths expanded under 

a slowly developed temperature rise of 45° F. 

These measurements were made during the 

third year of the life of the pavement, at 

which time stablization of annual movement 

had developed. 

It appears from the cycle of length change 

shown in figure 9 that sections up to about 

900 feet in length expanded as freely as the 

very short sections. The free movement of 

sections greater than 900 feet is restrained 

and, although the sections included in this 

study are not long enough to warrant definite 

conclusions, it is indicated by the rapid in- 

crease in restraint that the central portion of 

sections greater in length than approximately 

1,700 to 1,800 feet would be in a state of com- 

plete restraint during an annual cycle. 

The manner in which the sections up to 

900 feet in length expanded from February to 

June indicates that subgrade resistance did not 

accumulate in these sections and, as a con- 

sequence, residual compression was probably 

absent on the morning of the June day when 

the pavement temperature was 77° F. There- 

fore, it seems logical to expect that as summer 

advances and the mean pavement temperature 

gradually rises, sections of considerable length, 

unless restrained at the joints, expand to 
their annual maximum without developing 

appreciable residual compression. If this is 

the case, then it would be expected that in late 

summer or early fall the comparatively large, 

sudden drops in temperature would cause 

3.0 

3a vo) 
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o on 

on 
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RELATION FOR 
SHORT SECTIONS 

comparatively large, direct tensile stresses 

be developed in the sections, larger probablj| 

than at any other period during the year. 

Again confirmatory evidence is supplied b 

the movements observed at the quarter-point 

of the 1,310-foot section. During the fifth) 

year of pavement life, a 0.61-inch moveme 
was recorded at the quarter-points of th 

section when it had expanded to its approx 

mate maximum length for the annual cycle 
During the early fall of the same year, howeve 

after the pavement temperature had droppe¢ 

approximately 50 percent of its winter 

summer rise, the contraction of the sectio 

was restrained to the extent that the retu 
movement at its quarter-points was onljj 

0.06 inch or about 10 percent of the movement 

observed at maximum expansion. 

In concluding this discussion of the annus 

length changes of the sections, it is of interes, 

to compare sections in which the thre, 
different types of reinforcement were use@ 

and, also, those in which the maximun 

stresses in the longitudinal steel presumably 
varied considerably, in order to determine thip 

effect of these factors on the relation betwee ‘ 

section length and annual contraction of th/ 

sections. These comparisons are shown il 
figure 10 for a contraction period since, durinjé 

such a period, maximum tensile stresse 

develop in the reinforcement. The lengt | 

changes given in this figure are the result of i. 

77° F. fall in temperature that occurre 

between midsummer and midwinter of th 

third annual contraction period. 

8 10 12 i 
SECTION LENGTH — HUNDREDS OF FEET ny 

4 —RAIL- STEEL BARS 

perature change of 45° F.). 

x— BILLET-STEEL BARS 

Figure 9.—Relation between section length and change in length from the morning of } 
winter day to the morning of a summer day of the same year (mean pavement te 

© —WELDED FABRIC | 
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SECTION LENGTH — HUNDREDS OF FEET 

CALCULATED MAXIMUM STRESS IN STEEL— POUNDS PER SQ. IN 
25—15,.000 x— 25,000 o— 35,000 e— 45,000 a— 55,000 

igure 10.—Effect of type of reinforcement and calculated maximum steel stress on the 
relation between section length and annual contraction (77° F. temperature drop). 

'|A comparison of the three curves of figure 

) indicates that, for a contraction period, the 

‘pe of reinforcement had little influence on 

ie observed length changes of the sections. 

or example, in the case of a 300-foot section 

jie measured length changes for the rail-steel 

irs, the billet-steel bars, and the welded 
bric were 0.92, 0.98, and 1.00 inch 

spectively. 
The maximum steel stresses as calculated 

ir the various sections are denoted, in figure 

|), by symbol. For a given section length 
tese stress values may be considered as 

verse indices of steel area. The orderly 

anner in which all points, regardless of 

mbol, fall on the curves in the figure is 

idence that, within the ranges available for 
pmparison in a given section length, the 

16 nount of the longitudinal steel exercises no 

gnificant control over the length changes. 

;f|or example, two sections each approximately 
)0 feet long, reinforced with rail-steel bars, 

10ow essentially the same length change 

|UBLIC ROADS ® Vol. 26, No. 1 

although one contains 1.82 percent of longi- 

tudinal steel while the other contains but 

1.02 percent. 

.0003 

AUG,, 92°F, 

An examination of all of the transverse 

cracks in the regular sections indicated that, 

except for 3 in the 24 sections containing the 

32-pound wire fabric, all were held closed by 

the longitudinal steel. The condition of these 

cracks will be discussed later. 

Since after 10 years of heavy-duty service 

none of the cracks in the regular sections 

showed evidence of inelastic deformation of 

the longitudinal steel (except the three just 

mentioned), it must be concluded that the as- 

sumptions used in computing steel stresses in 

the original design lengths were unduly con- 

servative. How closely the elastic limit of the 

steel has been approached during this period of 

service remains unknown. 

Progressive Length Changes 

To evaluate length changes of a progressive 

or permanent nature, measurements were 

made at the ends of a number of selected 
sections every February and August during 

the first 9 years of pavement life. The Feb- 

ruary observations were obtained when the 

mid-depth slab temperature was approxi- 

mately 32° F. and the August observations 

when the mid-depth slab temperature was 

approximately 92° F. The effect of moisture 

on the determination of the progressive length 

changes of the sections was minimized, as 

much as possible, since there is reason to be- 

lieve that the moisture content of the pave- 

ment remains virtually stable in February and 

in August. Studies indicate that during these 

months the absorbed moisture is at the maxi- 

mum and minimum, respectively, of the an- 

nual cycle of moisture change. 

The data from the study of progressive or 

permanent changes in the lengths of the sec- 

tions are given in figures 11 and 12. 

In figure 11 the broken lines show the aver- 

age February to August and August to Feb- 

ruary unit length changes of a number of short, 

uncracked sections, plotted with respect to the 

initial set of measurements obtained in Feb- 

ruary of 1939. ‘These sections are 20 to 80 

feet in length, comprise 340 feet of pavement 

in total, and are relatively free to expand and 

contract. The length changes are expressed 

as unit values per 60° F. change in slab 

temperature. 

The solid line drawn through the mean 

UNIT CHANGE IN LENGTH 

—.0001 
ro) ro) - ou) 
ro t t+ Tt 
2 ® ron) ro) 

GEBS Sc-F: 

1943 1944 1945 1946 1947 1948 

Figure 11.—Annual cycles of length change and progressive growth of short, uncracked 
sections expressed as unit changes in length. 
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points of the cyclic variations of figure 11 in- 

dicates a progressive permanent growth or 

increase in the length of the sections, this 

growth being more pronounced after the fifth 

year of pavement life. In fact, the growth was 

so small during the early life of the pavement 

that in the 5-year report it was stated that 

‘‘no definite indication of a permanent change 

in the length of the short sections was ob- 

served’. Since these short sections are struc- 

turally intact there can be little doubt that a 

permanent increase in length is developing. 

This appears to be another instance of the 

tendency of some concretes, at least, to grow 

when subjected to repeated cycles of tempera- 

ture and moisture change. 

The difference between the high and low 

points of the mean line of figure 11 represents 

a permanent unit increase of 0.000048 or an 

increase of approximately one-sixteenth inch 

for a 100-foot slab. A similar study of per- 

manent growth of concrete pavement was 

made at the Arlington Experiment Farm, 

Virginia, by the Bureau of Public Roads 3 on 

a 40-foot, plain concrete test section. Over 

a 9-year period this test section showed a 

permanent increase in length equal to approx- 

imately three-eighths inch for a 100-foot slab. 

This value is approximately six times greater 

than the value computed from the data of the 

reinforced short sections of the Indiana pave- 

ment. Whether the reinforcing steel in the 

Indiana sections restrained the tendency for 

the concrete to grow in the presence of mois- 

3 The structural design of concrete pavements—part 2, by 

L. W. Teller and E. C. Sutherland; Pusiic Roaps, vol. 16, 

No. 9, Nov. 1935; and Application of the results of research to 

the structural design of concrete pavements, by E. F. Kelley; 

PUBLIC Roaps, vol. 20, No. 6, Aug. 1939. 

335—- FOOT SECTION 
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ture or whether differences in material and 

exposure between the sections of the two 

investigations were responsible for this differ- 

ence in behavior can only be a matter of 

speculation. 

Effect of Moisture 

Although the data in figure 11 were ob- 

tained primarily for a study of length changes 

of a permanent nature, values of winter-to- 

summer length changes resulting from the 

change in the moisture content of the concrete 

alone can be obtained from them with con- 

siderable accuracy. For example, the range 

in the observed unit length changes of the 

short sections, as determined from the expan- 

sion and contraction periods shown in the 

figure, is 0.000205 to 0.000240 for the 60° F. 
change in slab temperature. Inasmuch as the 

short sections were structurally intact and 

were relatively free to move, the length 

changes are principally those caused by 

changes in the temperature and moisture 

content of the concrete. It will be recalled 

that, earlier in the report, the average value 

of the thermal coefficient of the concrete was 

estimated to be approximately 0.0000048 per 

degree F. From this, the unit length change 

of the sections for a 60° F. change in tempera- 

ture can be calculated and applied as a cor- 

rection to the observed unit length change, 

yielding the unit length change caused by the 

change in the moisture content of the concrete. 

In this investigation the unit length changes 

caused by the annual cycle of moisture varia- 

tions were found to range from 0.000048 to 

0.000083, these length changes being opposite 

in sense and partly compensatory for those 

600 - FOOT SECTION 

lett: 

eel aes 

11] ]2] 13] 14) 15) 161 171 1st 19] 
YEARS AFTER CONSTRUCTION 

Figure 12.—Annual and progressive length changes of several of the longer sections. 
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caused by the annual cycle of temperatur}i 

changes. For the Indiana pavement, thesjt 

values correspond to length changes producefi 

by a 10° to 17° F. change in pavement teny 

perature. The values should be approxpi 

mately a maximum for the yearly cycle, sinc) 

as remarked before, the data were obtaine 

amounts of moisture were present in th} 

concrete. 

Again referring to data obtained from tk 
40-foot, plain concrete test section of tk 

Arlington experiment, it was found the? 

seasonal variations in the moisture content ¢ 

that concrete caused length changes corresporP 

ing to a 20° to 40° F. change in slab temper:ff* 
ture. Hence, it is evident that the effect « 

moisture on length changes was less for tkP 

reinforced sections in Indiana than for thf 
plain concrete section of the Arlington stud} 

In this comparison, also, it seems quite poi 

sible that the reinforcing steel restrained, 1> 

some extent, the tendency of the concrete 1 

change in length with moisture change. i 

As a matter of interest, it is noted that if 

tests conducted by the Minnesota Deparf 

ment of Highways‘ seasonal moisture vari: 

tions caused length changes corresponding t 

slab temperatures that averaged 20° F. Als: 

it was determined in tests by the Michiga 
State Highway Department‘ that, for 

constant temperature of 72° F., the averag 

unit change in length of plain concrete spec 

mens from an oven-dry to a saturated sta 

was 0.000246, this value being equivalent to 

change in temperature of 46° F. It appea 

that different concretes may vary considerab 

in this characteristic. 

The progressive or permanent changes : 

the length of several of the longer sections a 

given in figure 12. These data were obtaine 

at the same temperatures‘and on the san 

days as those of the short sections discusse 

previously. The lengths of the individu 

bars indicate over-all changes in section leng1, 

that accompanied a 60° F. winter-to-summ)| 

rise in pavement temperature. The solid li 

drawn through the mid-points of the indiv) 

dual bars defines the progressive changes 

the lengths of the sections. 

“It is apparent from this figure that tl) 
lengths of all sections increase progressive 

with time, and that the magnitude of the 

progressive increases becomes greater wi 

increase in section length for sections up | 

approximately 1,000 feet long. 

The progressive increases of the long sectio || 

are the result not only of the tendency {) 
concrete to grow when exposed to cycles | 
moisture and temperature change, as was t 

case of the short, uncracked sections; b 

also of the tendency of transverse cracks 

open (however slightly) with time, and of t 

influence of subgrade resistance. The fact th 

the long sections returned so nearly to thi? 

original or base lengths during the early cycl} 

of length change indicates that the init 

widths of the many transverse cracks th}! 

4 Investigational Concrete Pavements, Progress reports 

cooperative research projects on joint spacing; Highwj | 

Research Board, Research Report No. 3B, 1945. 

April 1950 ® PUBLIC RO 



“titveveloped during this period must have been 
) lli<tremely small. Also, when the magnitude 

“if the total increase in section length or 

“tthrowth of these sections is divided by the 

‘umber of cracks in the section, it is evident 
‘Nhat the steel reinforcement has prevented 

ing my appreciable opening of the individual 
bi ‘acks, 
in th 

‘art 3.—DEVELOPMENT 
AND DISTRIBU- 

om th TION OF CRACKS 

of th} Five crack surveys were made over the full 

| tyngth of the experimental pavement during 

iajdhe 10-year period. The first was made 

nyqqhortly after the sections were placed; others 

peyvere made at the end of the first, third, 
ie dfth, and tenth years of service. In addition, 

(or th. uring the first 3 years of the life of the pave- 

or taent, certain representative sections were 

sudgarveyed at more frequent intervals. In 

te pyvery case the surface of the pavement was 

ie, Jabjected to a very careful examination in 
we {rder that all fractures visible to the naked 
_ lye might be detected. 

ut} Figure 13, traced from the crack survey 

jepgreets, Shows the number and position of the 

varia) 

ing 

Ali— 

chiga 

for 

| stath 

nt to 

ppea 

100 FT, 4 

cracks that have developed in typical sections 

during the 10-year period of service. Consid- 

erable care was exercised in accurately plot- 

ting each crack on the original survey sheets. 

Because of the fine character of the cracks, 

it was necessary to outline each crack with 

keel on the surface of the pavement before 

plotting on the sheets. 

It will be noted from the examples in figure 

13 that short sections tend to be comparatively 

free of fractures. At the end of 10 years, 

70 percent of 154 short sections—that is, 

those whose lengths range from 20 to 120 

feet—were still uncracked. As the section 

lengths increase, however, cracking becomes 

more prevalent until in the central portion 

of long sections the crack interval is frequently 

less than 2 feet. 

It may be observed also, from the crack 

patterns shown by the survey sheets, that: 

(1) Cracks, although somewhat wavy and 

irregular, are essentially at right angles to the 

axis of the pavement; (2) cracks in many 

instances are not continuous across both 

lanes, either ending completely or being 

offset slightly at the center joint; (3) longi- 

tudinal cracking has not developed in any part 

of the pavement; and (4) corner breaks at 

transverse cracks are very rare. 
After 10 years of service the surface condi- 

tion of the pavement is excellent. With the 

exception of those in sections reinforced with 

the 32-pound wire fabric, all fractures have 

been held closed by the longitudinal steel. 

The cracks that formed in the sections con- 

taining this light fabric were wider initially 

than those that appeared in the more heavily 

reinforced sections and, after about 8 years, 

in several cases the steel crossing them broke, 

probably from shearing forces, resulting in 

relatively wide openings and some spalling. 

In all of the other sections there is no evidence 

of any form of structural damage to the 

concrete, with the exception of a very slight 

raveling of the edges of the cracks, probably 

due to flexure. It is believed that the fineness 

of the cracks, especially those in the more 

heavily reinforced sections, is conducive to 

distributed interfacial pressure, thus minimiz- 

ing the possibility of blow-ups and other pres- 

sure concentration failures that are sometimes 

observed at cracks in plain concrete pavement. 

150 FT, ~ 

erabl 

es I 

ms 8 
tainelr a 

aa % 
lengt | 

imme 

id lin 

‘ 

uy 

eto 

Akh Heve il | ebb eed Hi 
7 

; D 

amert feb AD tet) : 

UR PILIR FER Orc AOR Ge 6 be Pea bOI ed Pale tthe IG 
Bisbee CRRA Aes AE AHPRE We TUS EY 

SEE REE DEAE av TP 
CONSTRUCTION JOINT 

ETRE EN HIRPAMN sh Akal beat De tt I 
“ Se eee 

——1310 FT._______+ 
ONSTRUCTION 

JOINT 

qr EEE ee 
i SURVEY: 

1) 

igi 

0AIPUBLIC ROADS ® Vol. 26, No. 1 

4-OCT., 1941 

1939 3-NOV., 1940 

1943 6-OCT., 1948 

I-NOV., 1938 2-NOV., 

5- OCT., 

+59 FT————-+1 

Figure 13.—Typical formation of cracks during the first 10 years of pavement life (sections placed September-October 1938). 
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Surface Condition at Cracks 

Figures 14 and 15 show typical examples 

of the surface condition of the pavement at 

several cracks. 

Figure 14 pictures the surface condition of 

the pavement in the vicinity of several of the 

widest cracks to be found in the central 

region of the heavily reinforced sections. 

These cracks are in the right-hand or heavily 

traveled lane of the pavement and were taken 

after a 7-year service period. Unfortunately, 

since the photographs were taken, many of 

these cracks were inadvertently covered with 

bituminous material by a maintenance crew. 

This material did not enter the cracks but 

did spread over the surface and obscure them. 

In figure 15 are shown close-up photographs 

of the surface condition of the pavement at 

two cracks; one in the central portion of the 

longest section of those reinforced with 1-inch 

diameter rail-steel bars (1.82 percent of 

longitudinal steel) and the other in a com- 

parable portion of the longest section of those 

containing '%-inch diameter rail-steel bars 

(0.45 percent steel). Both photographs were 
taken after the pavement had been in service 

for 10 years and show fractures typical of 

those that appeared in the heavily traveled 

lane shortly after construction. 

The contrast between the surface widths of 

the two cracks pictured in figure 15 is quite 

obvious when actually seen in the pavement. 

When the cracks first formed, those that 

appeared in the most heavily reinforced sec- 

tions were almost microscopic, being dis- 

cernible only by extremely close inspection. 

However, in the sections with decreasing per- 

centages of reinforcing steel the cracks were, 

in general, proportionately less frequent and 

more readily seen; cracks in the lightly rein- 

forced short sections, if present at all, being 

relatively conspicuous. Over the 10-year 

period of service the action of traffic and 

Ge 

Figure 14.—Surface condition of pavement in vicinity of the widest cracks observed in the 
central portion of the heavily reinforced sections (heavily traveled lane after 7 years 
of service). 
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- 45,000 or 55,000 pounds per square inch. A 

a 
i 

exposure has produced some slight raveling} 

and rounding of the edges of the fractures. | 
The preceding discussion related to differ 

ences between the surface widths of fractures} 

in sections containing different percentages o \p 

longitudinal reinforcement. During the sur 

veys, it was observed further that cracks in|, 

the end portion of a given long sectiolt 

generally presented a slightly better surface F 

appearance than those in the central part 

and that cracks in the central portion a. 

sections containing a given percentage 
steel, but of different lengths, showed som ! 

slight evidence of a corresponding difference. 
in surface widths, those in the central part). 
of the longest section of each group apparently) 
being wider than those in the central part of 

the shortest section. It seems reasonable thai}: 

this should be so. 

t 

Quantitative Measurements 

At the end of 10 years, quantitative meas\y 

urements of the surface widths of oratial 

which included raveling and rounding of thei, 

edges, were made in the following manner py 

Starting at the edge of the pavement thi; 
width of a segment of crack about 3 feet long}, 
was carefully examined and a width measure}, 
ment made at a point judged to be average 1 
A similar measurement was made on each oj, 

two additional 3-foot segments of the sami| 

crack, thus covering one lane width. Th 

average of the three measurements was con 

sidered to be the average surface width of thi}, 
crack for the particular lane. All measure}, 

ments were estimated to the nearest 0.0: 

inch, It is realized that this procedure doe} 
not establish an exact value for the surface) 
width of an individual crack, but it is believe?!’ 
that the averages of a number of such meas 
ured values have significance in relativi}it 
comparisons. ; 

Measured values of the surface widths o| 

cracks obtained in the manner described ar 
given in table 4. The values shown, for eac! 

percentage of steel, are of fractures tha 
developed at an early age in the central are 

of the longest section reinforced with eithe 

rail-steel or billet-steel bars. Hence, th 
computed maximum steel stress was eithe 

y 

I 

average width value represents the combine: 

average of 15 or 20 cracks, measured in sec 

tions containing both rail-steel and billet-stee} 
bars. All data were obtained in the fall cf 
the year when the mean pavement ter . 

perature was 58°-60° F, 

Table 4.—The surface width of cracks (cen 
tral portion of longest section for eac 
percentage of steel) 

Percent- 
age of 
longi- 
tudinal 
steel in 
section ! 

Heavy traffic 

Surface width of cracks in lane carrying— | 

" Light traffic | 

Average Range Range Average 

Inches 
0. 020 

. 032 

Inches 
1.82 0.02-. 11 
1.02 "03-15 
"45 ; | 07-.18 
126 ? "09+. 15 

Inches 
0. 053 

Percent 

1 Calculated maximum stress in steel is either 45, 
55,000 ‘pounds per square inch. 
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‘ily | Lhe comparisons available in the table show 
8, at the surface widths of the cracks tend to 

ligy POTEASE with a decrease in the amount of 

yy {Hgitudinal reinforcement. For example, the 

ne PeTARE measured width of the cracks in the 

savily traveled lane of the selected sections 

inforced with 0.45 percent steel is approxi- 

ately twice the average width of those in 

ctions containing 1.82 percent of steel. The 

"| fluence of traffic on the surface width of the 

actures is also evident, but this effect will be 

| scussed later in the report. 

As previously mentioned, the values of 

ible 4 are for sections containing rail- and 

»pllet-steel bars. Measurements of the sur- 
ce widths of cracks also included fractures 

), the longest section of each group reinforced 

with the 91- and the 149-pound welded-wire 
bric. The data from these measurements 

‘e concordant with those from the sections 
inforced with rail- and _ billet-steel bars. 

he average surface width of the cracks in the 

“iction containing the 91-pound fabric was 
‘Sund to be appreciably greater than that of 

‘he section reinforced with the 149-pound 
“Sbric. 

Referring to the range in the average sur- 

vce width of individual cracks (table 4), it is 

)>parent that the maximum is, in some cases 

. the heavily traveled lane, slightly more 

an one-eighth inch. Also, the width of a 

rack at isolated points along its length was 

‘ten observed to be considerably greater than 

| S$ average width, because of localized raveling. 
= he maximum values at such points were 

}3 and 0.7 inch, respectively, for sections re- 

i iforced with 1.82 and 0.45 percent of steel. It 

id 1ould be kept in mind, however, that the depth 

jf raveling along the lengths of all cracks was 

su3timated to be never more than one-eighth 

aigeh and may be considered superficial. 

it 

8 
(0 
6 ° 

iy diameter bars (1.82 percent steel); (center) 4-inch diameter bars (0.45 percent steel); 
and (right) 91-pound wire fabric (0.24 percent steel). 

nod traveled lane after 10 years of service. 
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f 

ead MRA pL 
Figure 15.—Surface condition of cracks typical of those that developed at an early age in the 

central portion of the longest section reinforced with: (left) 1-inch diameter bars (1.82 
percent steel); and (right) 44-inch diameter bars (0.45 percent steel). These were in 
the heavily traveled lane after 10 years of service. 

A limited amount of supplementary data 

on the surface widths of fractures, other than 

those given in table 4, were obtained by 

measurements in the end and central areas of 

the 1,310-foot section, in order to establish 

a comparison of crack widths in those regions. 

It was found that the surface widths of cracks 
in the central portion of the 1,310-foot section 

averaged about twice the width of those near 

the ends. Measurements were also made of 

the surface widths of cracks that had devel- 

oped in the central part of the 600-foot section 

reinforced with 1.82 percent of steel and such 

widths averaged about one-half the width of 

those that formed in the central part of the 

1,310-foot section containing the same per- 

centage of reinforcement. 

‘igure 16.—Edge (vertical face) condition of cracks typical of those that developed at an 
early age in the central portion of the longest section reinforced with: (left) l-inch 

These were in the heavily 

Real Widths of Cracks 

Figure 16 shows close-up photographs of 

several cracks as observed at the vertical face 

at the edge of the pavement. These photo- 

graphs, taken in 1948, show fractures that 

occurred at an early age in the central area of 

the longest section of each group reinforced 

with 1l-inch diameter rail-steel bars, %-inch 

diameter rail-steel bars, and a 91-pound wire 

fabric, the percentage of reinforcement values 

being 1.82, 0.45, and 0.24, respectively. 

Cracks, such as those pictured in figure 16, 

were almost imperceptible when they first 

appeared, being visible throughout the depth 

of the slab only after a drying period following 

a wetting of the concrete. With time, how- 

ever, they have opened progressively a very 

small amount and their edges have raveled 

slightly. 

At the end of 10 years of service, measure- 

ments were made of the edge-face widths of 

a number of cracks (located in the central 

portions of the sections mentioned above) in 

order to obtain values of the real widths of 

the cracks themselves; width values which, 

unlike those taken on the surface of the pave- 

ment, did not include raveling and rounding 

of the crack edges. A 40-power shop micro- 

scope with a 0.001-inch graduated scale was 

used to make the measurements, the instru- 

ment being focused into the opening of the 

fracture to eliminate errors caused by surface 

conditions at the crack edges. 

The data obtained from this study of crack 

widths in the slab edges are given in table 5. 

Each average value of the table is the aver- 

age for five cracks that developed early in the 

life of the pavement. The computed maxi- 

mum steel stress at the site of these cracks is 

55,000 pounds per square inch. All measure- 

ments were made at the mid-depth of the slab 

and in the fall of the year when the mean pave- 

ment temperature was 73°-74° F. 

The values shown indicate that the real 

widths of the cracks, like their surface widths, 

increase with a decrease in the percentage of 

longitudinal reinforcement. For example, the 
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Table 5.—The real width of cracks (central 
portion of longest section for each per- 
centage of steel) 

Percent- Width of cracks in lane carrying— 

age of 
longi- 
tudinal 
steel in 
section ! 

Light traffic Heavy traffic 

Average Range Average Range 

Inches 
0. 001-. 003 

. 007-. 010 

. 006-. 013 

Inches Inches 
0. 002-. 007 0. 002 

. 007-. 018 . 009 
. 005-. 018 . 010 

Percent Inches 
1. 82 0. 004 

. 45 . O11 

. 24 . 013 

1 Calculated maximum stress in steel is 55,000 pounds per 
square inch. 

average width of the fractures in the heavily 

traveled lane of the selected section reinforced 

with 0.45 percent of steel is nearly three times 

the average width of those in the same lane of 

the section containing 1.82 percent of steel. 

A comparison of the data in tables 4 and 5 

shows that the surface width of cracks in- 

creases under the same conditions that cause 

an increase in real width. It is apparent, 

also, that the surface width of a given crack 

is many times greater than its real width. 

Longitudinal reinforcement is in continuous 

bond with the concrete until the first trans- 

verse crack develops. When this happens the 

amount of opening of the crack will depend 

upon the total elongation of the steel which 

crosses it. This elongation is, in turn, de- 

pendent upon the length that is free to elon- 

gate as affected by the bond between the steel 

and the concrete; and upon the magnitude of 

the direct tensile stress in the steel, also 

dependent upon bond conditions. 

In this investigation neither the length over 

which the steel was not in bond nor the mag- 

nitude of the tensile stress in the steel could 

be determined. 

However, it is of interest to examine the 

crack-width data on the basis of the amount of 

longitudinal steel present, as shown in table 5. 

Presumably, at the time of the crack-width 

measurements the same steel stress was active 

in the central region of all sections listed in the 
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table. When compared in this way it will be 

found that for both the heavily traveled and 

the passing lanes, the average crack width 

increases directly with a decrease in the per- 

centage of longitudinal steel. 

Also of interest is the fact that in the longer 

sections the surface widths of cracks, and 

presumably their real widths also, were less 

in the end than in the central areas of the 

sections. This is as would be anticipated, 

since the tensile stress in the longitudinal bars 

would be expected to decrease as the end of a 

section is approached. 

Effect of Traffic 

In connection with the study of cracking, an 

opportunity has been afforded to observe the 

effect of traffic on the development and con- 

dition of the cracks. It will be recalled that 

the experimental two-lane pavement is one- 

half of a divided highway; consequently, the 

right-hand lane carries the greater number of 

vehicles and practically all of the heavy trucks, 

the left-hand lane being used largely for pass- 

ing. Also, it is mentioned again that the 

experimental sections, part of U S 40, are 

subjected to a relatively high frequency of 

heavy traffic loads. 

Although a survey made soon after com- 

pletion of the pavement showed equal cracking 

in both lanes, at the end of the first year 51.2 

percent of the total number of cracks were 

found to be in the right-hand lane of the pave- 

ment. This percentage value had increased 

to 52.7 and 53.0 percent at the end of the 

fifth and tenth years, respectively. Thus, 

it appears that repetition of traffic loads has 

exerted a slight but only a slight influence on 

the development of transverse cracks. Since 

approximately two-thirds of the total or 

present number of cracks formed during the 

first year, when only 51.2 percent formed in the 

right-hand lane, the effect of traffic repetition 

on subsequent cracking is somewhat more 

pronounced than is indicated by the preceding 

percentage values. 

Figure 17 was prepared to show the in- 
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CRACKS IN HEAVILY TRAVELLEO LANE —PERCENT 

% NOVEMBER, 1938 TO NOVEMBER, 1939 
(3) NOVEMBER, 1939 TO NOVEMBER, 1941 

(4) NOVEMBER, 1941 TO OCTOBER, 1943 
(S) OCTOBER, 1943 TO OCTOBER, 1948 

Figure 17.—Effect of traffic on the amour 
of cracking. 

fluence of traffic on cracking during specif 

periods of the life of the pavement. For tl i 
periods indicated by the circled number}* 
each individual bar represents the number «* 

cracks that formed in the heavily travele 

right-hand lane expressed as a percentage ‘| 

those that formed in both lanes of the pavi h 
# ment. It will be noted that an equal numby 

of cracks appeared in both lanes of the pavif 

ment within the first month or two aft! 
construction. During each subsequent periocf 

a progressively greater number of cracl 

formed in the heavily traveled lane than in tip 

passing lane until a maximum value of 62 pe 

cent was reached for the period covering tl 

third to fifth years of pavement life. Duriz 

the last 5 years about 55 percent of all ne}5 

cracks developed in the right-hand lane of tl 

pavement. 

Also, as will be seen by an examination 

the data in tables 4 and 5, traffic has had ¢ y 

1943 

Figure ng of crack peyehecl =i the first 10 years of pavement life. 
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sreciable effect on both the surface and the 
1 widths of the transverse cracks. Com- 
‘isons of the average widths of cracks in the 

at-hand lane with those of companion 

cks in the passing lane are given in table 6. 

t is apparent that the heavier traffic using 

_ right-hand lane has produced more ex- 

sive raveling and other superficial damage 

the crack edges and a wider separation of 
fractured faces than the lighter traffic on 

left-hand lane. This effect of traffic is 

urally more pronounced in the case of the 

face widths of the cracks. 

tate and Distribution of Cracking 

?igure 18 shows the manner in which crack- 

has developed with respect to periods of 

1e. In this figure the sections were grouped 

‘\ording to length, as short, 20-120 feet; 
ermediate-length, 120-470 feet; and long, 
1,310 feet. 

Chirty-one percent of the total or present 

mber of cracks in the long sections and 11 

fcent of those in the intermediate-length 

tions appeared within approximately 1 

mth after construction. Few cracks oc- 

pedi ed during the first winter, none in the short 

ww (ftions. However, the rate of cracking was 
nbfite high for all groups during the period 

her ftt. followed, a period that included the 
ygerval between late March and late October 
age the first year. 

he survey made at the end of this first year 

service showed 65 percent of the present 

king had developed in the long sections, 

percent in the intermediate-length sections, 

‘41 25 percent in the short sections, 

On the basis of all transverse cracks that 

have developed during the 10-year period of 

service, it is of interest that 67 percent had 

appeared by the end of the first year. After 

the first year the rate has been quite low and, 

in general, rather uniform. Between length 

groups the highest rate has been in the short 

sections. 

In figure 19 is shown the distribution of 

cracking for representative sections, ex- 

pressed as the number of cracks per 50 feet of 

section. The data indicate that the number of 

cracks per 50-foot increment increases from a 

minimum value at the end of a section to a 

maximum value in the central area, in a 

generally normal frequency distribution pat- 

tern; and that the maximum values, as found 

in the central area of the sections, increase 

progressively with increase in section length. 

It will be noted that the symmetry of crack- 

ing in the experimental sections is not only 

indicative of structural uniformity, but also 

implies that the nonuniformity of the eleva- 

tion changes that developed in the pavement, 

as mentioned earlier in the report, apparently 

had little effect on the formation of cracks. 

The manner in which cracking developed in 

the sections is, in some respects, shown to 

better advantage in figure 19 than in figure 18, 

especially since the distribution of cracking 

for the various time periods is given in the 

latter figure. 

The magnitude and distribution of the 

cracking that appeared within approximately 

1 month after construction of the sections are 

shown as the first time period. During this 

period no cracks were found in sections having 

Table 6. —Comparison of average widths of 
cracks in right-hand lane with widths of 
companion cracks in left lane 

Percentage of | Ratio of crack 
longitudinal width in 
steel in sec- right-hand 

tion lane to that 
in left lane. 

SURFACE Crack WIDTH 

lengths of 210 feet or less, and only a limited 

number in the central portion of sections with 

lengths between 270 and 360 feet; but a con- 

siderable number were found in the 600- and 

1,070-foot sections at some distance from the 

ends. Since the cracking during this period 

appeared only in the central areas of the longer 

sections, it is believed that it had its origin 

primarily in the tensile stresses induced by 

subgrade resistance during shrinkage of the 

sections either from loss of moisture, decrease 

in pavement temperature, or both. 

The second time period covers the first 

winter after construction. The survey at the 

end of the winter indicated that sections 
having lengths of 210 feet or less were still 

uncracked and that only a small amount of 

cracking, spottily distributed, had developed 

ee fale 

0 
IBLIC ROADS ® Vol. 26, No. 1 

\ SS 

aneulie 
PERIOD COVERED: 
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MARCH, 1939 TO OCTOBER, 1939 

Figure 19.—Distribution of cumulative cracking per 50 feet of section length in the first 10 years of pavement life. 

2 
1070 FT, 

(l] ocToBER, 1939 TO OCTOBER, 1941 
B89 OCTOBER, 1941 TO OCTOBER, 1943 

OCTOBER , 1943 TO OCTOBER, 1948 

17 



NUMBER OF CRACKS PER 50 FEET OF LENGTH 

830- FOOT SECTION 1070— FOOT SECTION 

2 4 

1310 — FOOT SECTION 

‘DISTANCE FROM END OF SECTION — HUNDREDS OF FEET 

Figure 20.—Frequency distribution of cracking at the end of 10 years for sections reinforced with 1l-inch diameter rail-steel bars (1, ' 

in sections having lengths equal to or greater 

than 270 feet. The relative absence of crack 

development during this period indicates that 
the nonuniform changes in pavement eleva- 

tion caused by frost penetration of the sub- 

grade had little influence upon cracking; and 

that tensile stresses from subgrade resistance 

were no greater during the winter period than 

during the preceding fall. This supports the 

conclusion drawn from the data of figure 9. 

In the third time period, between late 

March and late October of the first year, a 

noticeable change occurred in the crack 

development in all of the sections. In fact, 

a large percentage of the cracks now present 

in sections having lengths of 360 feet or less, 

and in the end areas of the longer sections, 

formed sometime during this period. Such 

cracking is believed to have been caused 

primarily by stresses induced by restrained 

warping. Unfortunately, the pavement was 

not surveyed in midsummer so it is not possible 

to determine more closely the part of this 

time period during which eracks formed. 

However, it is suspected that the cracks 

developed in large part during late spring 

and early summer when warping stresses are 

generally highest for the year. The fractures 

that formed at some distance from the ends 

of the longer sections may have resulted, 

also, from stress combinations existent in 

early fall when the sections were contracting 

after having attained their maximum annual 

unrestrained lengths. 

During the fourth time period, which covers 

the second and third years after construction, 

the development of new cracks was confined 

primarily to the central areas of the long 

sections. The relatively small number of 

fractures that appeared during this period 

and during the succeeding fifth time period 

(fourth and fifth years) greatly reduced the 

18 

percent steel): average of both lanes. 

rate of crack development. Within the sixth 

and last time period of this study, from the 

fifth through the tenth years of pavement 

service, the greatest number of cracks again 

have formed in the central areas of the long 

sections, suggesting a continued high stress 

condition in those regions, 

Crack Frequency Patterns 

Frequency distribution curves for the 

cracking that existed at the end of 10 years in 

the four sections comprising the group rein- 

forced with 1.82 percent of longitudinal steel 

(1-inch rail-steel bars) are shown in figure 20. 

The ordinate values represent the number 

of cracks per 50 feet of section and the 

corresponding abscissas are distances from the 

end of the section to the centers of the 50-foot 

lengths to which the ordinate values apply. 

For example, at point A in the figure there are 

nine cracks in the 50-foot length which lies 

between 150 and 200 feet from the end of the 

1,070-foot section. 

It is apparent that: (1) For some distance, 

beginning at the end of a section, the crack 

frequency for successive 50-foot increments 

increases directly with increase in distance; 

(2) the length over which the linear relation 

holds increases progressively with increase in 

section length; and (8) the slopes of the linear 

portions of the curves appear to be nearly the 

same for the different section lengths. It is 

believed that the frequency of cracking in the 

sections reflects, to a considerable extent, the 

stress distribution in the longitudinal steel as 

induced by subgrade resistance. 

Frequency distribution curves were con- 

structed for all sections having lengths equal 

to or greater than 150 feet. From these 

curves the maximum cracking frequency 

value (number of cracks per 50 feet of section 

in the central area) was determined for e: 

section. Figure 21 shows, for each of 

three types of reinforcement, the rela 

In order to show possible effects of ° 

stresses in the steel, the maximum compu 

steel stresses are indicated by symbol. 

length, the relation being nearly linear 

section lengths between 400 and 1,000 fefil 
For section lengths greater than about 1,!P! 
feet the curves depart from linearity, ir ft 

cating that a condition of complete restra}!i 

is being approached. This suggests tf! 

sections having lengths somewhat greaft 

than 1,000 feet, possibly the 1,700—1,800-f fm 

length mentioned in the discussion of figure 

would develop complete restraint in the ch 

tral region and that sections of this length fim 

greater would have equal maximum crack fil 

frequencies irrespective of their overs 

lengths. t 

The 10-year data indicate that an inter— 

between cracks in this region of comp)}) 
restraint might be expected to be apprif! 
mately 2.0 to 2.5 feet. i 

Effect of Reinforcement Type 

The data shown in figure 21 indicate ty 

the type of reinforcement has only a slit, 

effect on maximum cracking frequency. MM, 

example, within the length range of sectite 

containing welded-wire fabric, the maxim 
cracking frequency values are only sligl| 

less than those for sections of compares 

length reinforced with billet- or rail-steel b} ? 
Comparing the bar-reinforced sections, ! 

appears that the maximum cracking frequej}. 
values are slightly greater for billet- than §. 
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-steel bars (at 1,000 feet these values are 

3 and 17.0, respectively). 
jn the other hand, it will be noted that all 

ibols denoting the various magnitudes of 

yputed steel stresses fall very close to the 
an curves, indicating that, within the range 

steel percentages in sections of common 

gth, a variation in the amount of steel is 
. accompanied by a corresponding variation 

maximum cracking frequency. 

3ecause of conservative design assumptions, 

- relation between amounts of reinforcing 

al and the section lengths are such that the 

al has, in all probability, never been stressed 

rond its elastic limit. Therefore, if rein- 

cement which is adequate for a given sec- 

length, say 400 feet, had been used for the 

ire range of section lengths, the relations 

ywn in figure 21 would not obtain and 

ferences due to variations in the maximum 

el stresses might have appeared. The 

ger sections would probably either sub- 

ride due to breakage of the steel or contain 

ver but wider cracks as a result of inelastic 

‘ormation of the steel. 

Another analysis of the data that is of in- 

est is shown in figure 22 in which the aver- 

slab length, after 10 years of service, 

jlotted against section length as constructed. 

this figure separate curves are given for 

yraeh of the three types of reinforcement, 

dring the designing of the sections are in- 

Slab length is defined 

“the distance between transverse cracks or 

nts, all joints being considered as cracks. 

mpapeb point defining the curves is an average 

lue of either two, four, or six sections. 

Although the points defining the curves 

pear to be somewhat erratic for sections up 

t 1 the relatively small number of cracks in 

» jtions of these lesser lengths. 
i 

rej? average slab length increases with an 

yj4prease in section length until a peak value 

‘rq Feached, beyond which there is a rapid 

yo yerease in average slab length that becomes 

ngth)>re gradual and finally approaches a con- 

»kitnt value for the longer sections. In the 
wafse of the 1,310-foot section the present value 

the average slab length is 4.2 feet. At the 

sid of the first and fifth years this value was 
mpl) and 5.1 feet, respectively. 

jThe type of reinforcement has quite an 
vious effect on the relation between section 

igth and average slab length, especially in 

e case of the shorter sections. The greatest 

erage slab length for the sections containing 

aided fabric is 109 feet, which was reached 

_ ij an optimum section length of 135 feet. In 

NUMBER OF CRACKS — CENTRAL 50 FEET OF SECTION 

4 6 8 10 12 14 
fe) 
) 2 

SECTION LENGTH — HUNDREDS OF FEET 
CALCULATED MAXIMUM STRESS IN STEEL— POUNDS PER SQ. IN. 

2 — 15,000 X-25,000  0o-35,000 ©—- 45,000 4 — 55,000 

Figure 21.—Effect of type of reinforcement and of calculated maximum steel stress on the 

relation between section length and maximum cracking frequency at age of 10 years. 

ever, two conditions that may have had some 

influence on the data shown. First, in that 

part of the curves which pertains to the shorter 

sections, there are fewer points defining the 

curve in the case of the rail-steel bars than in 

the case of the other types of reinforcement. 

Second, in all sections reinforced with welded 

fabric and in all sections, except one, with 

lengths of 270 feet or less reinforced with 

billet-steel bars, the coarse aggregate used in 

the concrete consisted of a mixture of small- 

size gravel with large-size crushed limestone; 

whereas in sections reinforced with rail-steel 

bars the coarse aggregate used in the concrete 

was entirely the crushed limestone. There is 

no other evidence, however, that the difference 

in coarse aggregate mentioned affected in any 

way the behavior or present condition of the 

sections. 
The data of figure 22 mean that, under the 
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conditions obtaining in this experimental pave- 

ment, the longest average slab lengths are 

found at the so-called “optimum” section 

lengths. Hence, if one were interested only 

in a minimum number of transverse cracks and 

joints, these data suggest that in reinforced 

concrete pavements the transverse joints be 

spaced approximately 100 feet apart. How- 

ever, as this investigation strikingly shows, a 

longer section with many transverse cracks 

can continue to be a strong, durable structural 

unit after many years of heavy traffic service 

if it contains an adequate amount of longitu- 

dinal reinforcement. 
In the relations shown in figure 22, the 

maximum computed steel stress values appar- 

ently have no influence on the amount of 

cracking in a given section length. This is 

concordant with the relations shown in figure 

21. 

Part 4.—BEHAVIOR OF THE SPECIAL 
SECTIONS 

The four special 500-foot sections containing 

weakened-plane warping joints at 10-foot 

intervals have been subjected to the same close 

study as have the regular sections. 

It will be recalled that in each of the four 

special sections, relatively light welded-fabric 

reinforcement was placed continuously through 

all of the weakened-plane warping joints over 

the 500-foot section length. The bond be- 

tween the steel and the concrete was destroyed 

purposely for a distance of 18 inches on each 

side of each joint by omitting two transverse 

wires, one on either side of the joint, and by 

greasing the longitudinal wires over the 36- 

inch length. In addition to the continuous 

reinforcement, shear bars consisting of 34-inch 

diameter dowels 18 inches long, spaced 12 

inches center to center, were placed across the 

warping joints in one-half of each of the four 
sections. 

The distinguishing features of the four 500- 

foot special sections are as follows: 

Section 1.—Weakened-plane joints are of 

the submerged type and the reinforcement 

weighs 91 pounds per 100 square feet. 

Section 2.—Same as section 1, except that 

the reinforcement weighs 45 pounds per 100 

square feet. 

Section 3.—Weakened-plane joints are of 

the surface-groove type and the reinforcement 

weighs 91 pounds per 100 square feet. 

Section 4.—Same as section 8, except that 

the reinforcement weighs 45 pounds per 100 

square feet. 

Through the design features of these special 

sections it was proposed to develop informa- 

tion on the practicability of a pavement design 

in which transverse crack control was ob- 

tained by means of relatively short slab units 

(10 feet) with pavement continuity obtained 

by the use of continuous longitudinal rein- 

forcement. Other information sought per- 

tained to the amount of longitudinal steel 

necessary to resist the tensile forces created 

by subgrade resistance in a section of this 

length; the value of the design feature in 

which bond was deliberately destroyed for 18 

inches on either side of the joint; and the 

necessity for protection of the longitudinal 

20 
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SECTION LENGTH—HUNDREDS OF FEET 

CALCULATED MAXIMUM STRESS IN STEEL— POUNDS PER SQ. IN. 
5 — 15,000 x — 25,000 

reinforcement against shear in the transverse 

joints by means of dowels used to develop 

shear resistance. It was thought that such 

protection probably would be necessary be- 

cause of the relatively large joint opening 

expected from elastic elongation of the longi- 

tudinal steel over the 36 inches of unbonded 

length at the transverse joints. 

During a drop in pavement temperature, a 

continuously reinforced section naturally at- 

tempts to contract about the center of the 

section length. At the same time, the indi- 

vidual segments or slab units of the section 

are attempting to contract about their indi- 

vidual centers. The amount that these in- 

dividual segments contract should equal the 

elongation of the steel crossing the fractures 

that define their lengths. This elongation of 

the steel is dependent upon the magnitude of 

the stress induced in it by resistance as the 

segments tend to move over the subgrade; and 

upon the length over which the bond between 

the steel and concrete is destroyed—that is, 

the length over which this stress is effective. 

o — 35,000 
Figure _22.—Effect of type of reinforcement and of calculated maximum steel stress on 

relation between section length and average slab length at age of 10 years. 

°— 45,000 4 — 55,000 

Thus, by subdividing the 500-foot spe a 

sections into 10-foot slab lengths so 1B 
during a large temperature drop the contrac i 

length change of an individual slab 1 

would be relatively small, and by breaking 

bond for 36 inches at each separation betw 

slabs so that the elongation of the steel cc 

be relatively great without exceeding 

elastic limit, it seemed that a certain de; 

of control over the movement of a sec 

should be gained without rupturing the 

inforcing steel. For example, during 

sudden drop in pavement temperature w 

subgrade resistance is relatively great, 

continuous reinforcement would simulat 

steel spring at each transverse joint—elon y 

ing and permitting the slab units to cont 

about their individual centers, and sufe 

quently contracting and drawing the u 

together as the subgrade resistance decrea 

ee ee Oe ee ee 

Failures at Joints 

From the standpoint of design, all of fi 
special sections behaved satisfactorily du 
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|ble 7.—Steel failures at joints in the spe- 
cial sections at the end of 10 years 

45-pound | 91-pound 
Joint type fabric fabric 

Surface type: 
With dowels-._-____-- eras 
Without dowels 

Submerged type: 
With dowels 
Without dowels____--_-_-- 

‘first 3 years of pavement service. Then 

reinforcing steel began to fail at the joints. 

ring the condition survey at the end of 3 

ws two breaks in the reinforcing steel were 

covered, both at joints in the sections 

itaining the 45-pound wire fabric and both 

joints without shear bars, one of the breaks 

ng only 60 feet from the end of a section. 

er 544 years the reinforcement was either 

nd to be broken or suspected of being 

ken at seven of the joints. All of these 

ures developed at joints without shear 

‘ls and in the sections reinforced with the 

pound wire fabric. At the end of 10 years 
reinforcing steel was either broken or 

agated beyond its elastic limit at 18 of 

joints. The distribution of these steel 

ures is given in table 7. 

'rom table 7 it will be noted that 16 
ures were at joints without shear bars; 

‘ailures developed in sections reinforced with 

45-pound wire fabric; 7 and 11, respective- 

were found in sections constructed with the 

merged and the surface-groove type of 

its; and none occurred in the halves of the 

jions provided with shear bars at the 

its and containing the 91l-pound wire 

ric. The effect of such failures will be 

sussed in parts 5 and 6 of this report. 

“he fact that all of the earlier failures of 

reinforcing steel and approximately 90 

y cent of those now present occurred at 

its having no shear bars indicates that 

aring forces caused by loads passing over 

0 joints were primarily responsible for the 

1 failure. However, it is possible for a 

gressive separation to develop at a joint 

leventually overstress the reinforcing steel. 

; gepltration of solid material would, in time, 

Subsequently, during con- 
jetyption periods, the steel, if small in amount 

in the 500-foot special sections, might be 

jing \Jected to direct tensile stresses sufficiently 
dese to cause failures. Such action might 

, jount for the two cases of steel failure ob- 
- the@ed at the joints provided with shear bars. 

wring »se developed after the pavement had been 

ie Wervice for 8 years. 
rat, PACE from the ends of sections containing 

at 45-pound wire fabric and both were at 
nft8 of the surface-groove type. 

con 

{ iiSurface Condition of Weakened- 
he Yo Plane Joints 

‘igure 23 shows photographs, taken after 10 
rs, of two of the submerged type, weakened- 

Both occurred at some > 

Figure 23.—Two of the submerged-type, weakened-plane joints after 10 years of service: 
Extreme cases of straight and irregular cracking over the bottom parting strip. 

unduly inelastically elongated but not broken 

insofar as could be determined. These two 

joints were selected as extreme cases of 

straight and irregular cracking over the sub- 

merged parting strips used in creating this 

type of joint. The fractures that formed over 

these strips were, in general, meandering in 

character and were much wider than those 

that developed in the regular sections con- 

taining comparable percentages of continu- 

ously bonded reinforcement. Under the in- 

fluence of traffic and exposure the edges of the 

fractures have raveled and spalled to a con- 

siderable width, creating a rather unsightly 

surface condition. This condition developed 

most rapidly during the first 2 or 3 years of 

service. Subsequently the deterioration in 

surface condition has been gradual. 

The condition of the weakened-plane joints 

of the surface-groove type was excellent, 

Figure 24.—Present condition of a surface- 
type, weakened-plane joint, typical of 
those at which the continuous reinforce- 
ment is structurally sound. 

initially, and continued to remain so except 

where there has been failure of the reinforcing 

steel. The present appearance of a typical 

joint is shown in figure 24. Very little main- 

tenance has been required at these joints, so 

long as the steel remained structurally sound, 

since the comparatively small length changes 

of the 10-foot units are conducive to well- 

sealed conditions. 

Progressive Changes at Joints 

Daily, annual, and progressive changes in 

the widths of the joints of the four special 

sections were measured during the same 

periods as those of the regular sections. In 

figure 25 are shown the annual and progressive 

changes in the widths of the joints, plotted 

with respect to base measurements taken 

during the first winter after construction. 

The width changes of the expansion joints are, 

in reality, length changes of the sections as 

determined by measurement to fixed reference 

points located at their ends. Attention is 

called to the differences in the vertical scales 

used for the width changes of the expansion 

and weakened-plane warping joints, this 

being necessary because of the relatively small 

magnitude of the width changes of the latter. 
The lengths of the stippled bars indicate 

changes in width that occurred at the joints 

during an annual cycle. These changes 

should be nearly maximum for such a cycle 

since an attempt was made to obtain the 

measurements during the hottest and coldest 

periods of the year. All measurements in a 

given section were discontinued as soon as the 

first failure in the reinforcing steel was noted. 

It is apparent in figure 25 that, in spite of 

the continuity of the reinforcing steel through- 

out the length of a section, the expansion 

joints closed and the weakened-plane joints 

opened progressively with time. These pro- 

gressive changes are in the same sense as those 

observed in plain concrete pavements built 

with expansion joints and closely spaced 

weakened-plane contraction joints. It has 

been observed, also, that the progressive clos- 
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YEARS AFTER CONSTRUCTION 

(A) EXPANSION JOINTS 
FIRST WARPING JOINT FROM END OF SECTION (AVERAGE OF 2) 

(©) CENTRALLY LOCATED WARPING JOINTS (AVERAGE OF 6 CONSECUTIVE JOINTS) 

Figure 25.—Annual and progressive joint width changes of the 500-foot sections containing warping joints at 10-foot intervals: Vai 
above the zero line denote opening; those below, closing, of the joint with respect to the base readings of December 1938. 

ure of expansion joints at the end of 3 years 

has been less in sections reinforced with the 

91-pound wire fabric than in those containing 

the 45-pound wire fabric; and less in sections 

with the surface-type joints than in those with 

the submerged type. This latter observa- 

tion implies that extraneous material infil- 

trates more readily into the submerged-type 

joints, indicating that joints of this type are 

more difficult to seal. The behavior of the 

weakened-plane warping joints is somewhat 

erratic and, other than the fact that a pro- 

gressive opening has developed in all cases, 

clear-cut trends are not apparent. 

As remarked before, one of the purposes of 

the longitudinal steel in these 500-foot special 

sections was to hold the slab units of the sec- 

tions together, as much as possible, during 

contraction periods. In this respect it is 

clearly shown in figure 25 that the reinforcing 

steel, especially the heavier fabric, exercises 

considerable control over the behavior of the 

sections during such periods. Measurements 

of the over-all section-length changes at the 

ends of the two sections reinforced with the 

91-pound wire fabric showed 1.09 and 1.13 

inches, respectively, for a mean pavement 

temperature drop of 77° F. that occurred 

between midsummer and midwinter of the 
second annual contraction period. This is 

shown in figure 25 as the difference between 
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the lower end of the second bar and the upper 

end of the third bar in each of the four graphs 

marked A. These values represent approxi- 

mately 77 percent of the annual contractive 

change of a section of equal length, but con- 

taining heavier, continuously bonded rein- 

forcement such as was used in the regular 

sections. For the same temperature change 

the length changes of the two 500-foot special 

sections reinforced with the 45-pound wire 

fabric were 0.67 and 0.71 inch, respectively, 

or about 48 percent of the length changes of 

the comparable sections of the regular group. 

A similar comparison of the daily contractive 

length changes of the special sections with 

those of the section containing the continu- 

ously bonded steel results in values of approxi- 

mately 54 and 387 percent, respectively, for 

the 91- and 45-pound wire fabric. 

These comparisons show that the pattern 

of movement of the ends of the 500-foot 

special sections, although of less amplitude, 

is similar to that observed in the regular sec- 

tions containing continuously bonded steel. 

It is apparent that during periods of contrac- 

tion the heavier of the two weights of rein- 
forcement in the special sections was more 

effective in holding together the individual 

slab units; and that both weights of reinforce- 
ment were more effective during annual 

periods than during daily periods. 

It is of considerable interest that the si} 
amount of longitudinal steel in the sect ® 

reinforced with the 45-pound wire fabric & 

regular sections were designed. It appity 

also that the coefficient of resistance is sm |} 

for the slow annual changes in length the| fy 

is for the more rapid daily changes, this k ih 

in agreement with data obtained on the reg 

sections. 

Part 5.—THE OCCURRENCE OF PUMP 4 

It is generally conceded that three fa Of» 

_ are necessary for the development of pum 

at joints or cracks in concrete pavem 

(1) frequent repetition of heavy axle | 

and accompanying large vertical moven Dh 

of slab edges; (2) fine-grained subgrade 

and (3) free water under the pavement 

Since the experimental sections were 
structed as a part of a heavily traveled r 

one of the factors, repetition of heavy & 

loads, is always present. Moreover, ; 

pavement was placed on a fine-grained Uh) 

grade soil that would be considered cond 
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{pumping. The soil analysis, shown in 

lle 8, was based on samples taken from the 
shed subgrade at intervals of approximately 

) feet. Referring to the average values 

ithe table, it is observed that the combined 
ount of silt and clay was 65 percent of the 

al. : 
Yarly in the life of the pavement, pumping 

‘an to appear at some of the bridge-type 
ats which were used to create the wider 

arations between the longer and conse- 

sntly more heavily reinforced sections. 
ese joints had no medium for load transfer 
jept the steel cover plate. After 10 years 

st joints of this type were pumping and 

has been noted that this action in some 
tances has resulted in serious faulting with 

nsverse cracking of the forward and some- 

1es the approach slab, Of special interest 

the fact that, in spite of the faulting, the 
avy reinforcement has thus far held closed 
cracks in the pavement areas adjacent to 

xse joints. After 7 or 8 years pumping was 

‘\served at some of the conventional dowel 

nts which separate the shorter sections. 

i date, however, the action at these joints 

s been so slight that faulting is negligible 

d fracturing of the slabs has not occurred. 

At the end of 10 years the performance 

rvey showed that, with two exceptions, the 

ly evidence of pumping in the entire pave- 

mt was in the vicinity of the transverse 

nts. One of the exceptions was the develop- 

mt of pumping at two of the cracks that 

med in the sections containing the 32- 

und wire fabric. As stated before, the 
nforcing steel ruptured at several cracks 

these sections, allowing wide separations. 

Jalimping appeared shortly after the reinforce- 

i ont failed. 
The other exception was the appearance of 

mping at one point along the edge of the 

4S appearing at the shoulder and the pave- 

The cracks in the immediate vi- 

For 

reason, it is believed that water eee 

hae subgrade by some other channel, along the 
vement edge or possibly through the longi- 
dinal joint. At three consecutive cracks in 

e immediate vicinity of the pumping, where 
e crack interval is about 2.5 feet, the edges 

veled or chipped to a more pronounced ex- 

» fant than at the other cracks in the section, 

el. After a few more years of service this 

ndition may reach a point where some form 

se|ONS, ON & pumping type of soil, is evidence of 
nde effectiveness of the reinforcing steel in 

BLIC ROADS ® Vol. 26, No. 1 

‘Table 8.—Subgrade soil data 
pi Ba een MU doe meh nt a a a Be ee ee 

Moisture content 

Silt Clay a ea DP As 0-3 3-12 12-24 
; inches inches inches 

below below below 
surface surface surface 

, Percent Percent Percent Percent Percent Percent Percent 
Maximum 2-s2.~-ssecseeceoe 65 126 52 26 22.6 24.0 27.5 
Minin Unies ok See 20 if 19 4 6.1 8.9 8.1 
AVOraves: 2.5 @ 8 Sots ee 48 17 33 12 12.8 15.5 iW pt 

1 This maximum percentage was exceeded in two instances; however, these cases were not considered as representative 
of the entire project. 

holding tightly together the segments of the 

sections. Closed cracks not only minimize 

the leakage of free water to the subgrade but, 

by transferring load, minimize slab deflections 
as well. 

Periodic observations of the weakened-plane 

warping joints of the special sections have 

shown that pumping developed at 10 of the 11 

surface-type joints at which the wire-fabric 

reinforcement failed. In all 10 cases the ac- 

tion of pumping began shortly after steel fail- 

ures were noted. Conversely, pumping did 

not appear as long as the wire fabric crossing 

the warping joints remained structurally 

sound; or at any of the seven submerged-type 

joints at which the reinforcing steel failed. 

The preceding observations indicate that 

the entrance of free water to the subgrade and 

large slab deflections have activated pumping. 

Relatively wide separations (up to three- 

eighths inch) developed at all joints at which 

the reinforcement failed, thus reducing or 

destroying the effectiveness of aggregate in- 

terlock, and impairing the sealing of the 

surface-type joints. Of particular interest is 

the complete absence of pumping at the sub- 

merged-type joints, even those at which the 

wire fabric failed. When these joints were in- 

stalled a copper seal which enveloped the bot- 

tom parting strip was incorporated in the de- 

sign. Apparently these seals are still function- 

ing as planned, despite the wide separation 

that has developed at the joints where the 

longitudinal steel has failed. 

The effect of repetition of heavy axle eee 

on the development of pumping is clearly 

revealed in this investigation. As mentioned 

previously, the experimental pavement is one- 

half of a divided highway, with the result 

that the right-hand lane carries a greater 

number of heavy vehicles. At the end of 10 

years the performance survey disclosed only 
one case of pumping in the left-hand or passing 

lane of the pavement, in contrast to the condi- 

tion in the right-hand lane as just described. 

Part 6.—PAVEMENT SMOOTHNESS 

The common goal of all pavement design 

is a continued smooth riding surface, eco- 

nomics being, of course, a limiting factor. 

To evaluate the riding quality of the experi- 

mental sections, an instrument for indicating 

the relative roughness of road surfaces was 

used. With this device, which was developed 

some years ago by the Bureau of Public 

Roads,® it is possible to compare the surface 

5 Standardizable equipment for evaluating road surface rough- 

ness, by J. A. Buchanan and A. L, Catudal; Pusiic Roaps, 

vol. 21, No, 12, Feb. 1941. 

roughness of the various sections by means of 

a roughness index, expressed in inches per 

mile of pavement. Low index values, of 

course, represent smooth pavement. 

The basic set of data indicating relative 

values of surface roughness of these experi- 

mental sections was obtained in August of 

1940, less than 2 years after construction. 

At that time roughness indices were deter- 

mined only for the sections in the heavily 

traveled or right-hand lane of the pavement, 

it being presumed that, early in the life of 

the pavement, the surface of both lanes would 

be equally smooth. A second set of data was 

obtained in August of 1949, these data includ- 

ing both the heavily traveled lane and the 

passing lane so that the effect of traffic on 

surface roughness could be ascertained, Elim- 

inated from these latter data was the localized 

condition of roughness found at locations 

where a pair of bridge-type joints were spaced 

10 feet apart. 

Average values of the surface roughness of 

short, intermediate-length, and long sections 

are given in table 9, the sections being grouped 

according to the range in lengths designated 

earlier in the report. All values were obtained 

with the single wheel of the roughness meas- 

uring vehicle traversing approximately a 

midlane path. 

It is well to point out that, as a result of 
experience gained in using this equipment 

over many hundreds of miles of pavements of 

all types, it has been found that pavements 

with indices of the order of 80 to 120 have 

surfaces that would be classed as smooth 

riding. 

The data of table 9 show that initially the 

pavement as a whole was very smooth indeed, 

indicating that the construction and, parti- 

cularly, the finishing were unusually good. 

The fact that little difference was observed 

in the roughness indices of the three groups 

of sections suggests that, with proper care 

Table 9.—Roughness indices classified by 
length of sections 

Roughness index, in units per 
mile 

Range in 
section length 1940 1949 survey 

survey. 
rightlane | Right lane| Left lane 

120-4 
470-1, 310 

23 



d 
uring installation and finishing, the spacing 

Of expansion joints need not affect the initial 

Tiding quality of concrete pavements. 

A comparison of the roughness indices 

(table 9) determined in 1949 with those of 

1940 indicates a marked increase in the surface 

roughness of all three groups of sections, the 

percentage increase in the units per mile being 

47, 51, and 40, respectively, for the short, 

intermediate-length, and long sections of the 

heavily traveled lane. Even with this large 

percentage increase, the data indicate that 

the surface of the regular sections after 10 

years of service is no rougher than some new 

pavements as constructed. 

Comparison of Lanes 

Only a slight tendency is noted, however, 

for the surface of the heavily traveled lane to 

become rougher, with time, than that of the 

passing lane. Also, in both lanes there is a 

slight but only a slight tendency for the 

pavement of the group of long sections to be 

smoother than that of the short sections, 

which contain relatively few cracks. It is 

apparent from these observations that, to date, 

traffic has had little effect on the increase in 

surface roughness; and that the many cracks 

that formed in the long sections have not 

affected the riding quality of the pavement. 

In connection with the observed increase in 

pavement roughness between 1940 and 1949, 

it will be recalled that figure 1 shows examples 

of observed changes in pavement elevation, 

changes that developed principally through 

heaving and settlement of the subgrade and 

that undoubtedly account for part, at least, 

of the increase in surface roughness. 

In table 10 are given the roughness indices 

for sections containing the various percent- 

ages of longitudinal steel for each of the three 

types of reinforcement. These data, although 

The Highway Capacity Manual, by the 

Committee on Highway Capacity, Depart- 

ment of Traffic and Operations, Highway 

Research Board, has now been published in 

book form by the Bureau of Public Roads 

and is available from the Superintendent of 

Documents, U. S. Government Printing 

Office, Washington 25, D. C., at 65 cents. 

The report, concerning the effectiveness 

of various highway facilities in the service of 

traffic and involving the many elements of 

highway design, vehicle and driver per- 

formance, and traffic control, was originally 

published in PUBLIC ROADS, vol. 25, Nos. 

10 and 11 (October and December 1949) 

under the title ‘‘Highway Capacity: Prac- 

tical Applications of Research.’? The 147- 

page reprint, in convenient 6- by 9-inch 

book size, will be a valuable addition to the 

library of every design and traffic engineer. 

The manual encompasses both rural and 

urban facilities. Its seven major sections 

provide extensive discussion of maximum 
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Table 10.—Roughness indices classified by 
type and percentage of longitudinal steel 

Roughness index, in units per 

Type of reinforce- 
ment and_ per- 
centage of longi- 1949 survey tudinal steel in | 1940 sur- 
section vey, right 

Jane {Right lane| Left lane 

Percent 
Rail-steel bars (de- 
formed): 

iPr LeeLee 99 124 127 
O22: eres 85 123 121 
O:4be = eS 85 127 124 
(Ob Ri et F8 85 128 121 
CE es ty ee ee 84 130 122 

Billet-steel bars 
(deformed): 

ESD pe eke cee 85 128 123 
107260 os ee 78 130 123 
O.4b2hecee me 90 130 121 
026s a 88 125 128 

ici aes ee ee 91 135 129 
Wire fabrie (cold- 
drawn wires): 

if eho fa et 90 137 129 
O28: ees. Eee 90 133 124 
O22 eae 89 131 127 
01, Sees 89 137 139 
C05 (ee = “Sees 84 120 124 
(Oy ea an 98 134 126 

LA VOTHOG == ee cae 88 129 125 

showing no particular trends for the factors 
involved, do show that a narrow range in the 

roughness indices of the various sections 

existed initially and still exists. This implies 

that all of the sections have remained struc- 

turally intact. 

Roughness indices of the four 500-foot spe- 

cial sections were obtained at the same time 

as those of the regular sections. These data, 

given in table 11, are listed in accordance with 

the distinguishing features of the special 

sections. 

At the time of the 1940 roughness survey 

the surfaces of the special sections were as 

smooth as those of the regular sections, the 

average index for the two types of pavement 

being 89 and 88 respectively. This indicates 

New Publications 
observed traffic volumes, fundamentals of 

highway capacity, roadway capacities for 

uninterrupted flow, signalized intersections, 

weaving sections and unsignalized cross 

movements, ramps and their terminals, and 

the relation of hourly capacities to annual 

average volumes and peak flows. 

The study is based on a great mass of field 

observations, made available by the coop- 

erative efforts of the Bureau of Public Roads, 

the Highway Research Board Committee on 

Highway Capacity, and many State, county, 

and city engineers, intensively applied in 

many places and for a number of years. 

From the vast grist of basic data, painstak- 

ingly analyzed, has been evolved this prac- 

tical guide to rational methods for the 

determination of highway capacity, essen- 

tial in the sound economic and functional 

design of new highways and in the adapta- 

tion to present or future needs of the many 

existing roads and streets which must con- 

tinue in use for extended periods of time. 

Table 11.—Roughness indices of the fo 
500-foot special sections ! 

Roughness index, it} 
units per mile | 

Type of joint and : 
weight of rein- | Shear bars | 1940 1949 survey] 
forcement sur- 

vey, 
right | Right} Left} 
lane | lane | lane} 

Lb. per 100 sq. ft. 
Subimeraed type: 

eb a ax tee OS .02 cee Oe 134 137 
Ol... Sees i Noiseless 90 134 127 
Ci oe eee 0S aeons 90 141 148 
Ce eee jt Be ING= seer 90 134 148 

Surface type: 
OT Fates coed VCS 79 141 116 
QTEM ESSE Ore IN OST S32 90 120 169 
AU hes ie oe SV 6S tones 79 148 127 
Ab. S erereee e INO. 2eene) 95 218 137 

1 Fach roughness index is based on 250 feet of pavemeni} 

that the surface-type, weakened-plane joit| 

were finished with great care and that 1} 

rather wide and meandering cracks whi} 

formed above the parting strips of the su 

merged-type joints did not impair the ridi} 

quality of the pavement at that time. 

In 1949 the surfaces of the special sectic 

were, in general, somewhat rougher than th¢ 

of the regular sections. This greater incre} 
in roughness is probably the result of the ec} 

ditions at some of the joints that were i) 

scribed earlier, conditions that were not pr} 
ent at the time of the 1940 measuremen} 

An example is the large increase in the rous} 

surface-type joints and containing i} 

45-pound fabric and no shear bars. It vp 

in this half of the section that pumping dev} 

oped at the joints where the reinforcing st} 

failed. This action has resulted in some tilti} 
of the 10-foot slab units and a consequt{ 

faulting at the joints until, at present, t} 

particular part of the pavement is quite rou} 

Highway Statistics, 1948, is also nj 

available from the Superintendent of Doc 

ments. The fourth in an annual series, t) Mi 

publication presents statistical informatif- 

of general interest on the subjects of mo} 

fuel, motor vehicles, highway-user taxatif 

State highway finance, and highway miff 

age for the year 1948. The summary bulle 

reporting similar information over peri 

of 20 to 50 years, up to 1945, is a valua§ 

adjunct to the annual series. These pif 

lications are sold by the Superintendent§ 

Documents, U. S. Government Printi 

Office, Washington 25, D. C., at the follow. 

prices: 

Cents 

Highway Statistics, 1948....... 65 

Highway Statistics, 1947....... 45 

Highway Statistics, 1946....... 50 

Highway Statistics, 1945....... 35 
Highway Statistics, Summary 
toa TT. Pet. aan eee 
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A complete list of the publications of the Bureau 

of Public Roads, classified according to subject and 

including the more important articles in PUBLIC 

RoapDs, may be obtained upon request addressed to 

Bureau of Public Roads, Washington 25, D. C. 

PUBLICATIONS 
of the Bureau of Public Roads 

The following publications are sold by the Superintendent 

of Documents, Government Printing Office, Washington 25, 

D.C. Orders should be sent direct to the Superintendent of 

Documents. Prepayment is required. 

ANNUAL REPORTS 
(See also adjacent column) 

Reports of the Chief of the Bureau of Publie Roads: 

1937, 10 cents. 1938, 10 cents. 1939, 10 cents. 

Work of the Public Roads Administration: 

1940, 10 cents. 1942, 10 cents. 

1941, 15 cents. 1946, 20 cents. 

1947, 20 cents. 

1948, 20 cents. 

1949, 25 cents. 

HOUSE DOCUMENT NO. 462 

barbs ler Nonuniformity of State Motor-Vehicle Traffic 
Laws. 15 cents. 

Part 2. . . Skilled Investigation at the Scene of the Acci- 
dent Needed to Develop Causes. 10 cents. 

Part 3. . Inadequacy of State Motor-Vehicle Accident 
Reporting. 10 cents. 

Part 4.. Official Inspection of Vehicles. 10 cents. 

Part 5 . Case Histories of Fatal Highway Accidents. 
10 cents. 

Part 6°. The Accident-Prone Driver. 10 cents. 

UNIFORM VEHICLE CODE 

Act I.—Uniform Motor-Vehicle Administration, Registration, 
Certificate of Title, and Antitheft Act. 10 cents. 

Act IJ.—-Uniform Motor-Vehicle Operators’ and Chauffeurs’ 
; License Act. 10 cents. 

Act I1I.—Uniform Motor-Vehicle Civil Liability Act. 10 cents. 

Act HI Fe eset Motor-Vehicle Safety Responsibility Act. 10 
cents. 

Act V.—Uniform Act Regulating Traffic on Highways. 20 cents. 

Mode! Traffic Ordinance. 15 cents. 

MISCELLANEOUS PUBLICATIONS 

Construction of Private Driveways (No. 272MP). 10 cents. 

Economic and Statistical Analysis of Highway Construction 
~- Expenditures. 15 cents. 

Electrical Equipment on Movable Bridges (No. 265T). 40 cents. 

Federal Legislation and Regulations Relating to Highway Con- 
struction. 40 cents. 

Financing of Highways by Counties and Local Rural Govern- 
ments, 1931-41. 45 cents. 

Guides to Traffic Safety. 10 cents. 

Highway Accidents. 10 cents. 

Highway Bond Calculations. 10 cents. 
Highway Bridge Location (No. 1486D). 

Highway Capacity Manual. 65 cents. 

Highway Needs of the National Defense (House Document No. 
249). 50 cents. 

Highway Practice in the United States of America. 

15 cents. 

50 cents. 

Highway Statistics, 1945. 35 cents. 

Highway Statistics, 1946. 50 cents. 

Highway Statistics, 1947. 45 cents. 

Highway Statistics, 1948. 65 cents. 

Highway Statistics, Summary to 1945. 40 cents. 

Highways of History. 25 cents. 

Interregional Highways (House Document No. 379). 75 cents. 

Legal Aspects of Controlling Highway Access. 15 cents. 

Manual on Uniform Traffic Control Devices for Streets and High- 
ways. 50 cents. 

Principles of Highway Construction as Applied to Airports, Flight 
Strips, and Other Landing Areas for Aircraft. $1.50. 

Public Control of Highway Access and Roadside Development. 
35 cents. 

Public Land Acquisition for Highway Purposes. 

Roadside Improvement (No. 191MP). 10 cents. 

Specification for Construction of Roads and Bridges in Nationa] 
Forests and National Parks (FP-41). $1.25. 

Taxation of Motor Vehicles in 1932. 35 cents. 

Tire Wear and Tire Failures on Various Road Surfaces. 

Transition Curves for Highways. $1.25. 

10 cents. 

10 cents. 

Single copies of the following publications are available to 

highway engineers and administrators for official use, and 

may be obtained by those so qualified upon request addressed 

to the Bureau of Public Roads. They are not sold by the 

Superintendent of Documents. 

ANNUAL REPORTS 
(See also adjacent column) 

Public Roads Administration Annual Reports: 

1943. 1944, 1945, 

MISCELLANEOUS PUBLICATIONS 

Bibliography on Automobile Parking in the United States. 

Bibliography on Highway Lighting. 

Bibliography on Highway Safety. 

Bibliography on Land Acquisition for Public Roads. 

Bibliography on Roadside Control. 

Express Highways in the United States: a Bibliography. 

Indexes to Pustic Roaps, volumes 17-19, 22, and 23. 

Road Work on Farm Outlets Needs Skill and Right Equipment. 

REPORTS IN COOPERATION WITH 
UNIVERSITY OF ILLINOIS 

No. 313 . Tests of Plaster-Model Slabs Subjected to Con- 
centrated Loads. 

No. 332 . Analyses of Skew Slabs. 

No. 345 . Ultimate Strength of Reinforced Concrete Beams 
as Related to the Plasticity Ratio of Concrete. 

No. 346 . Highway Slab-Bridges With Curbs: Laboratory 
Tests and Proposed Design Method. 

No. 363 . Study of Slab and Beam Highway Bridges. 
Part I. 

No. 369 . Studies of Highway Skew Slab-Bridges with 
Curbs. Part I: Results of Analyses. 

No. 375 . Studies of Slab and Beam Highway Bridges. 
Part II. 
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