
DEPARTMENT OF DESIGN 
C. N. CONNER, Chatrman 

EXPERIMENTS WITH CONTINUOUS REINFORCEMENT IN CbliTCRETE 
PAVEMENTS 

HABBT D . CASHELL, Highway Research Engineer, Bureau of Public Roads, AND SANFORD W . 
BBNHAM, Research Engineer, Indiana Highway Commission 

SYNOPSIS 
For some years highway engineers have been interested in 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 number of continuously reinforced sections, ranging from 
20 to 1,310 feet in length, were constructed near Stilesville, Indiana, on US 
Route 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 conclu
sively shows that continuous reinforcement can be depended upon to prevent 
the opening of transverse cracks in concrete pavements In the long, heavily 
reinforced 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 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 contain
ing 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 sec
tions, the riding quality of the pavement has remained excellent and the pave
ment itself has been protected from damaging impact forces such as tend to 
develop where the surface alinement is not maintained. 

Recently two other experimental projects have been built with continuously 
reinforced concrete pavement, one in New Jersey and the other in Illinois These 
contain sections of greater length than the longest section of the Stilesville ex
periment and the amount of longitudinal steel used is less. (See Proceedings High
way Research Board, Vol 27 (1947). Papers by WooUey, Van Breemen, and 
Russell) 

Smce 1938 the Bureau of Pubhc Roads and described the scope of the study, the con-
the State Highway Ck>mmission of Indiana struction of the project and the observed 
have cooperated m makmg detailed observa- behavior of the pavement during the first 5 
tions of an experimental concrete pavement years of service. The present report, which 
containing a wide range of contmuously rem-
forced sections Three pubhshed reports' have forcement in Concrete Pavements," Proceed

ings, Highway Research Board, Vol. 19 (1939); 
•Earl C Sutherland and Sanford W. also Public Roads Vol. 20, No. 11, January 

Benham "Experiments with Continuous Rein- 1940 {Continued p 46 col 1) 
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may be considered the major report of the in
vestigation, describes the performance of the 
various sections over a penod of 10 years. Al
though previously publ^ed information will 
be avoided as'much as possible, certain essen
tial data will be repeated for clarity and 
completeness. 

The experimental pavement is a 9-7-9-in. 
thickened-edge type, 20 f t . wide and approxi
mately 6 miles long. I t is located near Stiles-
ville, about 30 miles west of Indianapolis, and 
was constructed during September and Octo-

Traffic counts mdicated an average annual 
daily volume (m both directions) of 3,500 
vehicles in 1941 when the pavement was 3 
years old. Of these, 1,125 were trucks and 
busses, the maximum daily gross load bemg 
at least 48,000 lb In 1948, when the pave
ment had been m service for 10 y r , the aver
age annual daily traffic volume had mcreased 
to 5,100 vehicles, trucks and busses compris
ing 1,280 of the total. At this time the maxi
mum daily gross and axle loads were at least 
51,000 and 20,400 lb , respectively. 

TABLE 1 
DETAILS OF REINFORCEMENT I N THE EXPERIMENTAL PAVEMENT 

RAIL STEEL BARS (DEFORMED) 

Number 
of Sec 

tionsfor 
Each 

Length' 

Length 
of Each 
Section' 

Calcu
lated 

Maximum 
Stress m 

Steel 

fi U per 
sq tn 

2 000 
840 

1,080 
1.320 

nil 
4 340 

470 
610 
740 

25,000 
35,000 
45,000 
55,000 

4 ISO 
210 
270 
330 

25,000 
35,000 
45,000 
55,000 

e SO 
120 
150 
180 

25,000 
35,000 
45,000 
55,000 

6 40 
50 
60 
80 

25,000 
35,000 
45,000 
55,000 

Reinforcement Siie and Spaang 

Longitudinal 

1-in round bars, 6 in e to 
o 

}-in round bats, 6 in e to 

}-in round bars, 6 in. o to 
c 

l-in round bars, 6 in c to 
c 

i- in round bars, 6 in c to 
c 

Transverse 

i-in round bars, 24 in c to 
c. 

|}-in round bars, 24 in a to 
c. 

i-in round bars, 24 in e to 
e 

l-in round bars, 24 in c to 
0 

1-in round bars, 12 in. c to 
0 

Peicent-
age of 

Longitud 
inal SteeP 

Percent 

1 82 

1 02 

45 

11 

Average Tensile 
Strength of 

Longitudinal Steel 

Yield 
Point 

lb per 
tq in 
63,300 

64,400 

68,800 

66,700 

60,300 

Ultunate 

lb per 
tq tn 

113,200 

113,300 

115,300 

93,600 

84,600 

i*™ "secfaon" as used in this report, refeis to a lane or 10-ft width of pavement, thus the number 
"2" indicates a pair of sections, one being on each side of the center joint. 

I The lengths of the longer sections are nominal lengths and may be either 6 or 10 f t greater than the actual length in 
oases where a pair of bndge-type joints were installed. ' 

> Cross-seetioiul area of the longitudinal steel expressed as a percentage of the etosa Boetional area of t e concrete slab 

ber of 1938 as part of the eastbound lanes of 
the divided highway US 40. 

Harry D Cashell and Sanford W Benham, 
"Progress in Experiments with Continuous 
Reinforcement in Concrete Pavements," Pro
ceedings, Highway Research Board, Vol. 20 
(1940); also Pvbhe Roads, Vol 22, No 3, 
May 1941. 

Harry D Cashell and Sanford W Benham, 
"Experiments with Continuous Reinforcement 
in Concrete Pavements—A Five-Year His
tory," Proceedings, Highway Research Board, 
Vol. 23 (1943) (Condensed). 

Briefly, the experimental pavement con
sists of sections rangmg in length from 20 to 
1,310 f t . Incorporated in these sections are 
various amounts of steel for each of three 
types of remforcement. The number and 
range m length of the mdividual sections, to
gether with pertment data on the reinforcing 
steel used in each, are given in Tables 1, 2 
and 3. The lengths of the sections necessary 
to develop the steel stresses shown in the 
tables were calculated on the basis of certam 
assumptions as to the resistance offered by 
the subgrade as the pavement expands and 
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contracts. I t was assumed that the resistance 
would be constant and could be expressed as a 
coefficient equal to 1} times the weight of the 
pavement. 

The maximum steel stresses were mtended 
to be such that the elastic limit of the rein
forcement would be approached m the longest 
section of each group, producing, imder re
peated stressing, inelastic elongation with 
consequent openmg of the cracks. 

Smce a wide range m slab end movements 
was expected in the sections of various lengths, 

In addition to the regular sections of the 
experimental pavement; that is, the sections 
contaming continuously bonded steel, four 
special sections each 500 f t . long were mcluded. 
I n these, weakened-plane joints were spaced 
at 10-ft mtervals and the bond between the 
longitudinal steel and the concrete was broken 
purposely for a distance of 18 in. on each side 
of each transverse ]omt. 

The discussion of the 10-3rr. performance of 
the pavement will be presented in six parts as 
follows: (1) periodic elevation changes of the 

TABLE 2 
DETAILS OF REINFORCEMENT I N THE EXPERIMENTAL PAVEMENT 

BILLET STEEL BARS (DEFORMED) 
Intermediate Grade 

Number 
of Sec
tions for 

Length 
of Each 

Calcu
lated 

W j n r , i n , i m 

Remforcement! iize and Spacing Percent
age of 

Longitud

Average Tensile 
Strength of Longi

tudinal Steel 

Each 
Length' 

Sectaon' Stress m 
Steel Longitudual Transverse 

ual SteeP Yield 
point Ultunate 

2 
ft. 
360 
600 
840 

1,080 

U fer 
tq. tn. 
15,000 
25,000 
35,000 
45,000 

1-m round baiB, 6 m. o to 
0 

}-m round bars, 24 in e to 
0 

Ptretnl 

1 82 

lb. per 
s f . tn 
46,900 

lb per 
tq. tn 
78,000 

4 200 
340 
470 
610 

15,000 
25,000 
35,000 
45,000 

t-m. round bars, 6 m e to 
0 

t-m round bars, 24 in c to 
0. 

1 02 49,100 78,500 

4 90 
150 
210 
270 

15,000 
25,000 
35,000 
45,000 

}-in round ban, 6 m o to 
e 

i - in . round bars; 24 in e to 
0. 

45 51,400 78,600 

6 50 
80 

120 
150 

15,000 
25,000 
35,000 
45,000 

l- in round bars, 6 u o to 
0. 

| - in . round bars, 24 in o to 
e 

26 55,500 81,800 

6 20 
40 
50 
60 

15,000 
25,000 
35,000 
45,000 

i-m round bars, 6 m c to 
c. 

}-in round bars, 12 in o to 
0. 

.11 56,900 

_t»_ c m i i . 

77,300 

• " i ^S^^^S^SS^^^tS^^&bs . nd may be either 5 or 10 f t greater than the «*ual length in 
a. a pereentage of the eross-»«tional area of the eonorote sUb 

several different widths of transverse joint 
opening were provided. The shorter sections 
were separated by conventional dowel-tjrpe 
]omts having widths of either i or 1 in. A 
jomt of a type similar to that frequently 
used at bridge approaches and designed to 
permit a l | - i n . movement in each direction 
was placed between mtermediate-length sec
tions; whereas for the longer sections provision 
was made for approximately twice this amoimt 
of movement by means of a pair of the bridge-
tjrpe joints spaced 10 f t . apart. 

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-ft. special 
sections; (5) occurrence of pmnping; and (6) 
smoothness of the pavemnt. 

PART 1.—PERIODIC ELBVATION CHANOES OF 
THE SECTIONS 

Three sets of precise elevation measure
ments have been made over the entire length 
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of the experimental pavement, as follows: (1) 
late fall of 1938 or shortly after construction 
of the sections, (2) fall of 1939 or approxi
mately 1 yr. after construction; and (3) 
severe winter of 1939-40 when the frost had 
penetrated the ground to a depth of about 20 
m In addition, during the first 5 yr., elevation 
measurements were made at more frequent 
intervals over selected sections. All such 

with the elevations determined the previous 
fall. I t was observed also that, in most in
stances, heavmg was greater at the expansion 
joints than at pomts elsewhere m the sections, 
averaging 0 47 in. at 151 expansion joints and 
0.33 in. at 185 points elsewhere in the sections. 
These data emphasize the importance of 
tightly sealed joints in pavements exposed to 
freezing conditions. 

TABLE 3 
DETAILS OF BEINFOBCEMENT I N T H E EZFERIUENTAL PAVEMENT 

WISE FABRIC (COLD DRAWN WIRES) 

Number 
of Sec

tions for 
Each 

Length' 

Length of 
Each Sec

tion* 

Calculated 
Maximum 
Stress m 

Weight of 
Reinforce

ment 

Reinforcement Sue and Spacing Fercentap 
of Longi
tudinal 

Average 
Ultimate 
Tensile 

Strength of 
Longitud
inal Steel 

Number 
of Sec

tions for 
Each 

Length' 

Length of 
Each Sec

tion* Steel 

Weight of 
Reinforce

ment 
Longitudinal Transverse 

Steel> 

Average 
Ultimate 
Tensile 

Strength of 
Longitud
inal Steel 

fi lb ftr sq 
•n. 

lb f r 100 
t ft PercaU lb. per It 

M 
6 140 

190 
250 
310 

25,000 
35,000 
45,000 
55,000 

149 No 4-0, d " .3038 in., 4 in. 
c toe. 

No 3,12 in. c toe .42 81,800 

6 80 
130 
170 
200 

25,000 
35,000 
45,000 
55,000 

107 No 4-0,do 3938m,6in 
c to 0 

No 3; 12 in c o a. .28 80,300 

6 80 
110 
140 
170 

25,000 
35,000 
45,000 
55,000 

91 No 3-0, d " 3625 m „ 6 in 
0 toe 

No 4,12 in c to 0 24 89,100 

6 60 
80 

100 
120 

25,000 
35,000 
45,000 
55,000 

65 N o O , d = 3065in,6in.c. 
toe 

No 6,12 in e to e .17 83,700 

6 30 
50 
eo 
80 

25,000 
35,000 
45,000 
55,000 

45 No 3, d = 2437 in„ 6 in. c 
to 0 

No 6,12 in c to 0 .11 81,000 

« 20 
30 
40 
50 

25,000 
35,000 
45,000 
55,000 

83 No.6 ,d = .1920in.,6m c 
toe 

No 6,13 in . c. to c .07 88,700 

> The term "seetion" as used in thia report refen to a lane or 10-ft width of pavement, thus the number "2" indicates a 
pair of seetuins, one bung on each side of the center joint. 

' Thelengthsof thelonger sections are nominal lengthsand may beeitherSor 10ft greater than the actual length in cases 
where a pair of bndge-type joints were installed 

> Cioss-seetional area of the longitudinal steel eipressed as a percentage of the closs-seotional area of the ooncrete slab. 

measurements were made on reference points 
installed m the right-hand or heavily traveled 
lane of the pavement. 

At the end of the first year the majority of 
the elevation changes were very small. Spe
cifically, only 7 percent of the 487 mid-lane 
locations at which measurements were made 
showed a change in elevation greater than i 
in. 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 m. as compared 

Examples of typical changes m pavement 
elevation are shown m 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 
Ufe, 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 ele
vation changes at the end of 5 yr. were 
appreciably greater in magnitude and were 
less uniform than at the end of the first year. 
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Figure 1. ChanEes In Elevation of Selected Sections at the End of the First and Fifth Years of 
Pavement Life; Also, Physical CharacterlsUcs of the Subgrade Soil at the Time Pavement was 
Placed 
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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 Obtained In December 1938 
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The greatest change was a settlement of 0.8 
m near the center of the 830-ft. section How
ever, measurements taken in this'area at the 
end of 10 yr. showed virtually no change with 
respect to the 5-yr profile 

Figure 2 shows the changes m elevation of a 
composite section, this figure bemg 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, re
spectively, the average changes m elevation of 
the 24 centers and of the 48 ends of the repre
sentative sections. 

The positions of the center and end of the 
composite section indicate that- (1) the pave
ment as a whole raised slightly with respect 
to the basic elevation; and (2) exceptmg in 
the severe winter of 193&-40, the changes m 
elevation were greater at the center than at 
the end, suggestmg a permanent downward 
warping at the end of the composite section 
with respect to its center. I t is believed that 
soil displacement resulting from pumpmg or 
consolidation of the subgrade at the jomts 
may be primarily responsible for this con
dition of distortion. 

FABT 2.—DAILT, ANNUAL AND PK06RESSIVE 
CHANOES I N LENGTH OF THE SECTIONS 

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 pomts located 
at the ends of a section or by measurements 
across jomts between sections of equal length 
Cross-jomt measurements give the width 
changes of joints which, when determmed for 
a jomt separatmg sections of equal length, 
should approximate the total length change 
of one of the jommg sections All of these 
measurements were from pomts mstalled m 
the surface of the right-hand or heavily 
traveled lane of the pavement 

I t will be recalled that all transverse jomts 
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 dunng the first 5-yr of pavement life 

Considerable care was exercised durmg con
struction m correctly ahnmg the round steel 
dowels used in the joints which separate the 
shorter sections so that restraint from this 
source was reduced to a mmunum. However, 
over a period of tune, the joints, especially the 
bridge-type joints, gradually became filled 
with sod and with bituminous material used 
for then- mamtenance so, at present, the move
ments of several of the longer sections may be 
restrained to some extent dunng periods of 
maximum expansion. 

For a given temperature or moisture change 
m the concrete, there should be a proportion
ate change in section length provided the 
section remamed structurally intact and was 
not restiamed m any manner. Actually, how
ever, the length changes of the sections of this 
study are affected by restramt that may de
velop at transverse joints and by such factors 
as subgrade resistance to slab: movement, 
differences in the thermal coefficientiSvOf steel 
and concrete, moisture changes of the con
crete and not of the steel and changes m 
width of existmg transverse cracks. Just how 
much mfluence each of these exerts cannot be 
determined, but i t is believed that the sub-
grade resistance is the most important. Smce 
the thermal coefficients of steel and concrete 
are nearly the same, that for steel bemg 
somewhat the greater, i t seems reasonable 
that this factor would have little effect on the 
length changes of the sections, particularly 
durmg expansion As for transverse crackmg, 
i t will be shown later m the report that very 
few cracks occurred in sections having lengths 
less than 120-ft and the cracks that developed 
m the longer, more heavily remforced sections 
are extremely fine Thus, for either a daily 
or annual time period, the cumulative change 
in width of all transverse cracks m a given 
section should be small compared to the over
all length change of the section. 

Dady Length Changes of the Sections Meas
ured— 
In considering the daily length changes it 

will be recalled that all measurements at the 
joints were made at the level of the upper 
surface of the pavement and were, therefore, 
affected in some degree by changes m the 
condition of warping at the end of the slabs. 
In this mvestigation i t was found that the cor-
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rections for daily warping ranged from 0.003 
to 0.005 in. for days when a large temperature 
change occurred in the pavement. These cor
rections were applied only to sections having 
lengths of GO f t . or less because in the longer 
sections the magnitude of the length changes 
was such as to make the correction unim
portant. 

In Figure 3 are shown the relations be
tween section length and change in section 
length as found for a daily mid-depth pave
ment temperature drop of 24 deg. F. and a 
daily mid-depth pavement temperature rise 
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Figure 3. Relation Between Sectloa Length 
and Daily Change In Length 

e 
of 30 deg. F. The data for this figure were 
obtamed from 64 sections that cover the rang 
of section lengths for all percentages of long 
tudinal steel mcluded m each of the three 
types of remforcement The slopes of the 
li^tweight straight hues shown m the figure 
were computed from the change in length of 
19 uncracked sections, 20 to 60 f t . 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 coef
ficients of daily length change for short sec
tions, which should approximate the thermal 

coefficient of the concrete, are readily ob
tained. 

I t is apparent from Figure 3 that sections 
up to approximately 75 f t . long move with as 
much freedom as the very short sections. The 
change in length of sections greater than 
about 75 f t . is restrained by subgrade re
sistance 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 
sections become longer. After a section length 
of about 800 f t . 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-

- E I M N S I m 

EONTRACT O M — ^ 

SCCTiCN LENGTH-HUNOREOS OF FEET 

Figure 4. Observed Daily Changes In Sec
tion Lengths Expressed as Percentages of the 
Computed Changes in Length of Equivalent 
Unrestrained Sections 

tude. This suggests that the central portion of 
sections greater than 800 f t will be completely 
restramed dunng quick changes m average 
concrete temperature. Applied to the 1,310-
f t . section, this would mean that the central 
500 d= feet of this section did not move 
dunng the daily temperature changes for 
which data are shown in Figure 3 

The great influence of subgrade resistance 
on the relatively rapid daily change in length 
of the sections is clearly indicated in Figure 
4. This figure, prepared from the curves of 
Figure 3, 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 length. The length changes 
of the unrestrained sections were calculated 
from the data obtained from the very short 
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sections. Reduced to this basis, the observed 
daily length changes were about the same for 
both the expansion and contraction cycles. 

In the discussion of Figure 3 i t was sug
gested that the central portion of long sec
tions may be completely restrained during 
qmck changes m pavement temperature This 
seems to be confirmed by the data given m 
Figure 5, data which show the longitudinal 
movements observed at the center, quarter-
points and ends of a 1,310-ft. section for a 
daily mid-depth temperature drop of 19 deg. 
F. and a nse of 25 deg. F. The value shown 
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Figure 5. Dally Movement at the Center, 
Quarter Point and End of a 1310-Foot Section 

for the quarter-pomt and for the end is m 
each case the average value obtamed from 
measurements at both quarter-points and at 
both ends of the section. 

These data mdicate that during contraction 
the movement at the ends of the 1,310-ft 
section was about 20 percent and at the 
quarter-points about 1 percent of the move
ment wMch would be found in an unrestrained 
section of the same length. Corresponding 
values for expansion were about 20 and 2 
percent I t will be noted that between 500 
and 550 f t . of the central portion of the 1,310-
f t . section did not move during the daily 
cycle, this length bemg comparable to the 

500±-foot length that was estimated from the 
results of Figure 3. 

The manner in which certam sections re
spond to a daily nse in pavement temperature 
is shown in Figure 6. The basic measurements 
for this figure were obtamed in the early 
morning of a summer day and subsequent 
measurements were made at mtervals until 
late afternoon 

In the case of both the 470- and 1,310-ft. 
sections the relation between mcrease in tem
perature and change in overall section length 
remained linear until a total elongation of 
approxunately 0.2 in. was attained, after 
wUch the rate of length change increased 
progressively with temperature, being more 
pronoimced for the longer section. For ex
ample, during the 28-deg. F temperature 
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Figure 6. Effect of a Dally Rise of the Mean 
Pavement Temperature on the Change in 
Length of Several Sections. Figures in Circles 
Indicate the Length of Sections in Feet 

rise shown in Figure 6, the 1,310-ft. section 
moved 0.19 in for the first 14-deg. tempera
ture mcrease and 0.27 in. for the second 14-
deg. increase. Smce the movements of the 
sections are intimately related to the restramt 
offered by the subgrade, the increase m the 
rate of length change of the long sections sug
gests that, after a certam amount of slab 
displacement, the total or accumulated sub-
grade resistance continues to increase, but at a 
progressively decreasmg rate. 

Daily changes in length of a limited number 
of sections were observed each summer over 
a 4-yr. penod on days when a large tempera
ture change occurred in the pavement This 
4-yr. penod extended from the second through 
the fifth year of pavement life and, therefore, 
i t IS believed that the movements of the 
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sections were not affected by restraint at the 
transverse joints Table 4 gives the daily 
length change data for the various section 
lengths, reduced to unit values per deg. F. 
These values mdicate that the coefficient of 

TABLE 4 
SUMMARY OF VALUES OF COEFFICIENTS OF 

DAILY LENGTH CHANGE 
(Baaed on Changes in Overall Seetion Length) 

Umt Change m Section Length per deg F X io-» 

Section 
Length 

July 
1940 June 1941 June 1942 July 

1943 

A H to 
PM 

PMto 
AM 

AM to 
PM 

PMto 
AM 

AM to 
PM 

AM to 
PM 

/* 
20 

150 
335 
470 
600 

1070 
1310 

49 

29 

21 
IS 
9 

49 
46 
32 
25 
24 
13 
11 

49 
43 
29 
25 
24 
14 
11 

41 
44 

22 
; i 

8 

52 
41 

24 
23 
10 10 

and contract when subjected to a temperature 
change, this value should approximate the 
thermal coefficient of the concrete. As a 
matter of supporting data the slopes estab
lished by the short sections, as shown m 
Figure 3, when divided by the temperature 
change of the concrete give coefficient values 
of 0 0000053 per deg. F. for contraction and 
0.0000049 per deg. F. for expansion. 

Annual Length Changes of the Sectiona Ob
served— 
Figure 7 contains the annual length change 

data for the various sections for the first, 
second, third and fifth years of the hfe of the 
pavement The annual change m length of a 
section was computed from data obtained in 
the mommg of a midwmter day and in the 
Afternoon of a midsummer day and, conse-
(^[uently, includes the length change that oc
curred between the mommg of a winter day 
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Figure 7. Relation Between Section Length and Annual Change in Length 

the daily length change of a given section did 
not change appreciably from year to year. 

The average of the five values obtained from 
the observed daily length change for the 20-
f t . section (Table 4) is 0 0000048 per deg F. 
Because the 20-ft. section is free to expand 

and the mormng of a summer day plus the 
daily length change that occurred between 
the mommg and aftemoon of the aforemen
tioned summer day. Smce an effort was made 
to obtam these data durmg the coldest period 
of wmter and the hottest period of summer, 
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the length changes shown are approxunately 
the maximum for the annual cyclie. The slopes 
of the lightweight dash Imes represent re
spective annual relations determined from 19 
uncracked short sections. 

The type of reinforcement used m the vari
ous sections is denoted by symbol. There 
appears to be some tendency for sections 
containmg billet steel bars to develop slightly 
greater annual length changes than equiva
lent-length sections remforced with rail steel 
bars. This same tendency was noted in the 
daily expansion and contraction data of Figure 
3 The cause for this apparent difference is 
not known. 

I t is mdicated by the four curves of Figure 
7 that sections up to approxunately 150 f t 
long move with as much freedom dunng an 
annual cycle as do the very short sections. 
The length changes of sections greater than 
150 f t , however, are restramed by the sub-
grade and this restramt mcreases progres
sively with mcrease m section length. The 
data of Figure 3 mdicated that daily restramt 
to free movement was first noticeable m 
sections about 75 f t . long. I t should be re
membered that the annual length change data 
considered above mclude the effects of one 
daily cycle also A probable explanation for 
the observed difference just mentioned, is 
that, under the slowly developed temperature 
rise from winter to summer, sections up to, 
at least, 150 f t long moved freely because 
they encountered less restraint from the 
subgrade than obtains dunng the more rapid 
daily cycle of length change. Hence, the small 
amount of daily restraint to free movement 
of sections between 75 and 150 f t long, as 
shown in Figure 3, while present is not appar
ent m the curves of Figure 7. 

In connection with this study of the annual 
length changes of the sections i t is of mteiest 
to note the symmetry of movement that was 
found in the long sections For example, during 
the fifth annual period, the observed movement 
at one end of a 1,070-ft section was 1 50 m 
while at the other end the movement was 1.42 
in ; likewise the movements at the two ends 
of the 1,310-ft section were 1 62 and 1 72 m. 
respectively. 

To provide a more easily visualized com
parison of the annual length changes of the 
various sections, Figure 8 was developed from 
Figure 7 m the same manner that Figure 4 

was obtained from Figure 3 The curves of 
Figure 8 show not only the magnitude of the 
restramt in the various sections, but also that 
the sections expanded more freely progres
sively for each of the first three annual cycles. 
Thus, i t 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-ft. section For the first year the 
annual movement at the quarter-pomts was 
about 10 percent of the movement to be 
expected at the quarter-points of an unre
strained section of equal length. For the 

« e 10 I t 
SECTION L E N G T H - H l W O m O S OF FEET 

Figure 8. Observed Annual Changes in Sec
tion Lengths Expressed as Percentages of the 
Computed Changes In Length of Equivalent Un
restrained Sections. Figures In Circles Indi
cate Age of Pavement at Time of Observations. 

second, thud and fifth; years the percentage 
values were respectively 31, 46 and 45 

Sections Move wUh Greater Freedom Dunng an 
Annual Penod Oum During a Daily Period— 
Table 5 shows the annual length changes of 

selected sections reduced to unit values per 
deg. F. These annual coe£Bcients of length 
change, although expressed as umt values per 
deg. F , mvolve temperature, moisture, sub-
grade resistance and perhaps other factors 
The factor of moisture will be discussed later. 

I n comparing the coefficient values of the 
longer sections of Table 5 with those of 
Table 4 i t is observed that coefficients for an 
annual expansion period are, m general, much 
greater than those for a daily expansion 
period, thus suggestmg greater freedom of 
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movement of the sections dunng an annual 
period*. 

This condition is clearly shown, also, by 
comiMiring the curves of Figure 8 with those of 
Figiufe 4. For example, during the annual 
length change cycle for the 1,310-ft. section 
(fifth year) the observed movement was 62 
percent of the theoretical length change for an 
unrestrained section of equal length; whereas 

TABLE 5 
SUMMARY OF VALUES OF COEFFICIENTS 

ANNUAL LENGTH CHANGE 
(Bssed on Changes in Overall SeetionlLength) 

OF 

Unit Change in Section Length per deg F X lO-* 
Section for the Following Years of Pavement Life 
Length Length 

First Second Third Fifth 

ft 
20 40 42 43 43 

ISO 40 40 41 41 
335 34 35 36 36 
470 29 32 34 34 
600 29 31 34 35 

1070 21 26 28 29 
1310 15 21 25 25 

I t o 

i " 
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Figure 9. Relation Between Section Length 
and Change in Length—From the Morning of a 
Winter Day to the Morning of a Stunmer Day of 
the Same Year—Mean Pavement Temperature 
Change of 45 F 

dunng the daily length change the value was 
only 22 percent. Hence, i t is strongly mdi-
cated that the magnitude of the restramt 
offered by the subgrade is a function of the 
time dunng which a given temperature or 
moisture change m the pavement takes place 

Data lendmg further support to this ob
servation are given in Figure 9 This figure 
shows the length changes of the sections that 

occurred between the morning of a day in 
February when the mid-depth pavement 
temperature was 32 deg F. and the morning 
of a day in late June of the same year when 
the mid-depth pavement temperature was 
77 deg. F Therefore, the data do not mclude 
the effect of a quick daily temperature rise, 
but rather show only the comparative freedom 
with which sections of all lengths expanded 
under a slowly developed temperature nse of 
45 deg F. These measurements were made 
durmg the third year of the hfe of the pave
ment, at which tune stabihzation of annual 
movement had developed 

I t appears from the cycle of length change 
shown m Figure 9 that sections up to about 
900 f t long expanded as freely as the very 
short sections. The free movement of sec
tions greater than 900 f t is restramed and, 
although the sections included in this study 
are not long enough to warrant definite con
clusions, i t IS indicated by the rapid increase 
in restramt that the central portion of sec
tions greater m length than approximately 
1,700 to 1,800 f t would be in a state of com
plete restramt during an annual cycle. 

The manner m which the sections up to 
900 f t . long expanded from February to June 
mdicates that subgrade resistance did not 
accumulate in these sections and, as a conse
quence, residual compression was probably 
absent on the morning of the June day when 
the pavement temperature was 77 deg. F. 
Therefore, i t seems logical that as summer 
advances and the mean pavement temperature 
gradually rises, sections of considerable length, 
unless restramed at the joints, expand to 
their annual maximum without developmg 
appreciable residual compression. I f this is 
the case, then i t would be expected that m 
late summer or early fall the comparatively 
large, sudden drops m temperature would 
cause comparatively large, direct tensile 
stresses to be developed m the sections, larger 
probably than at any other period durmg the 
year. 

Again confirmatory evidence is supphed 
by the movements observed at the quarter-
points of the 1,310-ft. section. Durmg the 
fifth year of pavement life, a 0.61-in move
ment was recorded at the quarter-pomts of 
this section when i t had expanded to its ap
proximate maximum length for the annual 
cycle However, during the early fall of the 
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same year, after the pavement temperature 
had dropped approximately 50 percent of its 
wmter to summer rise, the contraction of the 
section was restrained to the extent that the 
return movement at its quarter-pomts was 
only 0.06 in. or about 10 percent of the move
ment observed at maxunum expansion. 

I n concludmg this study of the annual 
length changes of the sections, i t is of mterest 
to compare sections in which the three differ
ent types of remforcement were used and, 
also, those m which the maximum stresses m 
the longitudinal steel presumably varied con
siderably, in order to determme the effect of 
these factors on the relation between section 
length and annual contraction of the sections. 
These comparisons are shown in Figure 10 
for a contraction period since, during such a 
period, maximum tensile stresses develop in 
the remforcement The length changes given 
m this figure are the result of a 77-deg F 
fall m temperature that occurred between 
midsummer and midwinter of the third annual 
contraction period 

A comparison of the three curves of Figure 
10 mdicates that, for a contraction period, 
the type of reinforcement had httle influence 
on the observed length changes of the sec
tions. For example, in the case of a 300-ft. 
section the measured length changes for the 
rail steel bars, billet steel bars and the welded 
fabric were 0.92, 0.98 and 1.00 m respec
tively. 

The maxunum steel stresses as calculated 
for the vanous sections are denoted, in Figure 
10, by symbol. For a given section length 
these stress values may be considered as 
mverse mdices of steel area. The orderly 
manner in which all pomts, regardless of 
symbol, fall on the curves m the figure is 
evidence that, within the ranges available 
for comparison in a given section length, the 
amount of the longitudinal steel exercises no 
sigmficant control over the length changes. 
For example, two sections each approximately 
600 f t . long, remforced with rail steel bars, 
show essentially the same length change al
though one contains 1 82 percent of longitu
dinal steel while the other contams but 1 02 
percent. 

Exammation of all of the transverse cracks 
m the regular sections mdicated that, except 
for three in the 24 sections contammg the 32-
Ib. wire fabric, all were held closed by the 

longitudmal steel The condition of these 
cracks will be discussed later 

Smce after 10 years of heavy-duty service 
none of the cracks m the regular sections 
showed evidence of melastic deformation of 
the longitudmal steel (except the three just 
mentioned), i t must be concluded that the 
assumptions used m computmg steel stresses 
m the origmal design lengths were unduly 
conservative How closely the elastic limit of 
the steel has been approached during this pe
nod of service remains unknown. 
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Figure 10. Effect of (a). Type of Reinforce
ment and (b). Calculated Maximum Steel 
Stress on the Relation Between Section Length 
and Annual Contraction—77 F. Temperature 
Drop 

Progressive Length Changes of the Sections 
Determined— 
To evaluate length changes of a progres

sive or permanent nature, measurements 
were made at the ends of a number of selected 
sections every February and August durmg 
the first 9 yr. of pavement life The February 
observations were obtamed when the mid-
depth shib temperature was approximately 
32 deg F. and the August observations when 
the mid-depth slab temperature was approx
imately 92 deg. F. The effect of moisture on 
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the determination of the progressive length 
changes of the sections was minimized, as 
much as possible, since there is reason to 
believe that the moisture content of the pave
ment remains virtually stable m February 

permanent changes in the lengths of the sec
tions are given in Figures 11 and 12. 

I n Figure 11 the dash lines show the aver
age February to August and August to Febru
ary unit length changes of a number of short, 
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Figure 12. Annual and Progressive Length Changes of Several of the Longer Sections 

and m August. Studies indicate that during 
these months the absorbed moisture is at the 
maximum and minimum, respectively, of the 
annual cycle of moisture change. 

The data from the study of progressive or 

uncracked sections, plotted with respect to 
the imtial set of measurements obtamed in 
February of 1939. These sections are 20 to 
80 f t . long, comprise 340 f t . of pavement and 
are relatively free to expand and contract. 
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The length changes are expressed as unit 
values per 60 deg F. change in slab tempera
ture. 

The sohd line drawn through the mean 
pomts of the cyclic variations of Figure 11 
indicates progressive permanent growth or 
mcrease in the lengths of the sections, this 
growth being more pronounced after the fifth 
year of pavement life In fact, the growth was 
so small durmg the early hfe of the pavement 
that in the 5-yr. report i t was stated that "no 
definite mdication of a permanent change m 
the length of the short sections was observed." 
Since these short sections are structurally 
intact there can be little doubt that a perma
nent 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 temperature 
and moisture chadge. 

The difference between the high and low 
pomts of the mean hne of Figure 11 repre
sents a permanent imit increase of 0 000048 
or an mcrease of approximately ^ in. for a 
100-ft. slab. A similar study of permanent 
growth of concrete pavement was made at 
the Arhngton Expenment Farm, Virgmia, 
by the Bureau of Public Roads' on a 40-ft., 
plain concrete test section. Over a 9-yr. 
period this test section showed a permanent 
increase m length equal to approximately i-in. 
for a 100-ft. slab. l i i i s value is approximately 
six times greater than the .value computed' 
from the data of the remforced short sections 
of the Iddiana pavement. Whether the rein-
forcmg steel in the Indiana sections restramed 
the tendency for the concrete to grow in the 
presence of moisture or whether differences in 
material and exposure between the sections 
of the two investigations were responsible for 
this difference m behavior can only be a 
matter of speculation. 

Effect of Moisture Eshmated— 
Although the data m Figure 11 were ob-

tamed pnmanly for a study of length changes 

< L . W Teller and E. C Sutherland, "The 
Structural Design of Concrete Pavements-
Part 2," PuWzcfioods, Vol 16, No 9, November 
1935 

E F Kelley, "The Application of the Re
sults of Research to the Structural Design 
of Concrete Pavements," Pubhc Roads, Vol 
20, No. 6, August 1939 

of a permanent nature, values of winter to 
summer length changes resultmg from the 
change in the moisture content of the con
crete alone can be obtamed from them with 
considerable accuracy For example, the range 
m the observed unit length changes of the 
short sections, as determined from the ex
pansion and contraction periods shown in the 
figure, IS 0 000205 to 0 000240 for the 60-deg 
F. change m slab temperature Inasmuch as 
the short sections were structurally mtact 
and were relatively free to move, the length 
changes are principally those caused by 
changes in the temperature and moisture 
content of the concrete. I t will be recalled 
that, earher m the report, the average value of 
the thermal coefficient of the concrete was 
estimated to be approximately 0 0000048 per 
deg F From this, the unit length change of 
the sections for a 60-deg. F. change in tem
perature can be calculated and applied as a 
correction to the observed unit length change 
yieldmg the tmit length change caused by the 
change m the moisture content of the concrete 

I n 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 bemg opposite 
in sense and partly compensatory for those 
caused by the annual cycle of temperature 
changes. For the Indiana pavement, these 
values correspond to length changes produced 
by a 10-deg to 17-deg. F. change m pavement 
temperature. The values should be approx
unately a maxunum for the yearly cycle, 
smce, as remarked before, the data were 
obtamed at times when the maximum and 
mmimum amounts of moisture were present 
in the concrete. 

Agam referrmg to data obtamed from the 
40-ft., plam concrete test section of the Arling
ton Experiment', i t was found that seasonal 
variations m the moisture content of that 
concrete caused length changes correspondmg 
to a 20-deg to 40-deg F. change m slab 
temperature. Hence, i t is evident that the 
effect of moisture on length changes was less 
for the remforced sections in Indiana than 
for the plam concrete section of the Arhngton 
study In this comparison, also, i t seems quite 
possible that the remforcmg steel restramed, 
to some extent, the tendency of the concrete 
to change in length with moisture change 

As a matter of mteiest, m tests conducted 
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by the Minnesota Department of Highways' 
seasonal moisture variations caused length 
changes correspondmg to slab temperatures 
that averaged 20 deg. F. Also, i t was deter
mined m tests by the Michigan State High
way Department* that, for a constant 
temperature of 72 deg. F., the average unit 
change m length of plain concrete specimens 
from an oven dry to a saturated state was 
0.000246, this value bemg equivalent to a 
change m temperature of 46 deg. F I t appears 
that different concretes may vary considerably 
in this characteristic. 

The progressive or permanent changes in 
the length of several of the longer sections are 
given in Figure 12 These data were obtained 
at the same temperatures and on the same 
days as those of the short sections discussed 
previously. The lengths of the individual bars 
indicate overall changes m section length that 
accompanied a 60-deg. F. wmter to summer 
rise in pavement temperature. The solid hne 
drawn through the mid-points of the mdi-
vidual bars defines the progressive changes in 
the lengths of the sections. 

I t IS apparent from this figure that: (1) 
the lengths of all sections mcrease progres
sively with time; and (2) the magnitude of 
these progressive mcreases becomes greater 
with mcrease in section length for sections up 
to approximately 1,000 f t . long. 

The progressive increases of the long sec
tions are the result not only of the tendency 
of concrete to grow when exposed to cycles of 
moisture and temperature change, as was 
the case of the short, uncracked sections; 
but also of the tendency of transverse cracks 
to open, however slightly, with time and of 
the influence of subgrade resistance. The 
fact that the long sections returned so nearly 
to their onginal or base lengths during the 
early cycles of length change indicates that 
the initial widths of the many transverse 
cracks that developed during this period 
must have been extremely small. Also, when 
the magnitude of the total increase m section 
length or growth of these sections is divided 
by the number of cracks in the section i t is 
evident that the steel remforcement has 

• Investigational Concrete Pavements, 
Highway Research Board, Research Reports 
No 3B (1945) 

prevented any appreciable opening of the 
mdividual cracks 

PABT 3.—DEVELOPJIENT, DISTRIBUTION AND 
PRESENT CONDITION OF CRACKS I N THE 

SECTIONS 

Five crack survejrs were made over the ful l 
length of the experimental pavement during 
the 10-yr period. The first was made shortly 
after the sections were placed, with others at 
the end of the first, third, fifth and tenth 
years of service. In addition, during the first 
3 years of the life of the pavement, certain 
representative sections were surveyed at more 
frequent mtervals. I n every case the surface 
of the pavement was subjected to a very care
ful examination in order that all fractures 
visible to the naked eye might be detected. 

Figure 13, traced from the crack survey 
sheets, shows the number and position of the 
cracks that have developed in typical sec
tions during the 10-yr. period of service. Con
siderable care was exercised in accurately 
plotting each crack on the original survey 
sheets. Because of the fine character of the 
cracks, i t was necessary to outline each 
crack on the surface of the pavement before 
plotting on the sheets. 

I t will be noted from the examples m 
Figure 13 that short sections tend to be com
paratively free of fractures. At the end of 10 
yr., 70 percent of 154 short sections, that is, 
those whose lengths range from 20 to 120 f t , 
were still uncracked As the section lengths 
increase, however, cracking becomes more 
prevalent until in the central portions of long 
sections the crack interval is frequently less 
than 2 f t . 

I t 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 contmuous across both 
lanes, either ending completely or bemg offset 
slightly at the center joint; (3) longitudinal 
crackmg has not developed in any part of the 
pavement; and (4) comer breaks at transverse 
cracks are very rare. 

After 10 yr. of service the surface condition 
of the pavement is excellent. With the excep-
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tion of those in sections reinforced with the 
32-lb. wire fabric, all fractures have been 
held closed by the longitudinal steel. The 
cracks that formed in the sections containing 
this light fabric were wider initially than those 
that appeared in the more heavily reinforced 

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 minimizing the pos
sibility of blow-ups and other pressure con-

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 

sections and, after about 8 yr., 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 several cracks. 

centration failures that are sometimes ob
served at cracks in plain concrete pavements. 

Surface Condition of Pavement at Cracks 
Studied— 
Figures 14 and 15 show typical examples 

of the surface condition of the pavement at 
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Figure 14 pictures the surface condition of 
the pavement in the vicinity of several of the 
widest craclcs to be found in the central 
regions 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-yr. 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 photo
graphs of the surface condition of the pave
ment at two cracks; one in the central portion 
of the longest section of those reinforced with 
1-in. diameter rail steel bars (1.82 percent of 
longitudinal steel) and the other in a corn-

raveling and rounding of the edges of the 
fractures until their surface appearance is as 
shown in the photographs. 

The preceding discussion related to differ
ences between the surface widths of fractures 
in sections containing different percentages 
of longitudinal reinforcement. During the 
surveys, it was observed further that: (1) 
cracks in the end portion of a given long sec
tion generally presented a slightly better 
surface appearance than those in the central 
part; and (2) cracks in the central portion of 
sections containing a given percentage of 
steel, but of different lengths, showed some 
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 

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: A, 1-inch Diameter Bars (1.82 Percent 
Steel); and B, i - inch Diameter Bars (0.45 Percent Steel). Heavily Traveled Lane after 10 Years of 
Service 

parable portion of the longest section of those 
containing i-in. diameter rail steel bars (0.45 
percent steel). Both photographs were taken 
after the pavement had been in service for 
10 yr. 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 ob
vious. When cracks such as these first formed, 
those that appeared in the most heavily rein
forced sections were almost microscopic, being 
discernible only by extremely close inspection. 
However, as the percentage of reinforcing 
steel decreased the cracks were, in general, 
less frequent and more readily seen; those of 
the lightly reinforced short sections, if present 
at all, being relatively conspicuous. Over the 
10-yr. period of service the action of traffic 
and exposure have produced some slight 

of the shortest section. I t seems reasonable 
that this should be so. 

At the end of 10 yr., quantitative measure
ments of the surface widths of cracks, which 
included raveling and rounding of their edges, 
were made in the following manner: Starting 
at the edge of the pavement the width of a 
segment of crack about 3 f t . long was carefully 
examined and a width measurement made at 
a point judged to be average. A similar meas
urement was made on each of two additional 
3-ft. segments of the same crack, thus cover
ing one lane width. The average of the three 
measurements was considered to be the aver
age surface width of the crack for the particu
lar lane. All measurements were estimated to 
the nearest 0.01 in. I t is realized that this 
procedure does not establish an exact value 
for the surface width of an individual crack, 
but it is beUeved that the average of a number 
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of such measured values has significance m 
relative comparisons. 

Measured values of the surface widths of 
cracks obtamed m the manner described are 
given m Table 6 The values shown, for each 
percentage of steel, are of fractures that de
veloped at an early age m the central area of 
the longest section remforced with either rail 
or billet steel bars Hence, the computed max
imum steel stress was either 45,000 or 55,000 lb 
per sq. m An average width value represents 
the combmed average of 15 to 20 cracks, 
measured m sections containing both rail and 
billet steel bars All data were obtamed m 
the fall of the year when the mean pavement 
temperature was 58-60 deg F 

The comparisons available in the table 
show that the surface widths of the cracks 

T A B L E 6 
T H E SURFACE WIDTH OF CRACKS 

(Central Portion of Longest Section for Each Percentage of 

Percentage 
of Longi
tudinal 
Steel' 

Percent 
1 82 
1 02 

45 

Surface Width of Cracks in Lane Carrying 

Heavy Traffic Light Traffic 

Average Range Average Range 

(• tn tn tn 
053 
078 
104 
117 

02- 11 
08- 15 
07- 18 
08- 15 

020 
032 
038 
038 

01- 03 
03- 05 
02- 06 
02-.07 

5S.OQ01b persq in 

tsnd to increase with a decrease in the amount 
of longitudinal remforcement For example, 
the average measured width of the cracks in 
the heavily traveled lane of the selected sec
tions reinforced with 045 percent steel is 
approximately twice the average width of 
those in sections contaming I 82 percent of 
steel. The influence of traffic on the surface 
width of the fractures is also evident, but 
this effect will be discussed later in the report. 

As previously mentioned the values of 
Table 6 are for sections contammg rail and 
billet steel bars Measurements of the surface 
widths of cracks also included fractures m the 
longest section of each group remforced with 
the 91- and the 149-lb welded wire fabric 
The data from these measurements are con
cordant with those from the sections rem
forced with rail and billet steel bars The aver
age surface width of the cracks m the section 

contammg the 91-lb fabric was found to be 
appreciably greater than that of the section 
remforced with the 149-lb. fabric. 

Refernng to the range m the average sur
face width of individual cracks (Table 6), 
it IS apparent that the maxunum is, m some 
cases m the heavily traveled lane, shghtly 
more than i-in Also, the width of a crack at 
isolated pomts along its length was often 
observed to be considerably greater than its 
average width, because of localized ravehng 
The maximum values at such pomts were 0 3 
and 0 7 in , respectively, for sections reinforced 
with 1 82 and 0 45 percent of steel It should be 
kept m mind, however, that the depth of 
raveling along the lengths of all cracks was 
estimated to be never more than i-m and 
may be considered superficial 

A hmited amount of supplementary data on 
the surface widths of fractures, other than 
those given in Table 6, were obtained by 
measurements in the end and central areas of 
the 1,310-ft. section, m order to establish a 
comparison of crack widths m those regions. 
It was found that the surface widths of cracks 
in the central portion of the 1,310-ft section 
averaged about twice the width of those near 
the ends Also, measurements were made of 
the surface width of cracks that had developed 
in the central part of the 600-ft. section rem
forced with 1 82 percent of steel and such 
widths averaged about i the width of those 
that formed m the central part of the 1,310-
ft. section containing the same percentage of 
remforcement 

• 
Real Width8 of Cracks Determined— 

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 m 1948, show fractures that 
occurred at an early age m the central area of 
the longest section of each group remforced 
with 1-m diameter rail steel bars, i-m di
ameter rail steel bars and a 91-lb wire fabric, 
the percentage of reinforcement values being 
1.82, 0 45 and 0 24 respectively 

Cracks, such as those pictured m Figure 
16, were almost imperceptible when they first 
appeared, bemg visible throughout the depth 
of the slab only after a drying period follow-
mg a wetting of the concrete With tune, how
ever, they have opened progressively a very 
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small amount and their edges have raveled 
slightly. 

At the end of 10-yr. of service, measurements 
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 pavement, did not 
include raveling and rounding of the crack 
edges. A 40x shop microscope with a 0.001-
in. graduated scale was used to make the 
measurements, the instrument being focused 
into the opening of the fracture to eliminate 
errors caused by surface conditions at the 
crack edges. 

the average width of those in the same lane 
of the section containing 1.82 percent of steel. 
Comparison of the data in Tables 6 and 7 
shows that the surface width of cracks in
creases under the same conditions that cause 
an increase in real width. I t is apparent, also, 
that the surface width of a given crack is 
many times greater than its real width. 

Longitudinal reinforcement is in continu
ous bond with the concrete until the first 
transverse crack develops. When this happens 
the amount of opening of the crack will de
pend upon the total elongation of the steel 
which crosses it and this elongation is, in 
turn, dependent upon: (1) the length that is 
free to elongate as affected by the bond be-

1 

•i- ... 

Figure 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: A, 1-inch Diameter Bars 
(1.82 Percent Steel); B, ^-inch Diameter Bars (.45 Percent Steel); and C, 91-pound Wire Fabric 
(.24 Percent Steel). Heavily Traveled Lane After 10 Years of Service 

The data obtained from this study of crack 
widths in the slab edges are given in Table 
7. Each average value of the table is the 
average for five cracks that developed early 
in the hfe of the pavement. The computed 
maximum steel stress at the site of these cracks 
is 55,000 lb. per sq. in. All measurements 
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 deg. F. 

The values shown indicate that the real 
widths of the cracks, Uke their surface widths, 
increase with a decrease in the percentage of 
longitudinal reinforcement. For example, the 
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 

T A B L E 7 
T H E R E A L W I D T H O F C R A C K S 

(Central Portion of Longest Section for Each Percentage of 
Steel) 

Percentage 
Width of Cracks in Lane Carrying: 

of Longi
tudinal 
Steeli 

Heavy Traffic Light Traffic of Longi
tudinal 
Steeli 

Average Range Average Range 

Percent in. iff. tff. •n. 
1.82 

.45 

.24 

.004 

.011 

.013 

.002-. 007 

.007-.018 

.005-.018 

.002 

.009 

.010 

.001-.003 

.007-.010 

.006-.013 

I Calculated maximum stress in steel is 55,000 lb. per sq. 
in. 

tween the steel and the concrete, and (2) the 
magnitude of the direct tensile stress in the 
steel, also dependent upon bond conditions. 
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In this investigation neither the length over 
which the steel was not in bond nor the magni
tude 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 m 
Table 7. 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 table. When compared in this 
way it will be found that for both the heavily 

100 

I 80 

60 

i 
>, 40 

20 

© 
® 

]-®-

the effect of traffic on the development and 
condition of the cracks. It will be recalled 
that the experimental 2-lane pavement is 
one half of a divided highway, consequently, 
the nght-hand lane carries the greater number 
of vehicles and practically all of the heavy 
trucks, the left-hand lane being used largely 
for passing. Also, it is mentioned again that 
the experimental sections are a part of the 
transcontmental highway U. S. 40 and are, 
therefore, subjected to a relatively high fre
quency of heavy traffic loads. 

Although a survey made soon after com
pletion of the pavement showed equal crack
ing 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 nght-hand lane of the 
pavement. Thid percentage value had in
creased to 52 7 and 53.0 percent at the end of 

T A B L E 8 I 

PERIOD COVERED. 

§ S E P T - O C X , I93B (SECTIONS PLACED) TO N0V,l93a 

NOVEMBER, 1938 TO NOVEMBER, 1939 

NOVEMBER, 1939 TO NOVEMBER, 1941 

( ? ) NOVEMBER, 1941 TO OCTOBER, 1943 

(D OCTOBER, 1943 TO OCTOBER, 1948 

Figure 17. Effect of Traffic on the Amount of 
Cracking 

traveled and the passing lanes, the average 
crack width increases du«ctly with a decrease 
m the percentage of longitudmal 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 
m 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. 

Ejfea of Traffic Observed— 
In connection with the study of cracking, 

an opportunity has been afforded to observe 

Percentage of Longitudinal 
Steel 

I 
Ratio of Right Lane to 

Left Xane 

Surface Width 

0 26 
0 4S 
1 02 
1 82 

3 1 1 
2 7 1 
2 4 1 
2.7 1 

Real Width 

0 24 
0 45 
1 82 

1 8 1 
1.2 1 
2 0 1 

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-thuds of the total or pres
ent 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 crackmg is somewhat more 
pronounced than is mdicated by the preceding 
percentage values 

Figure 17 was prepared to show the mflu-
ence of traffic repetition on cracking dunng 
specific periods of the life of the pavement. 
For the periods indicated by the circled num
bers, each individual bar represents the num
ber of cracks that formed in the heavily 
traveled, right-hand lane expressed as a per
centage of those that formed in both lanes of 
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the pavement. It will be noted that an equal 
number of cracks appeared in both lanes of 
the pavement withm the first month or two 
after construction. During each subsequent 
period a progressively greater number of 
cracks formed in the heavily traveled lane 

appreciable effect on both the surface and the 
real widths of the transverse cracks. 

Ck>mparisons of the average widths of 
cracks in the nght-hand lane with those of 
companion cracks m the passing lane are 
given m Table 8 

T m 1—1—1 
-IN1EMEDI1TE - LCNCTH SECTIONS 

Figure 18. Rate of Crack Development During the First 10 Years of Pavement Life 

ISO FT t i O F T m r r H O FT 

yi 
r-Qi i i l 

m i o o eovERCO 
• SEFT-OCT, i n a (SECTIONS U C E O I I D NOV. I99a 

S N0VtMKR,l«9S I D MARCH, 1199 

• MMCH, l«S9 TO OCTDOOI, ISIS 

DDI OCTDBCR, IS59 10 OCTOBER, 1941 

B OCTOaER, 1941 TO OCT0eER,l94S 

• OCTOBER,I94S TO OCIDBER, I94S 

Figure 19. Distribution of Cumulative Cracking Per SO Feet of Section Length—First 10 Years 
of Pavement Life 

than m the passing lane until a maximum 
value of 62 percent was reached for the period 
covermg the third to fifth years of pavement 
life. During the last 5 yr. about 55 percent of 
all new cracks developed m the right-hand 
lane of the pavement. 

Also, as will be seen by an examination of 
the data in Tables 6 and 7, traffic has had an 

It is apparent that the heavier traffic usmg 
the right-hand lane has produced more exten
sive ravehng and other superficial damage at 
the crack edges and a wider separation of the 
fractured faces than the lighter traffic on the 
left-hand lane. This effect of traffic is natur
ally more pronounced in the case of the surface 
widths of the cracks. 
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Rate and, Distribution of Cracking— 
Figure 18 shows the manner m which crack

ing has developed with respect to time In 
this figure the sections were grouped accord
ing to length, as follows: (1) short, 20-120 f t , 
(2) mtermediate-length, 120-470 f t , and (3) 
long, 470-1,310 ft. 

Thirty-one percent of the total or present 
number of cracks in the long sections and 11 
percent of those in the mtermediate-length 
sections appeared within approximately one 
month after construction Few cracks occurred 
during the first wmter, none m the short sec
tions. However, the rate of cracking was quite 
high for all groups during the period that 
followed, which mcluded the mterval between 
late March and late October of the first year. 

The survey made at the end of this first year 
of service showed 65 percent of the present 
cracking had developed in the long sections, 
75 percent in the mtermediate length sections 
and 25 percent in the short sections. 

On the basis of all transverse cracks that 
have developed during the 10-yr. 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 expressed 
as the number of cracks per 50 ft. of section. 
The data mdicate that: (1) the number of 
cracks per 50-ft increment increases from a 
minimum value at the end of a section to a 
maximum value in the central area in a gener
ally normal frequency distribution pattern, 
and (2) the maximum values, as found in the 
central area of the sections, increase progres
sively with increase in section length. 

It will be noted that the symmetry of 
cracking in the experimental sections is not 
only indicative of structural uniformity, but 
also implies that the nonuniformity of the 
elevation changes that developed in the pave
ment, as mentioned earlier, apparently had 
little effect on the formation of cracks. 

The manner in which cracking developed 
in the sections is, m some respects, shown to 
better advantage m Figure 19 than m Figure 
18, especially smce the distribution of crack-
mg for the vanous time periods is given in 
the latter figure. 

The magnitude and distribution of the 
crackmg that appeared within approxunately 
one month after construction of the sections 
IS shown as the first period During this period 
no cracks were found in sections having 
lengths of 210 ft. or less and only a limited 
number in the central portion of sections with 
lengths between 270 and 360 ft , but a con
siderable number were found in the 600-
and 1,070-ft. sections at some distance from 
the ends. Smce the crackmg during this period 
appeared only m the central areas of the 
longer sections, it is believed that it had its 
origin primarily in the tensile stresses induced 
by sul^rade resistance dunng shrinkage of the 
sections either from loss of moisture, decrease 
in pavement temperature, or both. 

The second period covers the first winter 
after construction The survey at the end of 
the winter indicated that sections having 
lengths of 210 ft. or less were still uncracked 
and only a small amount of cracking, spottily 
distributed, had developed m sections having 
lengths equal to or greater than 270 ft. The 
relative absence of crack development during 
this period indicates that: (1) the nonuniform 
changes in pavement elevation caused by 
frost penetration of the subgrade had httle 
influence upon cracking; and (2) tensile 
stresses from subgrade resistance were no 
greater during the winter period than during 
the preceding fall. This supports the conclu
sion drawn from the data of Figure 9 

In the third period, between late March 
and late October of the first year, a notice
able change occurred in the crack devekipment 
in all of the sections. In fact, a large percentage 
of the cracks now present in sections havmg 
lengths of 360 ft. or less and m the end areas 
of the longer sections formed sometune during 
this period. Such crackmg is believed to have 
been caused primarily by stresses induced by 
restrained warping. Unfortunately, the pave
ment was not surveyed m mid-summer so it is 
not possible to determine more closely the 
part of this period during which cracks 
formed. However, it is suspected that the 
cracks developed m l a i ^ part during late 
spring and early summer when warpmg 
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 ex
istent m early fall when the sections were con-
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tracting after having attained their maximum 
annual unrestrained lengths. 

During the fourth peitod, which covers the 
second and tiurd years after construction, 
the development of new cracks was confined 
primarily to the central areas of the long sec
tions. The relatively small number of frac
tures that appeared during this period and 
during the succeeding fifth period (fourth and 
fifth years) greatly reduced the rate of crack 
devetopment. '^tldn the sixth and last period 
of this study, from the fifth through the tenth 
years of pavement service, the greatest num
ber of cracks again have formed in the central 
areas of the long sections, suggesting a con
tinued high stress condition in those regions. 

creases directly with increase in distance; (2) 
the length, over which the linear relation 
holds, increases progressively with increase in 
section length; and (3) the slopes of the linear 
portions of the curves appear to be nearly 
the same for the different section lengths. I t 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 cUstribution curves were con
structed for all sections having lengths equal 
to or greater than 150 ft. From these curves 
the maximum cracking frequency value (num
ber of cracks per 50 ft. of section in the central 
area) was determined for each section. Figure 
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Figure 20. Frequency Distribution of Cracking at the End of 10 Years for Sections Reinforced 
with 1-lnch Diameter Rail Steel Bars (1.82 Percent of Steel)—Average of Both Lanes 

Crocfc Frequency Patterns 
Frequency distribution curves for the 

crackmg that existed at the end of 10 yr. in the 
four sections comprising the group reinforced 
with 1.82 percent of longitudinal steel (1-in. 
rail steel bars) are shown in Figure 20. 

The ordmate values represent the number 
of cracks per 50-ft of section and the corre-
spondmg abscissas are distances from the end 
of the section to the centers of the 50-ft. 
lengths to which the ordinate values apply. 
For example, at pomt A in the figure there 
are nine cradss m the 50-ft. length which lies 
between 150 and 200 ft. from the end of the 
1,070-ft. section. 

It is apparent that: (1) for some distance, 
beginning at the end of a section, the crack 
frequency for successive 50-ft. mcrements in-

21 shows, for each of the three types of rein-
forctoient, the relation established by plotting 
such frequency values against the correspond
ing section lengths. In order to show possible 
effects of the stresses in the steel, the maxi
mum computed steel stresses are indicated by 
the symbol used. 

It is apparent that the maximum cracking 
frequency increases with an increase in sec
tion length, the relation bemg nearly linear 
for section lengths between 400 and 1,000 ft 
For section lengths greater than about 1,000-
ft. the curves depart from Imeanty indicatmg 
that a condition of complete restraint is bemg 
approached. This suggests that sections having 
lengths somewhat greater than 1,000 ft., pos
sibly the 1,700-1,800-ft. length mentioned in 
the discussion of Figure 9, would develop 
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complete restiamt m the central region and 
that sections of this length or greater would 
have equal maximum crackmg frequencies 
irrespective of then- overall lengths. 

The 10-yr. data mdicate that an interval 
between cracks in this region of complete 
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Figure 21. Effect of (a). Type of Reinforce
ment and (b). Calculated Maximum Steel 
Stress on the Relation Between Section Length 
and Maximum Cracking Frequency—Age of 10 
Years 

restraint might be expected to be approx
imately 2 0 to 2 5 ft. 

The data shown m Figure 21 indicate that 
the type of remforcement has only a slight 
effect on maximum crackmg frequency For 
example, within the length range of sections 
contammg welded wire fabnc, the maximum 
cracking frequency values are only shghtly less 
than those for sections of comparable length 

reinforced with billet or rail steel bars. Com-
panng the bar remforced sections, it appears 
that the maximum crackmg frequency values 
are shghtly greater for billet than for rail 
steel bars. (At 1,000 ft. these values are 18 8 
and 17.0 respectively). 

On the other hand, it will be noted that all 
symbols denotmg the various magnitudes of 
computed steel stresses fall very close to the 
mean curves, indicating that, within the range 
of steel percentages m sections of common 
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Figure 22. Effect of (a), Type of Reinforce
ment and (b). Calculated Maximum Steel 
Stress on the Relation Between Section Length 
and Average Slab Length—Age of 10 Years 

length, a variation in the amount of steel is 
not accompanied by a correspondmg variation 
in maxunum cracking frequency. 

Because of conservative design assumptions, 
the relation between amounts of remforcmg 
steel and the section lengths are such that the 
steel has, in all probability, never been 
stressed beyond its elastic limit. Therefore, 
if remforcement which is adequate for a given 
section length, of say 400 ft., had been used 
for the entire range of section lengths, the 
relationships shown in Figure 21 would not 
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obtain and differences due to variations in 
the maximum steel stresses might have ap
peared. The longer sections would probably 
either subdivide due to breakage of the steel 
or contam fewer but wider cracks as a result 
of melastic deformation of the steel. 

Another analysis of the data that is of in
terest IS shown m Figure 22 m which the aver
age slab length, after 10 yr. of service, is 
plotted against section length as constructed. 
In this figure separate curves are given for 
each of the three types of remforcement, and 
the maximum steel stresses as computed dur
ing the desigmng of the sections are mdicated 
by the character of the symbols used Slab 
length IS defined as the distance between 
transverse cracks or joints, all jomts being 
considered as cracks Each pomt defining the 
curves is an average value of either 2, 4 or 6 
sections. 

Although the points defining the curves 
appear to be somewhat erratic for sections up 
to approximately 200 ft. long, it is beheved 
that this IS a statistical effect caused by the 
relatively small number of cracks in sections 
of these lesser lengths. 

It IB apparent that the three curves of Figure 
22 follow the same general pattern; that is, 
the average slab length increases with an 
increase in section length until a peak value 
is reached, beyond which there is a rapid 
decrease m average slab length that becomes 
more gradual and finally approaches a con
stant value for the longer sections. In the case 
of the 1,310-ft section the present value of the 
average slab length is 4 2 ft. At the end of the 
first and fifth years this value was 7 0 and 5.1 
ft respectively 

The type of remforcement has an obvious 
effect on the relation between section length 
and average slab length, especially m the case 
of the shorter sections. The greatest average 
slab length for the sections containing welded 
fabnc IS 109 ft. which was reached at an 
optunum section length of 135 ft. In the case 
of the billet steel bars the value is 97 ft. 
attamed at an optimum section length of 115 
f t ; but for the rail steel bars this value is only 
48 ft the correspondmg section length bemg 
90 ft. 

The reason or reasons for the differences in 
the peak slab-length values and corresponding 
optimum section lengths for the three types 
of reinforcement cannot be fully explamed. 

There are, however, two conditions that may 
have had some influence on the data First, 
m that part of the curves which pertains to 
the shorter sections, there are fewer pomts 
definmg the curve m the case of the rail steel 
bars than m the case of the other tjrpes of 
remforcement. Second, m all sections rem-
forced with welded fabnc and all sections, 
except one, with lengths of 270 ft or less rem-
forced with billet steel bars, the coarse aggre
gate used in the concrete consisted of a mix
ture of small-size gravel with large-size 
crushed limestone; whereas m sections rem-
forced with rail steel bars the coarse aggre
gate used m the concrete was entirely the 
crushed limestone. However, there is no other 
evidence that the difference in coarse aggre
gate mentioned affected m any way the be
havior or present condition of the sections. 

The data of Figure 22 mean that, under the 
conditions obtaming in this experimental 
pavement, the longest average slab lengths 
are found at the so-called "optimum" section 
lengths. Hence, if one were interested only m a 
minimum number of transverse cracks and 
]omt8 these data suggest that in reinforced 
concrete pavements the transverse jouits be 
spaced approxunately 100 ft apart. However, 
as this mvestigation stnkmgly shows, a longer 
section with many transverse cracks can con-
tmue to be a strong, durable structural unit 
after many years of heavy traffic service if it 
contains an adequate amount of longitudinal 
reinforcement. 

In the relations shown in Figure 22, the 
maximum computed steel stress values appar
ently have no mfluence on the amount of 
crackmg in a given section length. This is 
concordant with the relations shown m Figure 
21. 

PABT 4.—^BEHAVIOR OF THE 500-FT. SPECIAL 
SECTIONS 

The four special 500-ft. sections containmg 
weakened-plane warpmg jomts at 10-ft. inter
vals have been subjected to the same close 
study as have the regular sections. 

It will be recalled that m each of the four 
special sections, relatively hght wdded-fabric 
reinforcement was placed continuously 
through all of the weakened-plane warping 
]omts over the 500-ft section length. The 
bond between the steel and the concrete was 
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destroyed purposely for a distance of 18 in. 
on each side of each jomt by omittmg two 
transverse wires, one on either side of the 
joint and by greasmg the longitudinal wires 
over the 36-in. length. In addition to the 
continuous reinforcement, shear bars con
sisting of i-in. diameter dowels, 18 m long 
and spaced 12 in. center to center were placed 
across the warping jomts m one-half of each 
of the four sections. 

The distmguishing features of the four 500-
ft. special sections are as follows. 

No 1 Weakened-plane joints are of the 
submerged type and the reinforcement weighs 
91 lb. per square. 

No. 2 Same as section No 1, except that 
the reinforcement weighs 45 lb. per square 

No. 3. Weakened-plane joints are of the 
surface groove type and the reinforcement 
weighs 91 lb. per square. 

No. 4. Same as section No. 3, except that 
the reinforcement weighs 45 lb. per square. 

Through the design features of these special 
sections it was proposed to develop informa
tion on the practicability of a pavement de
sign in which transverse crack control was 
obtained by means of relatively short slab 
units (10 ft.) with pavement continuity ob
tamed by the use of continuous longitudinal 
remforcement. Other mformation sought per-
tamed to: (1) the amount of longitudinal steel 
necessary to resist the tensile forces created by 
subgrade resistance in a section of this length; 
(2) the value of the design feature in which 
bond was deliberately destroyed for 18 in. 
on either side of the ]omt; and (3) the neces
sity for protection of the longitudinal rein
forcement agamst shear in the transverse 
jomts 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 ex
pected from elastic elongation of the longi
tudinal steel over the 36 m. of unbonded 
length at the transverse jomts 

During a drop m pavement temperature, a 
continuously remforced section naturally 
attempts to contract about the center of the 
section length. At the same time the mdi-
vidual segments or slab umts of the section 
are attemptmg to contract about their indi
vidual centers. The amount that these 
mdividual segments contract should equal 
the elongation of the steel crossmg the frac

tures that define their lengths. This elongation 
of the steel is dependent upon: (1) the magni
tude of the stress mduced in it by resistance 
as the segments tend to move over the sub-
grade; and (2) the length over which the 
bond between the steel and concrete is de
stroyed that IS, the length over which this 
stress is effective. 

Thus, by subdividmg the 500-ft. special 
sections into 10-ft. slab lengths so that durmg 
a large temperature drop the contractive 
length change of an individual slab unit would 
be relatively small; and by breaking the bond 
for 36 in at each separation between slabs 
so that the elongation of the steel could be 
relatively great without exceeding the elastic 
limit, it seemed that a certain degree of con
trol over the movements of a section should 
be gained without rupturing the reinforcing 
steel. For example, during a sudden drop in 
pavement temperature when subgrade re
sistance IS relatively great, the continuous 
reinforcement would simulate a steel spring 
at each transverse joint, elongating and per
mitting the slab units to contract about their 
individual centers, and subsequently con
tracting and drawmg the units together as 
the subgrade resistance decreased. 

From the standpoint of design, all of the 
special sections bdiaved satisfactorily during 
the first 3 yr. of pavement service. Then the 
reinforcing steel began to fail at the ]omts 
Dunng the condition survey at the end of 3 
yr. two breaks m the reinforcing steel were 
discovered, both at joints in the sections con
tammg the 45-lb wire fabnc and both at 
joints without shear bars, one of the breaks 
bemg only 60 ft. from the end of a section 
After 5} yr. the remforcement was either 
found to be broken or suspected of being 
broken at seven of the joints All of these 
failures developed at jomts without shear bars 
and m the sections remforced with the 45-lb. 
wire fabnc. At the end of 10 yr. the rem-
forcing steel was either broken or elongated 
beyond its elastic lunit at 18 of the jomts. 

The distribution of these steel failures is 
given in Table 9 

From Table 9 it will be noted that: (1) 16 
were at jomts without shear bars; (2) 15 
developed m sections reinforced with the 45-
lb. wire fabric, (3) 7 and 11, respectively, were 
found in sections constructed with the sub
merged and the surface-groove type of jomts; 
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and (4) none occurred in the halves of the 
sections provided with shear bars at the joints 
and containing the 91-lb. wire fabric. The 
effect of such failures will be discussed in parts 
5 and 6 of this report. 

The fact that all of the earlier failures of 
the reinforcing steel and approximately 90 
percent of those now present occurred at 
joints having no shear bars indicates that 
shearing forces caused by loads passing over 
the joints were primarily responsible for the 
steel failure. However, i t is possible for a 
progressive separation to develop at a joint 
and eventually overstress the reinforcing 
steel. Infiltration of solid material would, in 
time, cause a permanent opening of the joint 
and dissipate all or part of the elastic elonga
tion of the steel in the 36 in. of unbonded 
length across the joint. Subsequently, during 
contraction periods, the steel, if small in 

T A B L E 9 

45-lb. Wire Fabric 9I-lb. Wire Fabric 

Surface type joints: 
With dowels 0 
Without dowels 9 

Submerged type joints: 

Surface type joints: 
With dowels 0 

Submerged type joints: 
With dowels 0 
Without dowels 1 

amount as in the 500-ft. special sections, 
might be subjected to direct tensile stresses 
sufficiently large to cause failures. Such action 
might account for the two cases of steel fail
ure observed at the joints provided with 
shear bars. These developed after the pave
ment had been in service for 8 yr., both oc
curred at some distance from the ends of sec
tions containing the 45-lb. wire fabric and 
both were at joints of the surface-groove type 

Surface Condition of Weakened-Plane Joints 
Described— 
Figure 23 shows photographs, taken after 

10 yr., of two of the submerged type, weak-
ened-plane joints at which the reinforcing 
steel was 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 submerged 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 influ
ence 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 

Figure 23. Two of the Submerged-Type, 
Weakened-Plane Joints After 10 Years of Ser
vice. Extreme Cases of Straight and Irregular 
Cracking over the Bottom Parting Strip 

Figure 24. Present Condition of A Surface 
Type, Weakened-Plane Joint (Typical of Those 
at Which the Continuous Reinforcement is 
Structurally Sound) 

most rapidly during the first 2 or 3 yr. 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, in
itially, 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-
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tenance has been required at these joints so 
long as the steel remamed structurally sound 
smce the comparatively small length changes 
of the 10-ft. units are conducive to well-
sealed conditions. 

Daily, annual and progressive changes in 
the widths of the joints of the four special 
sections were measured durmg the same pe
riods as those of the regular sections. In 
Figure 25 are shown the annual and progres
sive changes m the widths of the jomts plotted 
with respect to base measurements taken 

attempt was made to obtain the measurements 
during the hottest and coldest periods of the 
year. All measurements m a given section 
were discontmued as soon as the first failure 
m the remforcmg steel was noted 

It IS apparent m Figure 25 that, m spite of 
the contmuity of the reinforcmg steel through
out the length of a section, the expansion 
joints closed and the weakened-plane jomts 
opened progressively with time. These pro
gressive changes are m the same sense as 
those observed m plain concrete pavements 
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during the first winter after construction. 
The width changes of the expansion joints are, 
in reahty, lengtii changes of the sections as 
determmed by measurement to fixed refer
ence points located at their ends. Attention 
IS called to the differences m the vertical scales 
used for the width changes of the expansion 
and weakened-plane warping jomts, this being 
necessary because of the relatively small 
magnitude of the width changes of the latter. 
The lengths of the strippled bars mdicate 
changes m width that occurred at the jomts 
durmg an annual cycle. These changes should 
be nearly maximum for such a cycle smce an 

built with expansion joints and closely spaced 
weakened-plane contraction jomts It has 
been observed, also, that the progressive 
closure of expansion joints at the end of 3 
yr. has been. (1) less in sections remforced 
with the 91-lb. wire fabric than m those 
contammg the 45-lb. wire fabric, and (2) less 
m sections with the surface-type joints than m 
those with the submerged type This latter 
observation implies that extraneous material 
infiltrates more readily mto the submerged 
type jomts, indicatmg that jomts of this type 
are more difiScult to seal. The behavior of tiie 
weakened-plane warpmg joints is somewhat 
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erratic and, other than the fact that a progres-
si\'e openmg has developed m all cases, clear-
cut trends are not apparent 

As remarked before, one of the purposes of 
the longitudinal steel m these 500-ft special 
sections was to hold the slab units of the sec
tions together, as much as possible, durmg 
contraction periods. In this respect it is 
clearly shown m Figure 25 that the remforc-
ing steel, especially the heavier fabnc, exer
cises considerable control over the behavior 
of the sections durmg such periods. Measure
ments of the overall section length changes 
at the ends of the two sections reinforced with 
the 91-lb. wu% fabric showed 1.09 and 1.13 
in., respectively, for a mean pavement tem
perature drop of 77 deg. F . that occurred 
betweoi midsummer and midwmter of the 
second annual contraction period. This is 
shown in Figure 25 as the difference between 
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 approx
imately 77 percent of the annual contractive 
change of a section of equal length, but con
tainmg heavier, contmuously bonded rem
forcement such as was used m the regular 
sections. For the same temperature change the 
length changes of the two 500-ft. special sec
tions reinforced with the 45-lb. wire fabric 
were 0.67 and 0 71 m., respectively, or about 
48 percent of the length changes of the com
parable sections of the regular group. A sum-
lar comparison of the daily contractive length 
changes of the special sections with those of 
the section containing the continuously 
bonded steel results m percentage values of 
approximately 54 and 37, for the 91- and 45-
lb. wire fabric respectively. 

These comparisons show that the pattern 
of movement of the ends of the 500-ft. special 
sections, although of less amphtude, is smiilar 
to that observed m the regular sections con-
taming contmuously bonded steel It is appar
ent that durmg penods of contraction: (1) the 
heavier of the two weights of remforcement in 
the special sections was more effective m 
holdmg together the mdividual slab units; 
and (2) both weights of remforcement were 
more effective durmg annual periods than 
during daily penods. 

It is of considerable interest that the small 
amount of longitudinal steel in the sections 
reinforced with the 45-lb. wire fabric was able 

to cause contraction of the entire 500-ft. 
section without steel failure By any reason
able assumptions this would mdicate that, 
when such contraction occurred, the coefficient 
of subgrade resistance was very much lower 
than the value of 1 5 assumed when the regular 
sections were designed. It appears also that 
the coefficient of resistance is smaller for the 
slow annual changes m length than it is for 
the more rapid daily changes, this being in 
agreement with data obtamed on the regular 
sections. 

FART 5.—THE OCCURRENCE OF FUMPINQ 

It is generally conceded that three factors 
are necessary for the development of pulnp-
ing>at jomts or cracks in concrete pavements, 
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• T h u maximum percentage was exceeded in two in
stances, however, these eases were not eonaidered as repre
sentative of the entire project 

namely: (1) frequent repetition of heavy axle 
loads and accompanjnng large vertical move-
nents of slab edges; (2) fine-gramed subgrade 
soils; and (3) free water under the pavement 
slab. Since the experunental sections were 
constructed as a part of a heavily traveled 
route, one of the factors, repetition of heavy 
axle loads, is always present. Moreover, the 
pavement was placed on a natural soil having 
characteristics given m Table 10. The soil 
analysis was based on samples taken from the 
finished subgrade at mtervals of approx
imately 500 ft Refernng to the average values 
of the table, it is observed that the combmed 
amount of silt and clay was 65 percent of the 
total, indicatmg a fine-gramed subgrade soil 
that would be considered conducive to pump-
mg. 

Early in the life of the pavement pumping 
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began to appear at some of the bridge-type 
joints which were used to create the wider 
separations between the longer and conse
quently more heavily reinforced sections. 
These joints had no medium for load transfer 
except the steel cover plate. After 10 yr. 
most joints of this type were pumping and, as 
shown in Figure 26, this action in some in
stances has resulted in serious faulting with 
transverse cracking of the forward and some-

1 

Figure 26. Pumping at Two of the Bridge-
Type Joints 

times the approach slab. Of special interest 
is the fact that, in spite of the faulting, the 
heavy reinforcement has thus far held closed 
all cracks in the pavement areas adjacent to 
these joints. After 7 or 8 yr., pumping was 
observed at some of the conventional dowel 
joints which separate the shorter sections. 
However, to date, the action at these joints 
has been so slight that faulting is negligible 
and fracturing of the slabs has not occurred. 

At the end of 10 yr. the performance survey 

showed that, with two exceptions, the only 
evidence of pumping in the entire pavement 
was in the vicinity of the transverse joints. 
One of the exceptions was the development of 
pumping at two of the cracks that formed in 
the sections containing the 32-lb. wire fabric. 
As stated before, the reinforcing steel rup
tured at several cracks in these sections, allow
ing wide separations. Pumping appeared 
shortly after the reinforcement failed. 

The other exception was the appearance of 
pumping at one point along the edge of the 
heavily traveled lane some distance from the 
end of one of the most heavily reinforced 
sections, which condition was observed during 
the survey at the age of 10 yr. Mud was not 
being ejected through any of the cracks but 
was appearing at the shoulder and the pave
ment edge. The cracks in the immediate 
vicinity were seemingly as tightly closed and 
as nearly watertight as any in the section. 
For this reason, it is believed that water 
reached the subgrade by some other channel, 
along the pavement edge or possibly through 
the longitudinal joint. At three consecutive 
cracks in the immediate vicinity of the pump
ing, where the crack interval is about 2.5 ft . , 
the edges of the cracks on the pavement sur
face are raveled or chipped to a more pro
nounced extent than at the other cracks in the 
section, indicating that the segments of pave
ment have been deflected considerably by 
heavy loads in spite of the presence of heavy 
longitudinal steel. After a few more years of 
service this condition may reach a point where 
some form of maintenance is necessary. 

The complete absence of pumping at the 
vast number of transverse cracks in these 
sections on a pumping type of soil is evidence 
of the effectiveness of the reinforcing steel in 
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 ten cases 
the action of pumping began shortly after 
steel failures were noted. Conversely, pump
ing did not appear: (1) as long as the wire 
fabric crossing the warping joints remained 
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structurally sound, and (2) at any of the 
seven submerged type joints at which the 
reinforcmg steel failed 

The precedmg observations indicate that 
the entrance of free water to the subgrade and 
large slab deflections have activated pumping 
Relatively wide separations (up to |-m.) de
veloped at all jomts at which the remforce
ment failed, thus reducing or destroymg the 
effectiveness of aggregate interlock, and im-
pairmg the sealing of the surface type joints 
Of particular mterest is the complete absence 
of pumpmg at the submerged type jomts, 
even those at which the wire fabnc failed 
When these jomts were installed a copper 
seal which enveloped the bottom parting 
strip was incorporated m the design Appar
ently these seals are still functioning as 
planned despite the wide separation that has 
developed at the joints where the longitu
dinal steel has failed 

The effect of repetition of heavy axle loads 
on the development of pumpmg is clearly 
revealed m this mvestigation As mentioned 
previously, the expenmental pavement is 
one-half of a divided highway, with the result 
that the nght-hand lane carries a greater 
number of heavy vehicles At the end of 10-yr 
the performance survey disclosed only one 
case of pumpmg m the left-hand or passmg 
lane of the pavement, in contrast to the con
dition m the nght-hand lane as just described 

tions was obtained in August of 1940 or less 
than two years after construction At that 
time roughness indices were determmed for 
only the sections m the heavily traveled or 
nght-hand lane of the pavement, it bemg 
presumed that, early m the hfe of the pave
ment, the surface of both lanes would be 
equally smooth. A second set of data was ob
tained in August of 1949, these data mcluding 
both the heavily traveled and the passmg 
lanes so that the effect of traffic on surface 
roughness could be ascertamed Elmunated 
from these latter data was the locahzed con
dition of roughness found at locations where 
a pair of bridge-type jomts were spaced 10 
ft apart 

Average values of the surface roughness of 
short, mtermediate-length and long sections 
are given in Table 11, the sections bemg 
grouped according to the range m lengths 

T A B L E 11 
ROUGHNESS INDICES CLASSIFIED B Y L E N G T H 

OF SECTIONS 

Range in Sec
tion Length 

Units per Mile 
Range in Sec
tion Length 1940 1949 Range in Sec
tion Length 

Right Lane Right Lane Left Lane 

fl 
0-120 89 131 129 

120-470 88 130 124 
470-1310 90 126 124 

PAST 6 —SMOOTHNESS OF THE PAVEMENT 

The common goal of all pavement design 
IS a Gontmued smooth ridmg surface, eco
nomics bemg, of course, a hmitmg factor. To 
evaluate the ndmg quality of the expen
mental sections, an instrument for mdicatmg 
the relative roughness of road surfaces was 
used With this device, which was developed 
some years ago by the Bureau of Pubhc 
Boads>, it IS possible to compare the surface 
roughness of the vanous sections by means of a 
roughness index, expressed m mches per mile 
of pavement 

The basic data mdicating relative values of 
surface roughness of these experimental sec-

' J A Buchanan and A L Catudal, "Stand-
ardizable Equipment for Evaluating Road 
Surface Roughness," Proceedings, Highway 
Research Board, Vol. 24 (1940), also Pvbltc 
Rottds.Vol 21, No 12, February 1941 

designated earber m the report All values 
were obtained with the single wheel of the 
roughness vehicle traversmg approxunately a 
midlane path 

It is well to pomt out that, as a result of 
experience gained m using this equipment 
over many hundreds of miles of pavements of 
all types, it has been found that pavements 
with mdices of the order of 80 to 120 have 
surfaces that would be classed as smooth 
ndmg 

The data of Table 11 show that, mitially, 
the pavement as a whole was very smooth 
mdeed, mdicatmg that the construction and, 
particularly, the finishmg were unusually 
good The fact that little difference was ob
served in the roughness mdices of the three 
groups of sections suggests that, with proper 
care dunng installation and finishmg, the 
spacmg of expansion joints need not affect 
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the initial riding quality of concrete pave
ments 

A comparison of the roughness indices. 
Table 11, determined m 1949 with those of 
1940 indicates a marked mcrease m 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, mtermediate-length and long sections 
of the heavily traveled lane Even with this 
large'percentage increase, the data mdicate 
that the surface of the regular sections after 

T A B L E 12 
(ROUGHNESS INDICES CLASSIFIED B Y T Y P E 
AND P E R C E N T A G E OP LONGTrUDINAL S T E E L 

Units per Mile 
Longitudinal 

Steel 1940 1949 

Right Lane Right Lane Left Lane 

Rail Steel Bars (Deformed) 

percent 
1 82 99 124 127 
I 02 85 123 121 

41 85 127 124 
.26 85 128 121 
.11 84 130 122 

Billet Steel Bars (Deformed) 

1 82 85 128 123 
1 02 78 130 123 

45 90 130 121 
.26 88 125 128 
.11 91 135 129 

Win Fabno (Cold Drawn Wires) 

42 90 137 129 
28 90 133 124 
24 89 131 127 
17 89 137 139 

.11 84 120 124 
07 98 134 126 

Average 88 129 125 

10 yr. of service is no rougher than some new 
pavements as constructed. 

Only a slight tendency is noted, however, 
for the surface of the heavily traveled lane to 
become rougher, with tune, than that of the 
passmg lane Also, in both lanes there is a 
slight but only a slight tendency for the pave
ment of the group of long sections to be 
smoother than that of the short sections, 
which contam relatively few cracks. It is 
apparent from these observations that: (1) 
to date, traffic has had little effect on the 
increase m midlane surface roughness, and (2) 
the many cracks that formed m the long sec

tions 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 prmcipally through 
heavmg and settlement of the subgrade and 
that undoubtedly account for part, at least, 
of the mcrease m surface roughness 

In Table 12 are given the roughness ra
dices for sections containmg the various per
centages of longitudmal steel for each of the 
three types of reinforcement. These data, 
although showing no particular trends for 
the factors involved, do show that a narrow 

T A B L E 13 
ROUGHNESS INDICES OF T H E FOUR 500-FOOT 

SPECIAL SECTIONS' 

Weight of 
Reinforce

ment 

Units per Mile 
Weight of 
Reinforce

ment 
Shear 
Bars 1940 1949 

Weight of 
Reinforce

ment 
Right Lane Right Lane Left Lane 

Submerged-Type Warping Jomta 

U. per 100 
tq fl 

91 
91 
45 
45 

Yes 
No 
Yes 
No 

100 
90 
90 
90 

184 
134 
141 
134 

137 
127 
143 
148 

Surfaoe-Type Warpmg Joints 

91 
91 
45 
45 

Yes 
No 
Yes 
No 

79 
90 
79 
95 

141 
120 
148 
218 

116 
169 
127 
137 

I Each roughness mdex is based on 250 ft. of pavem ent 

range in the roughness indices of the various 
sections existed initially and still exists This 
unplies that all of the sections have remained 
structurally intact. 

Roughness mdices of the four 500-ft. special 
sections were obtained at the same tune as 
those of the regular sections. These data, 
given m Tkble 13, are hsted in accordance 
with the distinguishmg features of the special 
sections. 

At the tune of the 1940 roughness survey 
the surfaces of the special sections were as 
smooth as those of the regular sections, the 
average mdex for the two types of pavement 
bemg 89 and 88 respectively. This indicates 
that the surface-type, weakened-plane joints 
were finished with great care and that the 
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rather wide and meandermg cracks which 
formed above the parting stnps of the sub
merged-type joints did not impair the ridmg 
quahty of the pavement at that time. 

In 1949 the surface of the special sections 
was, in general, somewhat rougher than that 
of the regular sections This greater increase 
in roughness is probably the result of the con
ditions at some of the joints that were de
scribed earlier, conditions that were not 
present at the time of the 1940 measurements 
An example is the large increase in the rough
ness index of the half of the section with 
surface-type joints and contammg the 45-lb. 
fabric and no shear bars. I t was in this half 
of the section that pumpmg developed at the 
joints where the remforcing steel failed This 
action has resulted m some tiltmg of the 10-ft. 
slab units and a consequent faultmg at the 
jomts imtil, at present, this particular part 
of the pavement is quite rough. 

CONCLUSIONS 

I n this report the performance of a wide 
range of contmuously remforced sections, con
structed as a part of a U . S route canying 
heaw rural traffic, has been traced through 
the first 10 yr. of pavement life. The follow
ing statements give what appear to be the 
most significant conclusions to be drawn from 
the results of this investigation. 

(1) Changes in pavement elevation were 
generally small and nonuniform, the lack of 
imiformity becommg progressively more pro
nounced, especially during the first five years 
of service. The efiFect of these nonuniform ele
vation changes was not apparent m either the 
length changes or the crack patterns of the 
sections; but, as would be expected, was re
flected in the ndmg 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) exceptmg the very short 
sections, the daily and annual changes m 
section lengths are not du«ctly proportional 
to length of section; (b) the magnitude of the 
restraint offered by the subgrade is a func
tion of the time during which a given tem
perature or moisture change in the pavement 
takes place; (c) for subgrade soil of the type 
on which the experimental pavement was 

constructed, i t was estimated that, durmg the 
relatively rapid daily length change, the cen-
ral region of sections greater than approx
imately 800 f t . will be in a state of complete 
restramt; whereas for the slowly developed 
annual length change, the central region of 
sections somewhat greater m length than the 
longest section (1,310 f t . ) of this mvestigation 
will be completely restrained; and (d) for 
sections of lengths mcluded in this investiga
tion, the data suggest that tensile stresses 
induced by subgrade resistance are probably 
larger diuing the fall than at any other period 
durmg the year. 

(3) Length changes of a progressive or 
permanent nature developed in sections of all 
lengths I n the short sections contammg com
paratively few cracks, i t appeared that re
peated cycles of moisture and temperature 
were pnmanly 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-
tributmg to permanent increases. 

(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 shght ravehng 
became, m tune, much greater than their 
real widths For a given computed maximum 
steel stress both the surface and the real 
widths of the cracks mcreased approximately 
directly with a decrease in the percentage of 
longitudinal reinforcement. In the heavily 
traveled lane after ten years of service, the 
average values of the real width of the cracks 
(obtamed in the fall of the year in the central 
region of the longest section for each per
centage of reinforcing steel) ranged from 
0.004 in. for the section with 1 82 percent 
steel to 0.011 in. for the section with 0.46 
percent steel. Likewise, the average surface 
widths of the same cracks ranged from 0 05 
to 0 10 in. 

(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 
developed during the 10-yr. service period, 
67 percent had appeared by the end of the 
first year. Very few cracks formed during the 
winter months mdicating that nonumform 
changes in pavement elevation caused by 
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frost penetration had little influence upon 
cracking, and, also, that tensile stresses 
originating 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 
transverse cracks (average slab length) in
creased with an mcrease in section length 
until a peak value was reached, beyond which 
there was a rapid decrease m average slab 
length that became more gradual and finally 
approached a constant value for the longer 
sections I f one were interested only m the 
minimum of transverse cracks and jomts, the 
data suggest that, in remforced concrete pave
ments, the joints be spaced at approximately 
100-ft. mtervals However, i t must be kept 
m mmd that this mvestigation most conclu
sively shows that the character and not the 
number of cracks is of the greater importance 
In the longer and consequently more heavily 
remforced sections, many fine cracks have 
developed at frequent intervals, but these 
sections have contmued to be strong, durable 
structural units after ten j-ears of heavy 
traffic service 

(7) The frequency of cracking mcreased 
from a mmimum value at the end of a section 
to a maximum value m the central area For 
some distance, beginnmg at the ends of the 
longer sections, the frequency of crackmg 
mcreased directly with mcrease m distance 
The maximum values of crack frequency, as 
found m the central area of the sections, m-
creased progressively with mcrease m section 
length I t seems reasonable to assume that 
such values would continue to mcrease until 
the sections are long enough to develop com
plete restramt to slab movement The 10-yr. 
data suggest that, for the conditions obtam-
mg m this mvestigation, the crack mterval m 
the region of complete restraint might be 
expect^ to be approximately 2 0 to 2 5 f t 
provided, of course, that the remforcement 
was adequate. 

(8) Repetition of traffic loads had only a 
slight mfluence on the development of trans
verse cracks. At the end of 10 yr , 53 percent 
of the transverse cracks present m both lanes 
of the pavement formed m the heavily 
traveled nght-hand lane However, the greater 
volume of traffic using the right-hand lane 

produced more raveling and other superficial 
damage to the edges of the cracks than the 
lighter traffic on the passing lane, the average 
surface width of cracks m the heavily traveled 
lane bemg approximately three tunes that of 
the cracks in the passing lane. Traffic had 
some effect, also, on the real widths of the 
cracks, this being less pronounced than m 
the case of the surface widths. 

(9) All sections were so conservatively de
signed that the limitmg length of section for 
each percentage of longitudinal steel was not 
determmed 

(10) Longitudinal steel remforcement, 
withm the range of the computed maximum 
stress values of this investigation, held closed 
all cracks exceptmg those m the sections re
inforced with the 32-lb wire fabric In sev
eral cases the steel crossmg the cracks that 
formed m the sections containing this hght 
fabric broke, probably from shearing forces 
I t IS mdicated that wire fabric as light as 32 
lb per square should be used with caution as 
reinforcement in concrete pavements 

(11) The presence of the heavy longitu-
dmal bar remforcement was not m any way 
detrimental to the condition of the concrete 
in the pavement as attested by the complete 
absence of longitudmal crackmg above such 
bars and by the contmued durabihty of the 
concrete In fact, the manner m which the 
steel held closed all cracks, especially those 
m the heavily remforced sections, is believed 
to be conducive to distributed interfacial 
pressure and should mmimize damage of the 
concrete from concentrated pressure such as 
sometimes develops at cracks m plam con
crete pavements 

(12) The type of remforcement had only a 
shght effect on the observed length changes of 
the sections or on the frequency of crackmg 
in the central portion of long sections; but, 
for some unknown reason, seems to have had 
considerable influence on the average mterval 
between cracks m sections of 300 f t . or less m 
length On the other hand, the workmg stresses 
withm the range of the computed maximum 
values exercised no significant control over 
the length changes and crack patterns of the 
sections, probably because of the conservative 
design assumptions. 

(13) Heavy remforcement caused the length 
changes and crack patterns of the sections to 
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be quite symmetrical about the center of each 
section, thus mdicating a structure of pre
dictable behavior 

(14) In the four special 500-ft sections, 
contammg warpmg jomts at 10-ft. mtervals, 
certain mherent weaknesses developed during 
the 10-yr. of traffic service These weaknesses 
point out, first, the necessity of providmg 
the warpmg jomts with load transfer or shear 
units; and, second, the need of a heavier wire 
fabric than 45 lb per square In the halves 
of the sections provided with shear bars and 
containmg the 91-lb. fabric, the steel did not 
break or melastically elongate and the pave
ment remamed structurally mtact, the riding 
quality of these halves bemg nearly the same 
as that of sections remforced with contmu-
ously bonded steel 

(15) Durmg periods of contraction, the con-
tmuous remforcement in the 500-ft special 
sections exercised considerable control over 
the length changes of the section as a whole 
However, m spite of the contmuity of the rein
forcement, the warpmg jomts opened progres
sively with time This behavior is definitely 
undesirable since a residual openmg of the 
jomts would dissipate all or part of the elastic 
elongation of the 36 m of unbonded steel 
and, in time, may cause failure of the relatively 
lightweight remforcement. A corrective meas
ure for the precedmg condition would be to 
decrease the amount of available expansion 
space. 

(16) Pumpmg developed at many expan
sion jomts, but, with two exceptions, was 
completely absent at the vast number of 
transverse cracks This is evidence of the 
effectiveness of the remforcing steel m hold
ing tightly together the segments of the sec
tions, thus reducing slab deflections and 
mmimizmg the passage of free water to the 
subgrade soil The absence of pumpmg at the 
submerged-type warping jomts of the special 
sections mdicated that the copper seals which 
enveloped the bottom partmg strips prevented 
the leakage of free water to the subgrade soil 

(17) Relative roughness determmations of 
the regular sections showed that their sur
faces were very smooth initially, and at pres
ent are no rougher than some concrete pave
ments as constructed The many fine cracks 
that formed m the long sections have not 
affected the riding quality of the pavement. 

The sections containmg warping joints at 10-
f t . mtervals were as smooth initially as the 
regular sections indicatmg that, with proper 
care durmg installation and finishmg, closely-
spaced warping jomts need not affect the 
imtial ridmg quality of concrete pavements 
However, where certain weaknesses have de
veloped such as faulting of the jomts, these 
special sections have become much tougher 
than the regular sections. 

ECONOMIC BENEFITS 

The performance of the Indiana experi
mental sections has mdicated certain eco
nomic benefits to be derived from long, con
tinuously remforced pavement of the type 
included m this investigation, namely. (1) 
the fine cracks, even though frequent, ravel 
only slightly with traffic and exposure, a con
dition that may be considered superficial and 
one that will require no maintenance, (2) ex
cept m locahzed areas of extremely poor sub-
grade, pumpmg will not develop thus mmi
mizmg the need for base courses or other 
expensive subgrade treatments, and (3) the 
ridmg quaUty of the pavement might be ex
pected to remam excellent and the pavement 
itself would be protected from damagmg im
pact forces such as frequently develop at 
faulted joints and cracks 

More recently other researches relatmg to 
the use of contmuously bonded longitudmal 
reinforcement have been inaugurated' The 
expenmental sections m these pavements are 
all longer than the longest section of the 
StilesviUe experimental pavement and are 
less heavily reinforced Sections of various 
thicknesses, reinforced with various per
centages of longitudinal steel and constructed 
both with and without subbases are included. 
While the pavements have not been m service 
long enough to permit conclusions to be drawn 

• Vf R WooUey, "Continuously Remforced 
Concrete Pavements Without Joints," Pro-
eeedmgs. Highway Research Board, Vol. 27 
(1947) 

William Van Breemen, "Preliminary Report 
on Current Experiment with Continuous Rein
forcement in New Jersey," Proceedings, High
way Research Board, Vol 27 (1947). 

H W Russell and J D. Lindsay, "An Ex
perimental Contmuously Reinforced Concrete 
Pavement in Illinois," Proceedings, High
way Research Board, Vol. 27 (1947). 
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i t seems probable that eventually they will 
provide considerable additional data on the 
relative economies of contmuously reinforced 
pavements and those which are designed as a 
series of comparatively short independent 
slabs. 

Thus, i t is possible that, when all factors ate 
a concrete pavement without 

jomts and remforced with contmuous bonded 
steel m 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 mclude 
greater slab thickness, lighter remforcement, 
transverse jomts and subgrade treatment. 

DISCUSSION 
WATNE R . WOOLLET, Bureau of Public Roads 
—Although the experimental pavement has 
not furnished the data to allow a precise de
sign of a continuously reinforced concrete 
pavement of indefinite length to be made, tiie 
reports of Messrs. Cashell and Benham have 
contributed valuable information toward this 
end. 

Steel for this experimental pavement was 
designed by the subgrade friction formula m 
the same way that the steel is designed at the 
present time for most pavements. I t is noted 
that no broken steel was found except at three 
cracks on pavement containing 32-pound 
mesh. Considenng this project alone i t would 
seem that the subgrade friction formula gives 
satisfactory results. However, observations 
made on other projects m the middle west 
cast considerable doubt on the adequacy of 
this formula. 

Several years ago i t was observed that open 
and faulted cracks were visible in reinforced 
pavements after they had been in service 
approximately eight or more years. Table A 
accompanying this discussion gives informa
tion on 37 reinforced concrete projects in 
Mich i^n , Indiana and Kentucky. For each 
of these projects, the theoretical stress based 
on a coefficient of subgrade friction of 1.5 
was calculated and is shown in the table. The 
calculated stress ranged from 14,800 to 81,500 
lb. per sq. in. of whic^ 30 projects had a calcu-
lateid stress less than 55,000 lb. per sq. in. 
Of these 30 projects, 26 contained some open 
cracks mdicating overstressed and probably 
broken mesh reinforcement. The cause of 
this broken steel has not been definitely de
termined. Open and faulted cracks may be 
found whether or not the joints contam load 
transfer so that friction in the load transfer 
devices is not always responsible. (See lines 

17, 18 and 12, 13 in Table A). Very little 
correlation was foimd between type of sub-
grade and the frequency of open cracks al
though serious pumping undoubtedly con
tributes to the formation of such cracks (See 
hnes 14, 17, 18 which show open cracks on a 
sand subgrade.) The schematic diagram of 
Indiana Project N R M 69 D , Figure A (line 
18) illustrates that an open and faulted crack 
was found over sand subgrade withm 7 f t 
of an expansion jomt which contamed no 
load transfer Open and faulted cracks over 
clay, or pumping subgrades were found on a 
number of projects. Some evidence of over-
stressed steel was found in pavements con
taining mesh remforcement with a calculated 
maximum stress as low as 18,700 lb. per 
sq in. 

Perhaps i t should be pointed out that with 
one exception all of the projects containmg 
evidences of broken steel also contamed ex
pansion joints. The one exception (line 32 m 
Table A) contamed four open cracks m 5 
miles and i t appeared that these four cracks 
may have been the result of fill settlement 
The presence of expansion joints probably 
increases the tensile stresses due to subgrade 
friction. Pavements without exjsansion jomts 
may be presumed to be in compression a con
siderable portion of the time and to have re
duced tensile stresses. 

Although this table shows that m some cases, 
at least, certain things are not the cause of 
broken steel, i t does not clearly indicate 
what does cause the steel to break. However, 
as a result of this study and from visual ob
servation of the movement of pavements 
under heavy loads, i t seems to me that the 
primary cause may be the result of repeated 
deflection under loads plus the effect of rust 
on the steel at the crack in the concrete. This 
rust is not believed to be sufficient to cause 
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TABLE A 

81 

1 
Li

ne
 N

o 

State and 
Proj No. 

X-Sec-
tion 

Joint 
Spacii^ Type Load-

Transfer 
Type 

Subgrade 
1941* 

Traffic 
Age 
in 

Yean 

Theoict 
Stress m 

Steel 
Condition of Cracks 

in pavement 

1 Mich R 41 
in 

lOumf. 100 
ft 

None None Non 
Pumping 

9,800 16 81,500 Many open and faulted 

2 Mich 91 & 
139 E 

9 " 100 II II II 11,000 17 73,500 Av 18 open cracks per 
mi 

3 Mich 139 G 9 " 100 " II f i II 800 15 73,500 Several open cracks 
4 Mich 148 C 9 " 100 It II II 3,000 17 73,500 Many open and faulted 
6 Mush 231 B 9-7-9 100 II II II 2,500 17 59,000 About one open crack 

per mi 
6 Mich 236 C 9-7-9 100 II II 1* 4,000 17 59,000 3 to 15 open cracks per 

mi 
7 Mich 232 D 9-7-9 100 ** II 11 II 3,500 16 59,000 No open cracks ob

served 
8 Mich 155 G 10-8-10 60 II Slight 

Pumping 
3,000 11 44,000 Blany open and faulted 

9 Ind6g J 9-8-9 80 40 Translode at E 
DowelaatC 

Sand City 
Street 

13 42,700 145 open cracks per mi 

10 Ind HMe9 B 9-7-9 80 40 Dowela Part Sand 
" Pump 

5,000 13 39,000 1 to 3 open cracks for 
eBch40^ft slab 

11 Ind 46 A 9-7-9 80 40 II Pumping 6,000 12 39,000 Many open and faulted 
12 Ind 263 B 9-7-9 80 40 Tranalode Shght 

Pumping 
6,000 13 37,600 116 open cracks in one 

mi 
13 Ind GU 69 H 9-7-9 80 40 Dowels Shght 

Pumping 
5,000 12 37,600 Ave about one open 

crack in each 40-ft 
sbb 

14 Ind 31 F 9-7-9 80 40 ** Sand 15,000 13 37,600 1 to 3 open cracks in 
each iS-ti sbb 

15 Ind 499 B 9-7-9 80 40 ? Non 
Pumping 

500 12 34.600 About one open crack 
per mi 

16 Ind 728 C 9-6-9 120 40 ? II 800 7 33,200 No open cracks 
17 Ind 367 A 9-8-9 105 35 None at E 

Dowels at C 
Sand 15,000 14 33,000 5 open cracks in 0 8 mi 

18 Ind 69 D 9-8-9 105 35 None at E 
Dowels at 0 

Sand City 
Street 

14 33,000 Averages about one 
o ^ n crack per 3S-ft 

19 Ind 286 A 9-6-9 100 33 Plate-dowel Pumping 1,500 11 33,000 Numerous open cracks 
near Charlestown 

20 Ind 74 E 9-7-9 40 None Plate-dowel II 1,900 11 30,000 Cracks open when 
pumping I S serious 

21 Ind 565 A 8-5-8 100 20 ? Gravel 400 10 30,000 Very few cracks and 
none are open 

22 Ind 77 A(3) 9-7-9 120 40 Dowels Shght 
Pumping 

4,000 9 30,000 A number of open and 
faulted cracks 

23 Ind 17 N(2) 9-7-9 120 40 Plate-Dowels Pumping 4,000 9 30.000 Open cracks probably 
caused by pumping 

24 Ind 48 A(2) 9-7-9 120 40 Dowels Pumping 5,000 8 30,000 Many open cracks-
pumping probably 
the cause 

25 Ind 63 E 9-7-9 105 35 None at E 
Dowels at C 

Gravel City 
Street 

14 29,600 Only one open crack in 
1 4 mi 

26 Ind 221 D 9-7-9 105 35 II Non 
Pumping 

City 
Street 

14 29,600 About 15 open cracks 
per mi 

27 Ind 40 A 9-7-9 80 40 b Sight 
Pumping 1 

6,000 13 29,500 IVequeney of open 
cracks seems to de
pend on subgrade 
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TABLE A—(Coirfimunl) 

Li
ne

 N
o 

| 

State and 
Proj No 

X-Sec-
tion 

Joint 
Ipacinj . Loai^misfer 

Tsrpe 
Subgrade 

1941» 
Traffic 

Age 
in 

Yean 

Theotet. 
Stiess in 

Steel 
Condition of Cracks 

in Pavement 

28 Ind 864 A 
M 

9-6-9 
/* 
100 

Jt 
33 Tnnslode Pumping 800 10 27,200 Many open and 

faulted 

29 IndS64B 9-6-9 100 33 Dowels Pumping 800 10 27,200 Many open and 
faulted 

30 Ind 401 9-6-9 80 40 Dowels at C 
Transl a t E 

Non 
Pumping 

1,700 13 26,000 About 20 open cracks 
per mi Some frost 
heaves 

31 IndeA(2U3) 9-7-9 100 33 ? Fumpmg 6,000 9 24,600 About 4 open cracks 
per mi 

j2 Ind6A(2)(3) 9-7-9 None 33 It i« 8,000 9 24,600 4 open cracks in 5 mi 

33 K y 194 E, F 9-7-9 90 30 ? Non 
Pumpmg 

2,000 10 21,600 63 open cracks in 43 
mi Some evidence of 
joint fnction 

34 Ind 221 A 9-7-9 90 30 None a t E 
Dowels at C 

Non 
Pumpmg 

2,000 17 18,700 2 open cracks in 2,700 
f t 

38 Ind 221 A 9-7-9 100 20 (1 2,000 17 17,000 
to 

20,300 

No open cracks 

36 Ind 40 A 9-7-9 None 20 Dowels Non 
Pumping 

6,000 13 14,800 Very few cracks—all of 
which are tight 

TT" Ind 680 A 9-7-9 120 40 T-O bars Pumping 9 Appnn 
28,000 

Expanded metal rein
forcing numerous 
open cracks 

an appreciable reduction in cross sectional 
area, but may be enough to act as a stress 
raiser at that pomt. The fact that no broken 
steel was observed m pavements less than 8 
yr. old may be because this length of time 

3/ 3 0 2 3 9 3 * 20 3 2 0 2 4 2 

* Traffic data partly estimated 
This I S an experimental project and contains the following types of load transfer' dowels, tianslode, J-bars, Acme Open 

and faulted eraeks occurred with all types of load transfer. 

pavement had been m service an appreciable 
number of years In this connection i t is of 
interest to note that the authors state in con
clusion No. 10 that "Longitudmal steel rem
forcement . held closed all cracks exceptmg 
those in the sections remforced with 32-lb. 
wire fabric " The calculated stresses m the 
32-lb. fabric sections were the same as m the 
heavier sections, le 25,000 to 55,000 lb. 
per sq m I t also seems significant that open 
cracks were observed for the first tune m the 
32-lb fabric sections at the age of 10 yr 
Thus, the authors mdicate that these stresses 
are not safe for a 32-lb fabric after 10 yr. 

Data presented m Table A indicate that 
these stresses are not safe m all cases for 
considerably heavier weight fabrics. I t may 
well be that m addition to desigmng pavement 
remforcement to resist tensile stresses due to 
subgrade friction another factor should be 
added to take care of repeated hve-load 
stresses This suggests that a certam mim-
mum amount of remforcement is necessary to 
resist repeated Uve loads and that to this 
mmimum should be added an amount neces
sary-to take care of tensile stresses due to 

IN s/irrofmis /MCM- •^'^ 

CODE 
Figure A. Open and Faulted Cracks—Indi

ana Project NRM 69D Constructed 1934—Sand 
Subgrade—Bstiniated Traffic 6000 Dally—9-8-
9-in. Cross Section, Reinforced—Theoretical 
Stress 33.000 psl.—i-ln. Dowel Bars at Con
traction Joints—No Load Transfer at Expansion 
Joints 

was required foi the effects of rust and re
peated loads to become serious The repeated 
stresses caused by deflection under loads plus 
the effect of the rust as a stress raiser might 
be expected to be effective only after the 
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subgrade friction. The amount of steel neces
sary to resist live-load stresses is not known, 
but i t seems safe to say that some of the 
hghter weight fabrics in use today are m-
sufficient to resist permanently all the stresses 
to which they are subjected, even though they 
were designed by the subgrade fnction formula 
to have stresses less than 55,000 lb. per sq m 

WILLIAM E WILLEY, Arizona Highway De
partment—In the conclusions I would hke to 
see a statement made to the effect that the 
tests so far show that the remforced section 
is more economical or is not more economical 
than a plam unremforced section with an 
adequate subgrade and base course Much is 
said in engmeermg and highway administra
tive cmsles about whether or not remforcing 
steel m a concrete highway section is a 
necessity Some advocate the use of steel 
while others say the money could better be 
used m the base or for a thicker unreinforced 
concrete slab 

From the number of cracks developed m the 
reinforced test section during the past 10 
years it appears that its physical performance 

record has not been so good. In Arizona on 
Highway U S 66 m the northern part of the 
State is a concrete section of about the same 
age. With no reinforcing it now has fewer 
cracks and has required probably less main
tenance than the test section reported upon 
I believe that after 10 years some definite 
conclusion along economic hues should be 
apparent and commented upon. 

CASHELL AND BENHAH, Closure—The pri
mary objective of the experimentally rem
forced sections of the Indiana pavement was 
to study the effects of varsdng amounts of 
longitudinal steel m sections of various 
lengths Therefore, data from such a pave
ment with frequent changes in section length, 
type and amount of remforcement and with
out comparable plain concrete pavement can 
warrant only the general conclusions given m 
the part of the report entitled "Economic 
Benefits". 

The second paragraph of Mr WiUey's dis
cussion indicates a lack of appreciation of the 
structural significance of cracks m reinforced 
pavement as compared with those in plain 
concrete pavement 

L I V E L O A D S T R E S S M E A S U R E M E N T S ON T H E F O R T L O U D O N 
B R I D G E , P E N N S Y L V A N I A 

N E I L VAN EENAH, Highway Bridge Engineer, Bureau o/ Public Roade 

SYNOPSIS 
In testing a low truss steel bridge, eight teat vehicles were used ranging in 

weight from a two-axle 27,830-lb. truck to a five-axle 150,000-lb tank transporter 
The bridge had a span of 110 f t 8 in between centers of bearing Electro-mag
netic gages were used, and during each run of a test vehicle, 24 simultaneous 
stresses were recorded. In this preliminary report, figures are presented for typical 
truss members, showing static stresses, impact stresses at various speeds and sec
ondary stresses Data are presented on vertical and transverse horizontal truss 
deflections at the center of the span and Btresses in the floor system are discussed 

While these data apply only to the particular bridge tested, i t is believed that 
the results will have some bearing on the design of highway bridges in general 
Tests of this kind should lead to a better understanding of the behavior of bridges 
under moving live loads 

Under a jomt project of the Bureau of 
Public Roads and the Pennsylvania Depart
ment of Highways, a low truss bridge at 
Fort Loudon, Pennsylvania, was tested during 
September and October, 1948 The Associa

tion of American Railroads conducted the 
tests, furnishing the necessary equipment and 
supplymg the services of an experienced field 
party. The data have now been analyzed and 
the preparation of the final report is m prog-




