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]Iontinuously-Reinforced Concrete Pavements 
n Pennsylvania 
'.C. WITKOSKI, Director of Research, and 
l.K. SHAFFER, Materials Engineer, Pennsylvania Department of Highways 

The Hamburg project in Berks Coimty, Pa., has attained one 
year of service performance. The York project is now two 
years old, although it, too, has been opened to traffic only 
one year. This report describes the general condition of 
each project and presents the combined results of a compre­
hensive crack frequency and width survey on both pavements. 
A study is made of the different crack patterns evolved as a 
result of paving in opposite seasons of the year. Further 
analysis is made of the effect of various pavement thicknesses 
upon service performance of the Hamburg roadway and of the 
effect of various depths of subbase material. 

A scattered number of detrimental transverse cracks ap­
peared on the Hamburg project within several months after 
completion. The nature of these cracks and the investigation 
to determine their cause is described, together with an account 
of the subsequent repair of these damaged areas. The specifi­
cations for these repairs are outlined, emphasizing the neces­
sary precautions required for this work. A detailed description 
is given of the methods employed in pavement removal, in 
restoring the continuity of the steel, and in replacing the 
damaged concrete. 

I THE TWO continuously-reinforced concrete pavements in Pennsylvania have been 
n service more than a year now, and some very noteworthy characteristics and be-
aviors have been observed. A brief background history of each project will acquaint 
lie reader with the basic differences of these two projects U, 2, 3). 

Both pavements were constructed with reinforcing steel designed at 0. 5 percent of 
tie cross-sectional area; there the similarity ends. The York County project (Fig. 
) is 2.19 mi in length and is located on the Harrisburg-Baltimore Expressway, Traf-
Ic Route 111, approximately 3 mi north of York, Pa. It was constructed in September 
nd October 1956 and although the pavement itself is two years old, it has been opened 
0 traffic only since October 1957. The pavement is uniformly 9 in. thick and rests 
n a 6-in. subbase material throughout its length. Steel reinforcement Is of the bar 
lat type. 

The continuous section in Berks County (Fig. 2) is a portion of Traffic Route US 22, 
seated 2 mi east of Hamburg, Pa. This pavement was placed in May, June and July 
957 and opened to traffic in October of the same year. Pavement thicknesses were 
aried to include 7-, 8-, and 9-in. depths, and subbase material was designed for 
Iternate depths of 6- and 3-in. minimums; however, the final result varied somewhat 
rom the design thickness. Here also, bar mats were used for reinforcement, with 
lie exception of 1, 000 ft in the eastbound lanes, where wire mesh was used. 

Both pavements presently carry large volumes of traffic, which will undoubtedly 
ecome greater as the roadways are linked to the Interstate system. Latest figures 
how the York pavement carrying an average of 7, 500 vehicles daily and the Hamburg 
avement carrying 8, 500, a large percentage of which is heavy truck traffic. Both 
rojects are in good condition. There has been no apparent deviation from the original 
rade line, and the riding qualities are quite good. With the exception of a few un-
sual cracks at Hamburg, which are described later in this report, all cracks appear 
} be structually sound. 



Figure 1. Traffic Route 111, York County. 

Figure 2. Traffic Route 22, Berks County. 

The latest information obtained from the profilometer or roughness survey is showi 
in Table 1. , , i , 

• : CRACK FREQUENCY J 
It is well known that continuous pavements placed in opposite seasons of the year 

react quite differently and produce various results. The two projects under study in 
Pennsylvania point up this characteristic quite vividly. The Hamburg pavement was 
placed under an average high temperature of 85 F and an average low of 67 F, whereas 
similarly, on the York project, the average high was 66 F and the average low was 44 



TABLE 1 
RESULTS OF PROFILOMETER SURVEYS 

Date Project Lane Length 
(ft) 

Inches 
Total Per Mile 

July, 1957 York North-Outside 10,700 48 23.7 
Nov. 1958 York North-Outside 11,560 40 18.3 
Nov. 1958 York North-Outside - - -
July, 1957 York South-Out side 10, 700 51 25.2 
Nov. 1958 York South-Outside 11, 560 42 19.2 
Nov. 1958 York South-Out side 1,000^ 8 42.2 
Aug. 1957 Hamburg East-Outside 6,300 30 25.2 
Nov. 1958 Hamburg East-Outside 10,800 40 19.5 
Nov. 1958 Hamburg East-Outside 1,000^ 6 31.7 
Aug. 1957 Hamburg West-Outside 10, 800 57 27.8 
Nov. 1958 Hamburg West-Outside 10,800 46 22.5 
Nov. 1958 Hamburg West-Outside 1,000^ 4 21.1 

Conventional pavement. 

rhe striking contrast in the crack pattern is effectively shown in Figures 3 and 4. The 
lumber of cracks on the Hamburg pavement is approximately 85 percent greater than 
he number found at York. The pattern seems to be fairly well established by six 
months and any cracking subsequent to that time does not materially effect the pattern, 
rhe graph for the Hamburg pavement, in particular, shows the effect of construction 
:emperatures upon the number of cracks per 100 ft. The effect of early mornii^ paving 
s also noticeable in the earlier surveys, but tends to level off after one year. It is 
nteresting to note that the section of pavement at Hamburg between Stations 237 and 
255 in the eastbound lanes, where paving was delayed until fall because of a slide condi-
;ion, has a crack pattern quite similar to that at York. The temperatures and condi-
ions under which both sections were placed, were practically identical. 

The crack spacing on both of these projects is somewhat greater than that experienced 
)n other continuous pavements at the same age. Careful observations will be made to 
letermine whether this condition continues. 

The data from the graph have been summarized and condensed in Tables 2 and 3 to 
jhow the average number of cracks per 100 ft for all four lanes and each pavement 
lepth. The average distance between adjacent cracks is also shown. Thus, in a 2-yr 
)eriod all four lanes of the York project have leveled off at an average 15-ft interval 
)etween cracks. Comparatively few new cracks developed in the second year. 

The Hamburg pavement after one year of service likewise has attained a fairly uni-
'orm frequency in all four lanes, with an average crack spacing of approximately 8 ft . 
\n exception to this, of course, is in the eastbound lanes, where a portion of the 9-in. 
>avement was not integral with the continuous pavement until the section between Sta-
ions 237 and 255 was paved. 

CRACK WIDTH 
Two methods have been employed in recording crack widths on both continuous pro-

ects. The microscope was used at first as a matter of necessity before gage equip-
nent was available. After an invar-type gage was obtained, both methods were used 
n order to obtain comparative results. Unless measuring plugs have been installed in 
he pavement prior to the development of any cracking, the invar gage cannot be used 





Figure h. Crack frequency survey, Hamburg project. 
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to record an actual crack width, but it can be used to determine the extent to which 
any crack is opening or closing. Thus, it was necessary to correlate the first invar 
gage reading with a microscope reading taken at the same time. 

The brass plugs installed on a number of cracks within certain areas on both pro­
jects were not set in the pavement until approximately three months after completion 
of paving at Hamburg and one year after completion at York. In the area between Sta­
tions 237 and 255 at Hamburg, which was paved at a later date, brass plugs were plac< 
in the fresh concrete every 10 in. in both eastbound lanes in a 100-ft section between 
Stations 240 and 241. In this way, the resulting cracks had to occur between some of 
the pli^s, and since invar readings were taken twice before any cracking developed, 
a "zero" reading was obtained for a direct comparison with microscope readings. Dal 
obtained thus far from several readings in this area are given in Table 4. Generally, 
the comparative results obtained with these methods vary from good to fair and show 
quite good correlation of average widths. The variations in width range from 0. 001 to 
0.008 in. The authors believe that the microscope is as accurate an instrument as the 
invar gage, but that certain difficulties tend to keep it from being the preferred methoi 
It is very difficult to set the microscope on the exact spot for successive readings, am 
if there is the slightest amount of spalling or chipping of the crack, the reading is af­
fected accordingly. The angle at which the microscope is read makes a slight differ­
ence, thus care must be taken to read the instrument absolutely perpendicularly to the 
crack. The microscope is only capable of reading the surface width, which in reality 
may not be truly indicative of the actual width. Obviously, however, even though the 
invar gage is preferred, care must also be exercised in its use to insure accurate re­
sults. 

T A B L E 2 

C R A C K F R E Q U E N C Y A V E R A G E S ; Y O R K P R O J E C T 

Pavement 
Thickness 

(in.) 

Cracks (no./lOO ft) Crack Spacing (ft) Placing 
Temp. 
(°F) 

Pavement 
Thickness 

(in.) 
21 

Days 
1 

Mo 
6 

Mo 
1% 
Yr 

2 
Yr 

21 
Days 

1 
Mo 

6 
Mo 

1% 
Yr 

2 
Yr 

Placing 
Temp. 
(°F) 

North 
outside 9 0.70 1.93 5.15 7.08 7.16 142.9 51.8 19.4 14.1 14.0 51 

North 
inside 9 2.01 3.60 5.27 6.17 6.32 49.8 27.8 19.0 16.2 15.8 51 

South 
outside 9 1.21 3.14 5.14 6.16 6.32 82.6 31.8 19.5 16.2 15.8 60 

South 
Inside 9 1.81 4.03 5.51 6.83 6.98 55.2 24.8 18.1 14.6 14.3 56 

T A B L E 3 

C R A C K F R E Q U E N C Y A V E R A G E S ; HAMBURG P R O J E C T 

Cracks (no./100 ft.) Crack SpacmK (ft) 
Placing Pavement Placing 

I ^ e Thickness 7 1 6 1 7 1 6 1 Temp. I ^ e 
(in.) Days Mo Mo Yr Days Mo Mo Yr ( F ) 

East 7 5.6 9.4 12.3 16.3 17.9 10.6 8.1 6.1 72 
outside 8„ 5.9 8.5 11.4 13.3 16.9 11.8 8.8 7.5 74 outside 

9* 3.1 3.7 6.4 7.6 32.3 27.1 15.6 13.2 64 
East 7 6.4 8.0 11.1 11.7 15.6 12.5 9.0 8.5 70 

inside 8 3.3 6.6 10.4 11.5 30.3 15.2 9.6 8.6 73 inside 
9» 2.9 4.1 7.8 7.8 34.5 24.4 12.8 12.8 64 

West 7 2.8 7.0 12.4 13.6 35.7 14.3 8.1 7.4 76 
outside 8 4.9 8.4 12.7 14.2 20.4 11.9 7.9 7.0 72 outside 

9 9.3 10.8 12.7 13.1 10.8 9.3 7.9 7.6 80 
West 7 4.5 8.1 11.4 11.6 22.2 12.3 8.8 8.6 

8.6 
84 

inside 8 5.2 8.3 11.5 11.6 19.2 12.0 8.7 
8.6 
8.6 81 inside 

9 5.3 7.6 12.2 12.3 18.9 13.2 8.2 8.1 78 
^ Area between Sta. 237 and 255 excluded. 



(a) Eastbound Outside Lane 

TABLE 4 
COMPARATIVE RESULTS OF MICROSCOPE AND INVAR WIDTH READINGS; HAMBURG PROJECT 

1 Month 2 Months 3 Months 6 Months 1 Year 
Air Air Air Air Air 

Stations Temp. Micro Invar Temp. Micro Invar Temp. Micro Invar Temp. Micro Invar Temp. Micro Invar 
C F ) (in.) (in.) ("F) (in.) (in.) (°F) (in.) (m.) ("F) (m.) (in.) (°F) (in.) (in.) 

240+02.9 54 0. 032 0.037 40 0.048 0.049 42 0. 040 0.061 71 0.008 0.019 78 0. 016 0. 016 
240+19.7 54 0.004 0.006 40 0.004 0.008 42 0.008 0.006 71 0.008 0.006 78 0.020 0. 009 
240+30.4 54 0. 012 0. 012 40 0.012 0. 015 42 0. 012 0.011 71 0.014 0.012 78 0. 008 0. 016 
240+39.6 54 - 0.001 40 0.008 0. Oil 42 0.006 0.009 71 0.004 _ 78 0. 008 0.011 
240+50.S 54 0.004 0.007 40 0. 010 0.008 42 0.008 0.011 71 0.008 0.006 78 0. 008 0. 008 
240+63.0 54 0.004 0.009 40 0.008 0. 012 42 0.004 0 008 71 0.016 0.007 78 0. 010 0.005 
240+69.5 54 - 0. 002 - - _ 42 0.008 0.008 71 0. 006 0. 007 78 0.008 0.009 
240+86. 4 54 0. 012 0.015 40 0. 012 0.021 42 0.020 0. 019 71 0. 010 0. 016 78 0. 012 0. 021 

(b) Eastbound Inside Lane 
240+18.7 46 - 0. 013 34 0. 012 0. 045 _ _ _ 73 0. 012 0.013 78 0.008 0.023 
240+33.9 46 - 0. 015 34 0. 016 0. 021 - - - 73 0.006 0. 012 78 0. 010 0. 019 
240+47.9 46 - 0. 012 34 0. 012 0.016 - - - 73 0.006 0. Oil 78 0. 012 0. 018 
240+70.4 46 - 0.000 34 0.010 0.018 _ _ _ 73 0.008 0. 012 78 0.012 0. 018 
240+86.2 46 - 0.010 34 0.016 - - - - 73 0.008 0. Oil 78 0.012 0. 018 

The core shown in Figure 5 effectively points out the variation in crack width 
throughout the depth of the pavement. Maximum width is observed at the pavement 
surface (top). As the crack progresses through the core, it decreases in width, beii^ 
practically non-existent at the bottom of 
the core. Only by allowing water to pene­
trate through the core does the crack be­
come visible at the bottom. 

Tables 5 and 6 show the average crack 
readings obtained by microscope and gage 
for the Hamburg project. These have 
been averaged from the first 500 ft, the 
middle 400 ft and the end 500 ft of each 
pavement depth in all four lanes, com­
prising a total of 36 test areas. Invar 
gage readings have been obtained from a 
100-ft section within each of these 36 
areas. Average widths for each pave­
ment thickness can be summarized as 
follows: 

Pavement 
Thickness 

(in.) 

Crack Width (in.) 
Microscope Invar Gage 

7 
8 
9 

0. Oil 
0. 010 
0. 012 

0. 015 
0. 014 
0.017 

Corresponding crack width data for the 
York pavement are given in Table 7. 
Average width readings range from 0.015 
to 0. 22 in. and, for the most part, are 
slightly greater than those obtained at 
Hamburg. This is to be expected, inas­
much as the York pavement has the great­
er crack spacing. Figure 5- Pavement core from 

crack on York project. 
typical 



TA] 
MICROSCOPE WIDTH READ 

7-In. Pavement 8; 
Beg. Middle End Beg. 

Pav't. Air Crack Air Crack Air Crack Air Crack 
Age Temp. Width Temp. Width Temp. Width Temp. Width Age 

CF) (in.) CF) (in.) (°F) (in.) ("F) (in.) 

(a) Eastbou 

2 mo. 74 0. 008 67 0. 014 67 0.009 70 0. 009 
3 mo. 86 0. 007 86 0. 009 86 0. 007 86 0.009 
6 mo. 58 0. 009 58 0. 009 54 0.007 64 0. 006 
1 yr 65 0. 010 65 0. 008 65 0. 007 64 0. 008 

yr 58 0.010 58 0. 008 56 0. 009 56 0. 009 
(b) Eastboi] 

2 mo. 88 0. 007 88 0. 007 88 0. 012 88 0. 008 
3 mo. 74 0. 017 74 0. 012 74 0.009 78 0. 008 
6 mo. 36 0. 017 36 0. 015 36 0. 016 40 0. 015 
1 yr 70 0. 006 78 0. 006 78 0. 008 78 0.009 
1V2 yr 50 0. 008 50 0. 012 50 0. 012 60 0. 008 

(c) Westboui 

2 mo. 82 0.008 85 0. 009 88 0. 007 87 0. 006 
3 mo. 80 0. 007 78 0. 007 78 0.007 78 0. 008 
6 mo. 42 0. Oil 56 0. 008 70 0. 009 70 0. 009 
1 yr 88 0.009 88 0.007 81 0. 008 80 0. 007 
1% yr 76 0. 008 76 0. 014 60 0. Oil 65 0. 010 

(d) Westbou 

2 mo. 88 0. 007 88 0. 009 74 0. 008 84 0. 007 
3 mo. 78 0. 007 78 0. 008 78 0.007 82 0. 008 
6 mo. 58 0. 008 58 0. 008 58 0. 012 61 0. 009 
1 yr 87 0. 006 87 0.008 87 0. Oil 87 0. Oil 
1% yr 68 0. 012 82 0. 010 82 0.011 82 0. 010 

End movement on both projects has not been extensive. Measurements have been 
obtained from gage plugs originally installed 10.0 in. apart on each of the finger-type 
joints in each lane. At Hamburg, the original measurement was taken at 82 F; one 
year later, at the same temperature, a %-in. average decrease in length was noted 
at each end. After 1% yr, at 37 F, an increase of % in. at each end was recorded. 
Two subsequent readings from the York project at foirly equal temperatures indicated 
an average increase in length of Vie and /s in., respectively. The readings were taken 
at 15 and 16 months after installation of the plugs. 

EFFECT OF PAVEMENT THICKNESS 
The latest survey indicates a definite relationship between the depth of pavement 

and the resulting crack pattern. The difference was less noticeable between the 7-in. 
and 8-in. pavements than between the 8-in. and 9-in. sections. Table 8 gives the 



HAMBURG PROJECT 

vement 9-In. Pavement 
die End Beg. Middle End 

Crack Air 
Width Temp, 
(in.) (°F) 

Crack 
Width 

(in.) 

Air Crack 
Temp. Width 
(°F) (in.) 

Air Crack 
Temp. Width 
(°F) (in.) 

Air 
Temp. 
(°F) 

Crack 
Width 
(in.) 

side Lane 
0. Oil 70 0. 008 _ _ 80 0. 005 80 0. 007 
0. 007 88 0. 008 - - 86 0. 006 86 0. 010 
0. 010 64 0. 010 - - 47 0. 009 42 0.015 
0. 007 64 0. 006 - - 72 0. 006 72 0. 007 
0. 009 66 0. 010 - - 66 0. Oil 58 0.014 

de Lane 
0. 007 90 0. 008 _ _ 84 0. 007 84 0. 009 
0. Oil 78 0. 008 - - 88 0. 009 - _ 
0. 016 40 0. 015 - - 35 0. 017 39 0. 022 
0. 009 81 0. 008 - - 79 0.012 80 0.011 
0.011 60 0. 009 - - 54 0. 010 55 0. 016 

ide Lane 
- 86 0. 008 86 0. 009 87 0.008 80 0. 007 

0. 008 72 0. 008 78 0. Oil 80 0. 009 80 0. 008 
0. 013 64 0. 014 63 0.013 63 0.010 58 0. 009 
0. 009 80 0. 013 80 0.013 82 0.010 82 0. 008 
0. 010 73 0. Oil 73 0. 013 73 0. Oil 76 0. 008 

ie Lane 
- 74 0. 012 78 0. 008 72 0. 008 80 0. 007 

0. 008 86 0. 013 78 0. 010 68 0.012 74 0. 008 
0. 009 70 0. 008 70 0. 009 68 0. 012 68 0. 009 
0. 007 87 0. 007 91 0, 008 91 0. Oil 91 0. 008 
0. 010 80 0. 009 72 0. Oil 72 0.011 72 0. 013 

average number of cracks found in each pavement thickness comprising all four traffic 
lanes. Further reference is made to Table 3, where a more complete breakdown can 
be found. 

EFFECT OF SUBBASE DEPTH 
At this time, the Hamburg project indicates that an increase in the thickness of 

subbase does not tend to reduce substantially the number of cracks in any particular 
pavement thickness. In fact, on this project, where various depths of subbase material 
were placed, there tend to be fewer cracks in the pavement over the thinner depths 
of subbase. During the placing of the subbase, depth measurements were taken every 
50 ft throughout the entire project. Thirty-four areas of 400- to 500-ft lengths, and of 
contrasting depths, were selected for study. These results are given in Table 9. 

Generally, where subbase is less than 5 in. thick the pattern averages 11.4 cracks 
per 100 ft; where between 5 and 7 in., 12. 5 cracks per 100 ft; and where greater than 
7 in., 12. 7 per 100 ft. 
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T A : 

I N V A R W I D T H R E A D E 

7-In. Pavement 
Middle End Beg. 

Pav't. Air Crack Air Crack Air Crack Air Crack 
Age Temp. Width Temp. Width Temp. Width Temp. Width Age 

(°F) (in.) CF) (in.) (°F) (in.) ("F) (in.) 
(a) Eastboi 

6 mo. 50 0. 013 50 0 . 0 1 4 50 0 . 0 1 8 50 0. 014 
1 yr 65 0. 009 65 0 . 0 1 2 65 0. 016 64 0. 012 
iVa yr 58 0. 013 58 0. 015 58 0. 020 56 0 . 0 1 6 

(b) Eastboi 

6 mo. 36 0. 018 36 0. 018 36 0. 016 40 0. 018 
1 yr 84 0 . 0 1 4 84 0 . 0 1 5 84 0 . 0 1 4 84 0. 016 
\% yr 50 0. 015 50 0. 021 50 0 . 0 1 7 60 0 . 0 1 8 

(c) Westboi 
6 mo. 42 0. 013 70 0. 008 70 0. Oil 72 0 .009 
1 yr 92 0 . 0 1 2 92 0. 008 92 0. 014 92 0 . 0 1 2 
i % y r 76 0 . 0 1 2 76 0. 009 76 0. 015 65 0 . 0 1 3 

(d) Westbo 

6 mo. 58 0. 007 58 0 . 0 1 2 58 0 . 0 1 1 64 0. 010 
1 yr 92 0. 009 92 0 . 0 1 3 92 0. Oil 92 0. Oil 
I'/z yr 68 0 . 0 1 2 68 0 . 0 1 4 68 0. 012 68 0 . 0 1 2 

TABLE 7 
MICROeCOPE WIDTH READINGS, Y O R K PROJECT 

End 
Uuie Pavement 

Age 
Air 

Temp. 
(°F) 

Oracle 
Width 
(in.) 

Air 
Temp. 
C F ) 

Crack 
Width 
(in.) 

Air 
Temp. 

C F ) 

Crack 
Width 

(in.) 

North 
outside 1% yr 

2 yr 
78 
55 

0.018 
0.017 

76 
55 

0.017 
0. 016 

80 
59 

0.023 
0.020 

North 
inside 1% yr 

2 yr 
80 
57 

0.018 
0.023 

82 
56 

0.020 
0. 026 

81 
59 

0.024 
0.019 

South 
outside 1% yr 

2 yr 
76 
60 

0. 024 
0.027 

80 
59 

0. 013 
0.018 

87 
60 

0.012 
0. 015 

South 
inside 1% yr 

2 yr 
78 
60 

0. 015 
0. 021 

84 
59 

0. Oil 
0.012 

85 
60 

0.014 
0.017 
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3AMBURG PROJECT 

Pavement 9-In. Pavement 
ddle End Beg. Middle End 

Crack Air Crack Air Crack Air Crack Air Crack 
. Width Temp. Width Temp. Width Temp. Width Temp. Width 

(in.) (°F) (in.) (°F) (in.) (°F) (in.) (°F) (in.) 
tside Lane 

0. 017 54 0. 020 - _ 52 0.013 52 0. 018 
0. 016 64 0.018 - - 72 0. Oil 72 0. 012 
0.017 56 0. 021 - - 66 0.014 58 0. 023 

lide Lane 
0.016 40 0. 015 _ 35 0 018 42 0. 022 
0. 012 84 0. Oil - - 91 0.010 91 0.018 
0.014 60 0.015 - - 54 0. 020 54 0. 026 

:side Lane 
0. 012 64 0.011 63 0. Oil 63 0. 012 54 0. 008 
0.013 92 0. 012 92 0.012 92 0. 013 92 0. Oil 
0. 014 65 0.013 73 0.013 73 0. 013 76 0.012 

jide Lane 
0. 008 64 0. 008 70 0.010 68 0. 012 68 0. 008 
0. 006 87 0. 009 91 0. 009 91 0. 013 91 0.012 
0.010 68 0.010 72 0.008 72 0. 014 72 0.015 

Pavement Length Total Avg No. Avg Spacmg 
Thickness of Section No. Cracks Cracks/ Between 

(m.) (ft) 100 ft Cracks (ft) 
7 1,999 1,062 13.3 7.7 
8 4,366 2, 209 12.7 8.0 
9 4,441 1,772 10.0 10.6 

WIDTH-TEMPERATURE CURVES T A B L E 8 
E F F E C T O F P A V E M E N T THICKNESS 

Measurements were taken over a 24-
hr period in April 1958 to observe the 
relationship of crack width to tempera­
ture. The internal temperature of the 
pavement ranged from 51 F to 79 F; the 
corresponding air temperature for the 
same period was 38 F to 75 F. The re­
sulting curves are shown in Figure 6. 
Readings were obtained from eleven cracks from each of the westbound lanes in the 
70 in. pavement. Although the data are not of sufficient scope to make any broad con­
clusions, it nevertheless is interesting to note the resulting pattern. The maximum 
crack opening occurs around 6:00 a. m. and for the 12-hr period between 9:00 a. m. 
and 9:00 p. m. there is little change in crack opening. This was characteristic of a 
sunny sprii^ day and it is entirely possible that other factors and conditions would 
produce a different curve. The greater degree of variation observed in the inside lane 
may have resulted from an average 10-deg higher placing temperature over the out­
side lane. An extension of these observations over a 1-yr period covering all t3^es 
of weather conditions would no doubt provide much interesting information. 

PAVEMENT REPAIR, HAMBURG PROJECT 
Shortly following the completion of the Hamburg project, generally within three 
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EFFECT OF SUBBASE THICKNESS 

months , i t became evident that a number 
of c r a c k s w e r e becoming unusual ly w i d e 
and w e r e se r ious enough i n na ture to 
w a r r a n t c a r e f u l obse rva t ion . W i t h the 
approach of co lde r weather the c r acks 
assumed much w i d e r p r o p o r t i o n s , some 
of t h e m approaching 74 t o % i n , , mea ­
s u r e d at the su r f ace ( F i g . 7 ) . A number 
of these c r a c k s developed i n sca t t e red 
loca t ions throughout the p r o j e c t , and i n 
the f a l l of 1957 a s m a l l - s c a l e i n v e s t i g a ­
t i o n was conducted, cons i s t i ng o f the r e ­
m o v a l of s e v e r a l cores a t these p a r t i c u ­
l a r c r a c k s . The r e s u l t s of t h i s s u r v e y 
ind ica ted that i n some loca t ions the bar 
ma t r e i n f o r c e m e n t had not been lapped 
s u f f i c i e n t l y (2) . 

I n the s p r i n g of 1958 a f u l l - s c a l e s tudy 
was made of 15 such a reas , i n v o l v i n g the 
r e m o v a l of a sec t ion of concre te a p p r o x i ­
m a t e l y 6 i n . i n w i d t h and 4 f t i n length 
a t the ecfee of the pavement at each c r a c k 
l oca t i on . The pavement was r e m o v e d 
on ly to the depth of the r e i n f o r c i n g s t ee l . 
The s tudy r e v e a l e d tha t a t t h r ee loca t ions 
t he re was a d e f i n i t e l ack of r e i n f o r c i n g 
o v e r l a p . The ba r mats w e r e r e q u i r e d 
to be over lapped 12 i n . , but f a i l e d to 
meet by % i n . a t Sta. 228 + 85, by ^ % 
i n . a t Sta. 254 + 46 ( F i g . 8), and up to 
12 i n . a t Sta. 269 + 93. Of the r e m a i n i n g 
twe lve c r a c k s , two w e r e found to occur 
somewhere i n the m i d s e c t i o n of the bar 
m a t . For tuna te ly , these c r a c k s w e r e 
f a r less se r ious i n na ture and w i l l p robab ly o f f e r no f u r t h e r d i f f i c u l t y . The average 
lap of s t ee l i n the r e m a i n i n g ten a reas was 1% i n . , r ang ing f r o m 3 to 11 i n . A t y p i c a l 
s i t ua t ion i s shown i n F igu re 9, w h e r e the lap was found t o be 8 i n . 

I t i s perhaps s i g n i f i c a n t , that 67 percen t of the s e r i ous c r a c k i n g o c c u r r e d i n the 
westbound lanes , and a t o t a l of 73 percen t of the c r a c k i n g was i n the 9 - i n . pavement . 
The c r a c k loca t ions a r e shown i n F i g u r e 10. A l though i t may be poss ib le to a t t r i b u t e 
the excessive c r a c k i n g i n the westbound 9 - i n . pavement t o the e x t r e m e l y h igh t e m ­
pe ra tu re s d u r i n g w h i c h i t was placed, i t i s gene ra l l y be l ieved that the c r a c k i n g i n t h i s 
a r ea was induced b y the same f a c t o r w h i c h caused the c r a c k i n g throughout the p r o ­
jec t—namely , i m p r o p e r o v e r l a p . Some thought was g iven to the be l i e f tha t s t r i k e - o f f 
and f i n i s h i n g equipment m i g h t have dragged these bar mats f o r w a r d , but s e v e r a l i n ­
ves t iga t ions 16 f t beyond a c r a c k i n the d i r e c t i o n of pav ing c l e a r l y ind ica ted no double 
length o f o v e r l a p , as m i g h t have been expected. The spec i f i ca t ions and p roposa l c o v e r ­
i n g t h i s p r o j e c t d i d not r e q u i r e the b a r mats to be t i e d . I t i s now apparent tha t t h i s 
r e q u i r e m e n t should have been spec i f i ed , and c e r t a i n l y should be w r i t t e n in to f u t u r e 
con t rac t s i n v o l v i n g c o n t i n u o u s l y - r e i n f o r c e d pavements . 

A f t e r d e t e r m i n i n g the cause of the c r a c k i n g , a r r angemen t s w e r e made to r e p a i r 
these a r ea s . I t was essen t ia l that t h i s w o r k be p e r f o r m e d c a r e f u l l y ; to i n su re o p t i m u m 
r e s u l t s , spec i f i ca t ions w e r e w r i t t e n c o v e r i n g eve ry d e t a i l of the ope ra t ion . These 
concre te pavement r e p a i r s , w i t h i n the a reas designated, cons i s ted of r e m o v a l of the 
e x i s t i n g pavement , r e s t o r a t i o n of the con t inu i ty of the long i tud ina l r e i n f o r c i n g s tee l , 
and rep lacement of the pavement w i t h h igh e a r l y s t r eng th cement concre te . A l l w o r k 
was done i n accordance w i t h the r equ i r emen t s of the paving sec t ion of the Depar tmen t ' s 
Spec i f i ca t ions , F o r m 408, w i t h add i t i ona l spec ia l r e q u i r e m e n t s . 

Pavement Subbase 
Thickness I^ne Thickness Number of Cracks 

(in.) (in.) Cracks per 100 ft 
7 Eastbound 8.5 69 13.80 

outside 8.0 73 18.25 
6.5 82 16.40 

Eastbound 7.5 51 10. 20 
inside 8.0 57 14.25 

7.5 55 11.00 
Westbound 7.6 55 11.00 

outside 8.0 55 13. 75 
7.9 76 15. 20 

Westbound 5.0 47 9.40 
inside 6.0 50 12. 50 

7.5 60 12.00 
8 Eastbound 6.5 66 13. 20 

outside 8.5 49 12. 25 
4.0 56 11.20 

Eastbound 6.5 55 11.00 
inside 8.0 48 12. 00 

3.0 58 11.60 
Westbound 9.0 64 12.80 

outside 4.0 62 15. 50 
7.5 66 13.20 

Westbound 7.5 51 10. 20 
inside 4.0 47 11.75 

7.0 54 10. 80 
9 Eastbound 4.5 39 9.75 

outside 8.0 23 4.60* 
Eastbound 3.5 44 11.00 

inside 9.0 28 5.60* 
Westbound 8.0 59 11.80 

outside 8.0 59 14.75 
4.0 56 11.20 

Westbound 7.0 68 13.60 
inside 7.5 41 10.25 

4.5 45 9.00 
Paved in October. 
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F i g u r e 6. Hourly changes i n c r a c k w i d t h s . 
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BERKS COUNTY 

STA. 

F i g u r e 7- T y p i c a l wide c r a c k . 

F i g u r e 8. Gap i n r e i n f o r c i n g b a r s . 
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Thirteen such areas to be repaired were located as follows: eastbound outside lane, 
Sta. 222 + 46 and 245 + 56; eastbound inside lane, Sta. 201 + 79 and 255 + 09; westbound 
outside lane, Sta. 186 + 94, 233 + 51, 247 + 92, 254 + 46, 267 + 96, and 269 + 93; west­
bound inside lane, Sta. 228 + 85, 259 + 46, and 264 + 49. 

Materials 
Concrete was designed, proportioned and mixed in accordance with Department 

Specifications, and Type D, high early strength, air-entraining portland cement was 
required. Aggregates were from the same source and of the same quality as those 
used in the original pavement. Steel reinforcement identical with that in the existing 
pavement was required. 
Repair Procedure 

Throughout the patching operation traffic was diverted from both lanes of one side, 
so that all repairs on one side could be completed at the same time. Traffic flow was 
then reversed, allowing repairs to be made on the opposite side. 

The pavement repairs were performed by the contractor between September 8 and 
September 29, 1958. The weather was quite favorable for the replacement of the nine 
areas on the westbound lanes, and there were wide fluctuations in temperature while 
four patches in the eastbound lanes were being made. 

Figure 9. S t e e l bars lapped 8 i n . 
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Figure 10. Location of c r a c k s , Hamburg p r o j e c t . 
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The areas of concrete to be removed in making the pavement repairs were a minimum 
of 6 ft in length for a full lane width (12 ft). Generally, concrete had to be removed 
for a distance of at least 3 ft on each side of the abnormal transverse cracks. In no 
instance could the patch terminate within 4 ft of any existing normal crack. The patches 
could be shifted slightly to avoid adjacent cracks or, if this were not possible, they 
were lengthened to include adjacent cracks. 

The pavement was cut with a saw to a depth of 2 in. at both ends of each patch to 
form a neat joint at the junction of old and new concrete. A saw cut to a depth sufficient 
to cut through the steel reinforcing bars was required at a distance of 21 in. from each 
end of the patches (see Fig. 11). The portion of concrete and steel in the center of the 
patch could then be removed without disturbing the existing concrete and steel at the 
ends of the patches. The remainder of the concrete was then broken away from the 
steel bars with extreme care. All chipping and breaking of concrete was accomplished 
with pneumatic air hammers. This was a slow process, requiring care to prevent 
damaging the steel. This was difficult to do, and in several patches in the westbound 
lanes an occasional bar was broken. It was not believed however, that this damage 
would measurably affect the performance of the reinforcing steel. All broken pieces 
were butt-welded in place. 

In forming the joints at the ends of the patches, the vertical face of the pavement 
below each sawed edge was carefully broken to prevent undercutting the joint and was 
sloped slightly inward toward the center of the patch. It was not possible to slope the 
vertical edges toward the center of the patch as much as desired, but the resulting ,j 
joint was quite irregular below the 2-in. saw cut and provided good aggregate interlock 
with the new concrete. 

Special sut^rade material (subbase) wherever disturbed was restored to its original 
condition and proper grade with stone screenings. 

Reinforcing steel was brushed free of excessive rust and placed and welded in ac­
cordance with the specifications (Fig. 12). Extensive laboratory tests were conducted 
prior to the selection of this particular method to insure that the steel would not be 

F i g u r e 11. Sawing concrete to be removed. 
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greatly weakened by welding. The ultimate stress was above the yield point of the 
steel in all of the specimens tested; however, the results obtained with this particular 
method were superior to all others. In repairing the steel, No. 5 deformed steel bars 
of the same quality as the existing steel were required for splicing and of sufficient 
length to provide an 18-in. overlap at both ends. The splice bars were placed against 
the existing protruding steel and positioned longitudinally to provide a 3-in. clearance 
between the ends of the bars and the joints at the ends of the patch. The steel was 
welded at the center of the lap with a y 2 - i n . bead, on one side only, for a length of 
5 in., using General Electric W-616-A %2-in. diameter electrodes. No. 3 transverse 
bars were placed and tied to the longitudinal bars in accordance with the pattern of the 
original bar mats. 

It was specified that aggregates be stocked on or near the job site and stored and 
handled in accordance with methods required by the Department Specifications. Use 
of approved portable scales for batching aggregates was permitted and bagged cement 
was specified. Mixing was accomplished at the job site using a mixer of at least 14-S 
capacity. Use of ready-mixed concrete was not approved. 

Prior to placing the concrete, both edges of each patch were painted with an epoxy 
resin adhesive. The concrete mix was designed at l A - i n . slump and 3. 0 percent air. 
Proportioning was accomplished with portable scales on the job site using aggregates 
stocked at each patch area. A 14-S paver was used to mix the concrete, which was 
wheeled to the patch in hand buggies. The average slump obtained was 1% in. and air 
entrainment averaged 4. 2 percent. A vibrator was used to insure good placement of 
concrete around the steel, and the usual finishing practices were followed. A com­
pleted patch is shown in Figure 13. 

A coat of an epoxy resin sealer was sprayed on the surface of the patches to delay 
the loss of moisture, and curing was effected with a blanket of straw between double 
layers of saturated burlap. Flexural beams, cast at the time the concrete was placed, 
were cured in the same manner as the concrete and tested in accordance with Depart­
ment procedure. The concrete was cured for five days, at which time flexural strength 

Figure 12. Patch ready f o r r e p l a c i n g concrete. 
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F i g u r e 13. CcMpleted p a t c h . 

developed to 615 p s i f o r patches p laced i n the westbound lanes and to 700 p s i f o r patches 
i n the eastbound lanes . A l l t r a f f i c was excluded f r o m the patches f o r the f u l l c u r i n g 
p e r i o d . 

A wide con t ra s t ex i s t ed between the separate lanes w i t h r espec t to v a r i a t i o n s i n 
a i r t e m p e r a t u r e s . W h i l e the westbound lanes w e r e being p laced and cured , t e m p e r a ­
tu re s w e r e m i l d and f l uc tua t ed w i t h i n a range of 10 to 15 deg. A s a r e s u l t , an exce l len t 
r e p a i r was made and a f t e r two months of obse rva t ion no c r acks had developed. T h e r e 
w e r e , however , m i c r o s c o p i c , s u p e r f i c i a l c r acks a t the j o in t s whe re the m o r t a r was 
b rushed onto the o l d pavement . D u r i n g the p l a c i n g o f the concre te i n the eastbound 
lanes g r ea t e r v a r i a t i o n s i n t empe ra tu r e s o c c u r r e d , the m a x i m u m approaching 35 deg. 
T h i s had a de f in i t e in f luence on the patches be ing placed, as evidenced by the f o r m a t i o n 
of l ong i tud ina l c r acks a t Sta. 201 + 79 2*72 h r a f t e r being p laced . These w e r e on the 
outside edge and w e r e i m m e d i a t e l y above the s t ee l b a r s . T h i s p o r t i o n of the patch was 
r e m o v e d down to the s t ee l and r ep laced again, a f t e r w h i c h no f u r t h e r l ong i tud ina l 
c r a c k i n g appeared. The wide v a r i a t i o n i n t empera tu re s f u r t h e r a f f e c t e d the eastbound 
lane patches by i n t r o d u c i n g a t r a n s v e r s e c r a c k i n the cen te r o f each pa tch . C r a c k s 
w h i c h developed i n the patches p laced i n the a f t e rnoon a r e not as obvious as those i n the 
patches p laced i n the m o r n i n g . I t i s evident tha t as the t e m p e r a t u r e d i f f e r e n t i a l d i m i n ­
i shed the magnitude of the c r a c k a l so lessened. 

M i c r o s c o p e readings of the t i n y c r acks a t the j o i n t s o f the patches on the westbound 
lanes ind ica ted a range of f r o m 0.002 to 0.012 i n . The t r a n s v e r s e c r a c k s appear ing 
i n a l l f o u r patches i n the eastbound lanes ranged f r o m 0.020 i n . a t Sta. 201 + 79 down 
to 0. 008 i n . a t Sta. 255 + 09. 

C a r e f u l w o r k m a n s h i p and c lose observance o f the spec i f i ca t ions w r i t t e n f o r t h i s 
w o r k r e s u l t e d i n neat patches b lending in to the ex i s t i ng pavement w i t h a m i n i m u m of 
con t ra s t . Use of the epoxy r e s i n adhesive helped t o some extent i n bonding the c o n ­
c r e t e . I t was encouraging to note the absence of any c r acks i n patches p laced under 
f avo rab l e weather cond i t ions . The c r acks tha t d i d occur w e r e expected, and a r e c e r ­
t a i n l y a t remendous i m p r o v e m e n t o v e r the p r ev ious ones. They a r e w i t h i n the range 
o f the o the r n o r m a l c r a c k i n g on the p r o j e c t , and shou ld o f f e r no f u r t h e r t r o u b l e . I t 
appears tha t a reas of f a i l u r e on a c o n t i n u o u s l y - r e i n f o r c e d pavement have been r e p a i r e d 
s u c c e s s f u l l y . 

S U M M A R Y 

The t w o continuous pavements p laced i n Pennsylvania under d i f f e r e n t weather c o n ­
d i t ions i n opposite seasons of the year r eac ted qu i te d i f f e r e n t l y w i t h respec t to c r a c k 
pa t t e rns . 

The dis tance between c r acks i s somewhat g r ea t e r than tha t exper ienced i n o ther 
continuous pavements a t the same age. A v e r a g e c r a c k wid ths at Y o r k a r e s l i g h t l y 
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g rea t e r than those obtained a t H a m b u r g ; co r re spond ing ly , the Y o r k pavement has the 
g rea t e r c r a c k spacing . 

The c r a c k pa t t e rn i s f o r m e d e a r l y i n the pavement l i f e by concrete shr inkage and 
s t resses caused by the s t ee l . T r a f f i c has appa ren t ly had l i t t l e e f f e c t i n caus ing a d ­
d i t i o n a l c r a c k s to f o r m on these two p r o j e c t s . 

Data f r o m the Hamburg p r o j e c t indica te tha t when the percentage of s t ee l i s kep t 
constant the re i s a s l i g h t decrease i n c r a c k i n g as the pavement th ickness v a r i e s f r o m 
7 to 9 i n . A n increase i n the depth of subbase m a t e r i a l d i d not a c tua l l y reduce the 
number o f c r acks i n the H a m b u r g pavement . 
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Discussion 

B E N G T F . FRIBERG, Consu l t ing Engineer , St. L o u i s , M i s s o u r i - The f o u r e x p e r i ­
men ta l c o n t i n u o u s l y - r e i n f o r c e d 2 4 - f t pavements i n Pennsylvania ( two on the Y o r k p r o ­
j ec t each 11 , 559 f t long, paved September-October 1956, and t w o on the H a m b u r g 
p r o j e c t each 10, 806 f t long paved d u r i n g M a y and June 1957, except f o r one gap of 
1,795 f t w h i c h was paved i n October 1957) a r e an i n t e r e s t i n g and i n f o r m a t i v e add i t i on 
to e a r l i e r e x p e r i m e n t a l p r o j e c t s of the type . The subs tan t ia l mi leage and v a r i e d sea­
sonal cons t ruc t ion condi t ions , f r o m May t o October , g ive f a i r l y r epresen ta t ive sea­
sonal f l u c t u a t i o n to the data f o r 0. 5 pe rcen t l ong i tud ina l s t ee l . The c lose r e l a t i o n be ­
tween cons t ruc t ion a i r t e m p e r a t u r e and t r a n s v e r s e c r a c k i n g d u r i n g the f i r s t year i s 
c l e a r l y i l l u s t r a t e d . The f r e q u e n c y a t one year v a r i e d f r o m a l ow of 5 c r a c k s pe r 100 
f t f o r pavement p laced between 48 and 56 F , to m o r e than 15 c r acks pe r 100 f t f o r c o n ­
s t r u c t i o n above 85 F , a i r t e m p e r a t u r e . C o n s i d e r i n g both the Y o r k and H a m b u r g p r o ­
j ec t s , the c r a c k i n g pe r 100 f t a t one yea r age averaged 5 to 6 c r acks i n pavement 
p laced below 60 F , about 10 c r acks f o r 70 F , and about 14 c r a c k s f o r ove r 80 F c o n ­
s t r u c t i o n a i r t e m p e r a t u r e . 

The au thors should be c o m p l i m e n t e d on t h e i r c a r e f u l c o m p a r i s o n of c r a c k w i d t h 
measurements w i t h m ic ro scope and w i t h i n v a r gage. The mic roscope apparen t ly i n ­
c luded a glass w i t h etched sca le showing 1 - m m (0. 0 4 - i n . ) d i v i s i o n s , r e ad to Vio d i ­
v i s i o n ; the i n v a r gage was a d i r e c t - r e a d i n g d ia l -equ ipped gage, r e a d i n ywoo i n . The 
average d i f f e r e n c e i n r ead ing 0.004 i n . , o r Vio d i v i s i o n on the m i c r o s c o p e , shows good 
agreement under the c i r cums tances , w i t h the i n v a r gage read ing by f a r the m o r e a c c u ­
ra te measurement . Given a s i i f f i c i e n t l y c lose r ead ing mic roscope , such i n s t rumen t s 
should g ive usable measurements , as s ta ted by the au thor s . 

The p a r t i c u l a r s t r e t c h on the Hamburg p r o j e c t (Table 4) w i t h i n v a r gage plugs p laced 
at t i m e of cons t ruc t ion was b u i l t i n October 1957 a t an app rox ima te a i r t e m p e r a t u r e o f 
50 to 60 F . A f t e r the concre te c r a c k s , some w a r p i n g should n o r m a l l y develop a t the 
c r a c k s , e spec ia l ly a t e a r l y age i n d r y i n g concre te . The i n v a r gage measured changes 
of a 1 0 - i n . l ength % i n . below the concre te s u r f a c e . The measurements inc lude an 
i n c r e m e n t of w i d t h due to slopes of the w a r p e d concre te . R e f e r r i i ^ to measurements 
of c r a c k wid ths (Table 4) f o r the eastbound outs ide lane, i n w h i c h a l l c r a c k s f r o m Sta. 
241 to 242 w e r e apparen t ly measured , the average c r a c k w i d t h a t 1 month o f 0. O i l i n . 
a t 54 F a i r t empe ra tu r e i s p robab ly to a subs tan t ia l extent w a r p i n g , w i t h the c r a c k 
w i d t h a t the bo t tom much s m a l l e r . I n la te f a l l w a r p i n g w o u l d n o r m a l l y decrease, ap ­
parent as an i n c r e m e n t a l decrease i n c r a c k wid ths measured at the su r f ace , but c r a c k 
widen ing i s p robab ly not obscured by c o m p r e s s i o n r e s t r a i n t a c ros s the c r a c k s . D u r i n g 
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that season between 1 - and 3 -month age the t o t a l c r a c k w i d t h p e r 100 f t (Table 4) 
changed f r o m 0.089 i n . a t 54 F t o 0.133 i n . a t 42 F . L a c k i n g concre te t e m p e r a t u r e s , 
no c lose c o m p a r i s o n can be made between observed and t h e o r e t i c a l c r a c k w i d t h ; how­
ever , i f the a i r t empera tu re s a re cons idered equal to concrete t empera tu re s , the ob­
s e r v e d changes i n c r a c k w i d t h a r e about 75 pe rcen t of the t h e o r e t i c a l c o n t r a c t i o n . M o s t 
o f the observed con t r ac t i on took place a t one o r two of eight c r acks observed . The 
measurements i n Tab le 4 a t 6 months 71 F, and 1 year 78 F , undoubtedly w e r e made 
when the pavement was i n compres s ive r e s t r a i n t . The data show that c r acks do w i d e n 
d u r i n g the c o l d season. 

The f o r e g o i n g observa t ions a r e i n a c c o r d w i t h t h e o r e t i c a l s tudies *, w h i c h show ( f o r 
0. 5 pe rcen t r e i n f o r c e m e n t , n = 7) tha t a c r a c k w i d t h 75 pe rcen t of t h e o r e t i c a l w o u l d 
co r r e spond to about 0. 09 r a t i o between ac t ive bond length and c r a c k spacing, o r about 
13 i n . on each side of the 8 c r acks a t 3 months , w h i c h ( F i g . 11 of the r e f e r ence ) w o u l d 
co r r e spond to a s t ee l s t r e s s i n c r e m e n t of about 1, 300 p s i per deg t empe ra tu r e d rop , 
and a concre te s t r e s s of 6 p s i p e r deg some 16, 000 and 70 p s i , r e spec t i ve ly , f o r the 
t e m p e r a t u r e d r o p f r o m 54 to 42 F . 

Excep t iona l ly p redominan t changes i n w i d t h of some c r a c k s a r e poss ib ly m o r e i n d i c a ­
t i v e of ac tua l tens ion r e s t r a i n t s than average c r a c k wid ths , g iven i n Tables 5, 6, and 
7. F r i c t i o n a l s u l ^ r a d e d r a g between c r acks i s v e r y s m a l l ; f o r c e s a t ad jacent c r acks 
t h e r e f o r e mus t balance each other subs tan t i a l ly . A wide c r a c k indica tes a l ow r a t e o f 
bond development w i t h s l i p , and poss ib ly bond f a i l u r e , a t that c r a c k ; adjacent e f f e c t i v e ­
l y t i e d c r acks cou ld then not be expected to change apprec iab ly i n w i d t h because of the 
r e l a t i v e l y l ow r e s t r a i n t f o r c e necessary at those c r a c k s . Tha t l a r g e v a r i a t i o n s have 
o c c u r r e d i s ind ica ted i n the t ex t , and by the r e p o r t s of f a i l e d c r a c k s . The average 
c r a c k wid ths i n Tab le 7. f o r the Y o r k p r o j e c t , p laced i n September-October , have been 
measured a t o r above cons t ruc t i on t e m p e r a t u r e s , w i t h the pavement undoubtedly i n 
compres s ive r e s t r a i n t except near the ends. Under compres s ive r e s t r a i n t average 
c r a c k wid ths w o u l d not be expected t o show subs tan t ia l w i d t h v a r i a t i o n , except as c o n ­
nected w i t h changes i n w a r p i n g . 

The au thors ' gage measurements o f c r a c k wid ths d u r i n g a 24 -h r p e r i o d of sunny 
A p r i l wea ther on the 7 - i n . westbound lanes ( F i g . 6) t h r o w i n t e r e s t i n g l i g h t on pave­
ment r e s t r a i n t condi t ions . The s t a t ion cove red i s f a r f r o m any end, but an open c r a c k 
had been d i s cove red i n the outside lane 94 f t east of the end of the outs ide lane s t a t ion . 
In the ins ide lane 11 c r acks w e r e measured out of 13 to 15 c r a c k s ; i n the outs ide lane, 
11 of 12 c r acks ind ica ted i n F i g u r e 4 . In F igu re 14 the measu red changes i n c r a c k 
w i d t h to ta led f o r the 100 f t of each lane a r e p lo t t ed i n r e l a t i o n to t i m e , as i s the c o n ­
c re te t e m p e r a t u r e . The c r a c k s show no s i g n i f i c a n t change i n su r f ace w i d t h f r o m 9:30 
a. m . a t 55 F i n t e r n a l (assumed to be average) t e m p e r a t u r e to 10 p . m , a t 65 F . F r o m 
that t i m e t i l l 6:00 a. m . the s u r f a c e w i d t h increases at a f a i r l y even r a t e , less i n the 
outs ide than ins ide lane . F i g u r e 15 shows the measured f l u c t u a t i o n i n w i d t h of i n d i v i d u a l 
c r a c k s . Near the wes t end measured changes a r e n e a r l y a l i k e i n both lanes; the d i f ­
f e r ence between the lanes i s the r e s u l t of decreas ing change i n w i d t h of c r a c k s t o w a r d 
the east end of the outs ide lane, about 100 f t f r o m the c r a c k a t w h i c h s t ee l bond a p ­
p a r e n t l y had f a i l e d . 

F o r sunny A p r i l wea ther n o r m a l t e m p e r a t u r e grad ien ts cou ld be expected to r e a c h 
3 F pe r i n . depth d u r i n g the fo renoon , m a x i m u m near noon, and r e v e r s e d 1 F pe r i n . 
d u r i n g the evening hou r s . A p p r o x i m a t e values of top and bo t t om t empera tu re s ac ­
c o r d i n g l y a r e e s t ima ted to have been a t 9:30 a. m . about 62 and 48 F , a t 10 p . m . 62 
and 70 F , r e s p e c t i v e l y . The p e r i o d d u r i n g w h i c h no change i n c r a c k s u r f a c e w i d t h was 
observed a c c o r d i n g l y cor responded to above 62 F app rox ima te su r f ace t e m p e r a t u r e , 
both a t 9:30 a. m . and 10 p . m . Above about 62 F su r f ace t e m p e r a t u r e apparen t ly the 
su r f ace o f the pavement was i n compres s ive r e s t r a i n t ac ross the c r a c k s , and obv ious ly 
w i thou t measurab le change i n c r a c k w i d t h . The concrete s u r f k c e p robab ly reached a 
t e m p e r a t u r e near 80 F , and the concre te r e s t r a i n t compres s ion a t the su r f ace may 

* F r i b e r g , B . F . , " F r i c t i o n a l Resis tance under Concre te Pavements and R e s t r a i n t 
Stresses i n Long R e i n f o r c e d S l a b s . " H R B P r o c . , 33:167 (1954). 
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Figure Concrete temperature and surface-width fluctuation of cracks i n 100 f t of 
7-ln. pavement 9 months old during 7L\ hr of April weather. 
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Figure 15. Total fluctuation i n surface width of each crack between Stas. 185 and I86 
during the 2lj-hr period. A wide crack existed in the outside lane at Sta. l86+9l(-. 

w e l l have exceeded 300 p s i . D u r i n g the hours of r e s t r a i n t the c o m p r e s s i o n s t r e s s 
s t r a i n compensated f o r m o s t expansion due t o t e m p e r a t u r e g rad i en t t h r o u g h the s lab , 
p robab ly wi thou t not iceable c u r l i n g . 

D u r i n g the n igh t , f r o m 10 p . m . w i t h 62 F at the su r f ace and n e a r l y 70 F a t the b o t ­
t o m , t o 6 a . m . w i t h s l i g h t l y under 50 F a t the top and about 55 F a t the b o t t o m , c r a c k 
widen ing obv ious ly cou ld occur a t the s u r f a c e ; however , near the bo t t om c o m p r e s s i v e 
r e s t r a i n t cou ld have p e r s i s t e d much l a t e r than 10 p . m . The s u r f a c e w i d e n i n g m e a ­
s u r e d a f t e r 10 p . m . , d u r i n g the e a r l y p a r t of the n igh t p e r i o d a t leas t , cou ld be due 
to slope change inc iden t t o c u r l i n g , r a t h e r than to u n i f o r m c r a c k w i d e n i n g . The c r a c k 
widen ing measured between 3 and 6 a. m . seems t o have o c c u r r e d a t a g r ea t e r r a t e 
of change i n the ins ide lane, no t much less than tha t co r r e spond ing to u n r e s t r a i n e d 
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con t r ac t i on , o r about 0. 005 i n . p e r degree . The explanat ion cou ld be that a f t e r 3 a. m . 
the re was no compres s ive r e s t r a i n t l e f t anywhere ac ross the c racks (concrete t e m ­
p e r a t u r e a t bo t tom 60 F o r less ) ; c r a c k w iden ing i n the f u l l y r e s t r a i n e d ins ide lane 
f o l l o w e d n o r m a l development , w i t h s t ee l i n tens ion s t r a i n at c r acks e longat ing n e a r l y 
equal t o the t e m p e r a t u r e con t r ac t i on , 

la the outs ide lane, on the o ther hand, r e l a t i v e l y f r e e movement a t a w ide c r a c k 
100 f t away preven ted f u l l r e s t r a i n t because tens ion was l i m i t e d to tha t caused by f r i c -
t i o n a l subgrade d r a g under s lab po r t i ons to the wide c r ack , and as a r e s u l t s l ab d i s ­
p lacement cou ld have o c c u r r e d near the east end i n that lane as con t r ac t i on t o w a r d the 
wes t r a t h e r than as c r a c k widen ing . Near the wes t end, m o r e than 170 f t f r o m the 
wide c r a c k , tens ion r e s t r a i n t condi t ions w e r e apparen t ly n e a r l y a l i k e i n both lanes, 
as i s ind ica ted by equal changes i n i n d i v i d u a l c r a c k wid ths i n the two lanes. The i n t e ­
g ra t ed d i f f e r e n c e s i n movement between the t w o lanes i s on ly about 0.015 i n . ( F i g . 15). 
The f r i c t i o n f o r c e s , a c c o r d i n g l y , cou ld not be v e r y l a rge , j u s t as the tens ion r e s t r a i n t 
f o r c e s i n the s t ee l a t c r a c k s p robab ly w o u l d not be l a r g e f o r the modest t e m p e r a t u r e 
d r o p . 

The measurements between 6 and 9 a. m . show f a i r l y w e l l that c u r l i n g had a m a j o r 
in f luence on w i d t h measurements . The t empe ra tu r e s p robab ly changed f r o m about 
50 F top and 55 F bo t tom a t 6 a, m , to about 60 F top and 50 F bo t tom at 9 a . m . , w i t h 
l i t t l e change i n average t e m p e r a t u r e , ye t the c r a c k measurements changed f r o m m a x i ­
m u m w i d t h t o n e a r l y the constant value i nd i ca t i ng r e s t r a i n t a t the su r f ace i n tha t s h o r t 
i n t e r v a l . A l though the f o r e g o i n g explanat ion i s hypothe t ica l on many po in t s , i t i s not 
con t r ad i c t ed by the measurements , and p rov ides explanat ion f o r observat ions w h i c h 
m i g h t not o the rwise be expla ined . 

T h i s d i scuss ion i s intended t o show deductions w h i c h can be suggested f r o m the 
c a r e f u l r e s e a r c h done by the au tho r s . The au thors should be c o m p l i m e n t e d h igh ly f o r 
t h e i r e n t e r p r i s i n g and ob jec t ive p u r s u i t of obse rva t ions , w h i c h can be expected u l t i ­
m a t e l y to exp la in adequately the behavior o f c o n t i n u o u s l y - r e i n f o r c e d pavements . I t 
i s hoped tha t the r ep resen ta t ive d a i l y cyc les of c r a c k measurements may be extended 
to l o w e r t e m p e r a t u r e s , and t o inc lude measurements of t e m p e r a t u r e g rad ien t s and 
c u r l i n g slope changes a t the c r a c k s . 



Observations on the Behavior of Continuously-
Reinforced Concrete Pavements in Pennsylvania 
I . J . T A Y L O R and W . J . E N E Y , F r i t z Eng inee r ing L a b o r a t o r y , 
L e h i g h U n i v e r s i t y , Be th lehem, Pa. 

T h i s paper s u m m a r i z e s the r e su l t s of th ree years of spon­
s o r e d r e s e a r c h on c o n t i n u o u s l y - r e i n f o r c e d concre te pave­
ments as conducted by the F r i t z Eng inee r ing L a b o r a t o r y 
of L e h i g h U n i v e r s i t y . 

Tes t data and conclusions based on i n s t r u m e n t a t i o n , 
p h y s i c a l measurements , and observat ions of two c u r r e n t 
pavement p r o j e c t s a r e r ev i ewed , and a genera l p a t t e r n of 
behav ior f o r continuous pavements i s es tabl ished. 

Some of the weaknesses found i n e x i s t i n g pavements a r e 
desc r ibed and g iven cons ide ra t ion i n suggestions f o r design 
and cons t ruc t i on i m p r o v e m e n t s i n continuous pavements . 

• T H E FIRST c o n t i n u o u s l y - r e i n f o r c e d concre te pavement i n Pennsylvania was c o n ­
s t r u c t e d i n October 1956, and a second pavement was comple ted i n Ju ly 1957. The 
cons t ruc t ion de ta i l s , i n s t r u m e n t i n s t a l l a t i ons , and e a r l y behavior of these t es t pave­
ments have been d e s c r i b e d i n e a r l i e r r e p o r t s {1, 2 ) . 

T h r o u g h the j o i n t e f f o r t s of the T e s t i n g L a b o r a t o r y of the Pennsylvania Depar tmen t 
of Highways and the F r i t z Eng inee r ing L a b o r a t o r y of L e h i g h U n i v e r s i t y , a cons iderable 
amount of i n f o r m a t i o n has been obtained f r o m these p r o j e c t s . M u c h of t h i s i s i n the 
f o r m of data co l l ec t ed p e r i o d i c a l l y by p h y s i c a l measurements at the pavement su r f ace , 
and e l ec t ron ic i n s t r u m e n t readings taken f r o m t r ansduce r s w i t h i n the concre te , the 
g r a n u l a r base course , and the suppor t ing s o i l . 

A t r e g u l a r 30-day i n t e r v a l s d u r i n g the 26 months f r o m October 1956 to November 
1958, gage data have been co l l ec t ed f r o m a s ingle i n s t r u m e n t e d t es t sec t ion i n the 
pavement cons t ruc ted i n 1956. The same schedule of data c o l l e c t i o n has been m a i n ­
ta ined f o r 16 months on the second pavement , whe re f o u r i n s t r u m e n t e d tes t sect ions 
a r e under obse rva t ion . W i t h each t es t sec t ion p r o v i d i n g 40 gage read ings , a p p r c K i -
m a t e l y 3 ,600 separate measurements have been obtained f r o m these f i v e gaged sect ions 
i n the two tes t pavements . 

In add i t ion to the gage readings a t the i n s t r u m e n t e d sect ions , a s e r i e s of o ther 
measurements has been made i n o r d e r to p rov ide a r e c o r d o f the behavior of both 
pavements throughout t h e i r e n t i r e 2 - m i length . C r a c k su rveys , end movement m e a ­
surements , su r f ace roughness r eco rd ings and other i n f o r m a t i v e data have been c o l ­
l ec ted . 

Severa l tes ts on c o n t i n u o u s l y - r e i n f o r c e d pavements and s i m i l a r concre te s t r u c t u r e s 
had been conducted p r i o r to the tes t p r o g r a m i n Pennsylvania . The i n f o r m a t i o n a v a i l ­
able f r o m these tes ts was s tudied i n o r d e r to an t ic ipa te pavement behavior and to p lan 
a p r a c t i c a l measurement scheme w h i c h w o u l d p r o v i d e the g rea tes t amount of i n f o r m a ­
t i o n w i t h a reasonable number of i n s t a l l e d gages and l i m i t e d f i e l d t e s t i ng pe r sonne l . 

I t i s be l i eved that a comple te h i s t o r y of the phenonema assoc ia ted w i t h the f o r m a ­
t i o n and behavior of t r a n s v e r s e c r acks w o u l d a l l o w a m u c h be t te r unders tanding of r e ­
i n f o r c e d pavements and pos s ib ly p rov ide spec i f i c des ign i n f o r m a t i o n . For t h i s reason , 
a concent ra t ion o f i n s t r u m e n t a t i o n was i n s t a l l e d a t a s t r u c t u r a l l y weakened sec t ion i n 
the pavement w h e r e a t r a n s v e r s e c r a c k w o u l d occu r . 

Sho r t l y a f t e r the f i r s t pavement was cons t ruc ted i t was apparent that the m e a s u r e ­
ment scheme se lec ted was s a t i s f a c t o r y and could add m a t e r i a l l y to the e x i s t i n g k n o w ­
ledge on continuous pavements . Some of the f i r s t r e su l t s of the inves t iga t ion seemed 
to be c o n t r a r y to the g e n e r a l l y accepted theo r i e s , but i t was found tha t these r e s u l t s 
w e r e not unreasonable and, ins tead, es tab l i shed an exce l len t quan t i t a t ive r e l a t i o n s h i p 
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between reac t ions w i t h i n the pavement , s u r & c e measurements , and gene ra l pavement 
behav io r . 

The r e s u l t s f r o m the second pavement p r o j e c t and a s e r i e s of c l o se ly c o n t r o l l e d 
l a b o r a t o r y tes t s have added s u f f i c i e n t evidence t o suppor t these e a r l i e r f i n d i n g s . 

Rather than p resen t ing de ta i led t es t data f r o m i n d i v i d u a l gage measurements , t h i s 
r e p o r t deals p r i m a r i l y w i t h the gene ra l behavior of the pavements under t e s t and the 
m o r e conc lus ive i n f o r m a t i o n that i s r e q u i r e d f o r the es tab l i shment of des ign c r i t e r i a 
f o r a l l continuous pavements . 

In p re sen t ing th i s i n f o r m a t i o n , the au thors do not w i s h to i m p l y tha t add i t i ona l i n ­
ves t iga t ion o f such pavements i s unnecessary . The r e f i n e m e n t s r e q u i r e d f o r o p t i m u m 
design can be developed on ly by cont inued f i e l d t e s t i ng and l a b o r a t o r y r e s e a r c h . 

P A V E M E N T B E H A V I O R 

T h e r e a r e f i v e m a j o r f o r c e - p r o d u c i n g and po t en t i a l l y damaging in f luences w h i c h 
ac t on a l l concre te pavements r ega rd l e s s of t h e i r des ign. The u l t i m a t e success of a 
pavement cons t ruc ted to a p a r t i c u l a r design m a y be judged by i t s a b i l i t y to r e s i s t o r 
respond to these c o n t r o l l i n g in f luences w i t h a m i n i m u m of d i s t r e s s and d e t e r i o r a t i o n . 

A be t te r unders tanding of the mechanics , magni tude, and r e l a t i o n s h i p of these i n ­
f luences i n a c o n t i n u o u s l y - r e i n f o r c e d concre te pavement w i l l r e s u l t i f , a t f i r s t , each 
of the f i v e i s cons idered as an i n d i v i d u a l occu r r ence . 

Shr inkage 

D u r i n g the p rocess o f c u r i n g the concre te decreases i n v o l u m e and increases i n 
s t r eng th w h i l e bond develops between the concre te and the r e i n f o r c e m e n t . What i s 
be l i eved t o be the r e s u l t of t h i s combined a c t i o n i s shown i n F i g u r e 1, w h e r e a s ing le 
l ong i t ud ina l r e i n f o r c i n g b a r and the concre te w i t h i n i t s e f f e c t i v e in f luence a rea a r e 
cons ide red . 

Some shr inkage occur s i n a l l o f the concre te , but the vo lume r educ t ion i s not u n i ­
f o r m throughout the e n t i r e mass . In s h r i n k i n g , the concre te f l o w s a long the path of 
leas t r e s i s t ance f r o m a reas o f l o w t ens i l e s t r e n g t h t o w a r d those o f h ighe r t en s i l e 
s t r e n g t h . Some of the weaker a reas m a y r e s u l t f r o m p o o r l y m i x e d concre te , but m o r e 
o f t e n they o r i g i n a t e where m i n i m u m bond w i t h the r e i n f o r c e m e n t o f f e r s the leas t r e ­
s is tance to sh r inkage f l o w . 

Shr inkage reduces the t r a n s v e r s e c r o s s - s e c t i o n a l a rea of the beam w i t h o u t deve lop­
i n g any s i g n i f i c a n t t ens i l e s t resses i n the concre te . Because o f t h i s , a m a j o r p o r t i o n 
of the t o t a l sh r inkage occur s i n t h i s p lane . 

L o i ^ i t u d i n a l sh r inkage of the beam i s opposed by the base f r i c t i o n , end anchorage, 
t en s i l e s t r eng th of the concre te , and any s t r a i n res i s t ance of the r e i n f o r c e m e n t tha t 
may be t r a n s f e r r e d to the concre te t h rough the developing bond. 

Bond s t r eng th i s not constant a long the r e i n f o r c e m e n t but develops i n a f a i r l y r e g u l a r 
pa t t e rn , r e ach ing m a x i m u m and m i n i m u m s t r e ng th a t space i n t e r v a l s d ic ta ted by the 
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combined in f luence of the concre te m i x t u r e , r e i n f o r c e m e n t p e r i m e t e r , r a t e of c u r i n g , 
and base f r i c t i o n . 

I n areas where bonding w i t h the r e i n f o r c e m e n t occu r s , the t ens i l e s t r eng th of the 
c r o s s - s e c t i o n i s inc reased i n p r o p o r t i o n to the bond s t r eng th . A s the concre te c o n ­
t inues to cu r e , shr inkage f l o w i s t o w a r d these bonded areas and away f r o m areas 
where the bond i s less e f f e c t i v e . T h i s subjects the concre te between the be t te r bonded 
a reas t o a p u l l i n g f o r c e w h i c h may exceed the t ens i l e s t r eng th of the concre te and cause 
i t t o r u p t u r e . 

Even i f the t ens i l e s t resses do not develop s u f f i c i e n t l y to cause r u p t u r e , the c u r e d 
concre te w i t h i n each a f f e c t e d a rea w i l l conta in a r e s i d u a l s t r e s s concen t ra t ion m a i n ­
ta ined by the f i n a l bond w i t h the r e i n f o r c e m e n t . 

I f the f u l l w i d t h o f a pavement i s cons idered , the developed s t r e s s pa t t e rn becomes 
m o r e complex . When s e v e r a l r e i n f o r c e m e n t s a r e p laced p a r a l l e l i n a pavement , a 
s t r e s s pa t t e rn s i m i l a r to tha t shown i n F i g u r e 2 w i l l r e s u l t . 

The spacing and magnitude of the r e s i d u a l s t r e s s concent ra t ions a long each i n d i ­
v i d u a l r e i n f o r c e m e n t w i l l v a r y , due to n o r m a l l y encountered m i n o r incons is tenc ies i n 
m a t e r i a l s and cons t ruc t i on p rocedure s . Because each s t r e s s concen t ra t ion o r ig ina te s 
independently, i t i s on ly when the i nc r ea s ing magnitude of the s t r e s s enlarges the a rea 
of in f luence that the s t r e s s p a t t e r n i n an adjacent p a r a l l e l r e i n f o r c e m e n t i s a f f e c t e d . 
A shr inkage c r a c k w i l l occur whe re the r andom coincidence of l ong i tud ina l s t r e s s c o n ­
cen t ra t ions develops a t r a n s v e r s e plane of weakness i n the pavement and the combined 
tens ion f o r c e s exceed the t ens i l e s t r eng th of the concre te at t h i s p lane . 

Many of the numerous sh r inkage- induced s t r e s s concent ra t ions developed i n a pave­
ment l ack the r e q u i r e d f o r c e a n d / o r the l ong i tud ina l coincidence of occu r r ence to cause 
t r a n s v e r s e c r a c k i n g . They r e m a i n as a reas of cons tan t ly cha rg ing f o r c e po t en t i a l , 
w h e r e c r acks may occur i f the pavement i s subjec ted to the a d d i t i o n a l tens ion neces­
s a r y to exceed the balance r e l a t i o n s h i p between the concre te and the r e i n f o r c e m e n t . 

T e m p e r a t u r e 

T e m p e r a t u r e i s the mos t f o r m i d a b l e f o r c e to w h i c h c o n t i n u o u s l y - r e i n f o r c e d pave­
ments a r e sub jec ted . I t i s respons ib le f o r cons tan t ly changing the condi t ions o f s t r e s s 
and s t r a i n d u r i n g cons t ruc t i on and throughout the u s e f u l l i f e of the pavement . 

Because the pavement develops anchorage near each end, the center p o r t i o n has no 
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oppor tun i ty f o r o v e r - a l l l ong i tud ina l movement . A sudden decrease i n t e m p e r a t u r e 
produces t ens i l e s t r a i n s w h i c h may exceed the e las t ic range and c reep response ra te 
of the concre te . When t h i s occu r s , a c r a c k w i l l develop a long a t r a n s v e r s e plane of 
weakness i n the pavement . T h i s c r a c k w i l l increase i n w i d t h i m t i l the t ens i le f o r c e 
developed i n the r e i n f o r c e m e n t a t the c r a c k exceeds the t en s i l e s t r eng th o f the c o n ­
c re t e a t another plane, and a new c r a c k i s f o r m e d . 

A s a c r a c k pa t t e rn develops i n the pavement , each i n d i v i d u a l sec t ion between e x i s t ­
i n g c r acks w i l l r espond as a s ing le i so l a t ed un i t w i t h f i x e d ends. New t r a n s v e r s e 
c r a c k s w i l l open i n h igh ly s t r e s sed areas and the number of separated uni t s w i l l be 
inc reased . T h i s p rocess w i l l continue u n t i l the f o r c e of con t r ac t i on i s i n s u f f i c i e n t to 
cause f u r t h e r r u p t u r e of the concre te . 

Under sus ta ined s t r e s s , such as that r e s u l t i n g f r o m the mean seasonal t e m p e r a t u r e , 
the concre te w i l l c r eep . T h i s reduces the p o s s i b i l i t y of new c racks and tends to t r a n s ­
f e r some of the s t r e s s f r o m the concre te t o the r e i n f o r c e m e n t . 

When r i s i n g t e m p e r a t u r e causes the pavement to expand, compres s ive f o r c e s de ­
ve loped between the end anchorages may become v e r y h igh . M o s t of t h i s expansion i s 
absorbed by c reep and e las t i c s t r a i n i n g of the r e i n f o r c e d concre te , but under ex t r eme 
condi t ions the ends of the pavement may lose e f f e c t i v e anchorage and be pushed ou t ­
w a r d . The extent of t h i s pavement e longat ion, o r " g r o w t h , " i s dependent upon s e v e r a l 
f a c t o r s , and p robab ly m a y be c o n t r o l l e d by a l t e r a t i ons i n f u t u r e pavement des ign. 

M o i s t u r e 

The i n i t i a l w a t e r - c e m e n t r a t i o o f the concre te a f f e c t s the s t r eng th and d u r a b i l i t y o f 
the pavement . P r o p e r p r o p o r t i o n i n g of ingred ien t s can regu la te and c o n t r o l these e f ­
f e c t s . 

F ree w a t e r o r excess ive c a p i l l a r y m o i s t u r e beneath the pavement may r e s u l t i n 
h e a v i r ^ d u r i n g v e r y c o l d weather , caus ing extensive damage, but p r o p e r dra inage and 
subgrade des ign can m i n i m i z e t h i s danger . 

I n add i t ion to these m o r e obvious and c o n t r o l l a b l e e f f ec t s of m o i s t u r e , t he r e a r e 
o ther subt le in f luences w h i c h a r e e n v i r o n m e n t a l i n na ture , s i g n i f i c a n t i n e f f ec t , and 
p r a c t i c a l l y i m p o s s i b l e to c o n t r o l . 

Concre te i s pe rv ious to w a t e r , and w i l l i nc rease i n v o l u m e when m o i s t u r e i s ab ­
so rbed . I n v e r s e l y , when m o i s t u r e i s r e m o v e d , the v o l u m e of the concre te w i l l de­
c rease . T h i s phenomenon w i l l continue to in f luence the behavior o f the concre te 
throughout the l i f e of a pavement , and i s independent of the i n i t i a l sh r inkage associa ted 
w i t h c u r i n g . 

I n add i t i on to i t s gene ra l in f luence upon the t o t a l l ong i tud ina l s t r e s s development 
i n a continuous pavement , t h i s m o i s t u r e - i n d u c e d vo lume change may, imder some c o n ­
d i t i ons , produce a d d i t i o n a l l o c a l i z e d in f luences . 

The bo t t om of the pavement , i n d i r e c t contact w i t h the subbase, i s subjec ted to 
the constant m o i s t u r e of the ea r th , whereas the top s u r f a c e i s i n t e r m i t t e n t l y sub jec ted 
to r a i n and h igh h u m i d i t y , o r the d r y i n g e f f ec t s of the sun and w i n d . S u r & c e d ryness 
causes an uneven d i s t r i b u t i o n of m o i s t u r e i n the concre te , and r e s u l t s i n a tendency 
f o r the pavement sect ions to w a r p and l i f t up a t the c r a c k e d ends. Inc reased tens ion 
i n the r e i n f o r c e m e n t and t r a f f i c whee l loads oppose the u p w a r d movement and tend to 
r e s t r a i n the pavement i n i t s o r i g i n a l p o s i t i o n . Because the pavement l acks base sup ­
p o r t a t the w a r p e d ends, t h i s i nc reased tens ion may cause add i t i ona l c r a c k s to o c c u r . 

W a r p i n g may account f o r the occas iona l occu r rence o f a second c r a c k near the 
end of an o lde r c r a c k e d s ec t i on . T h i s second c r a c k w i l l occu r near a po in t w h e r e bond 
has been s u f f i c i e n t l y r e t a ined to r e s i s t f u r t h e r s t r a i n i n g of the unbonded r e i n f o r c e m e n t 
a c ros s the o r i g i n a l c r a c k . 

The uneven d i s t r i b u t i o n of m o i s t u r e i n a pavement i s evident i n the g radua l inc rease 
i n the w i d t h of c r acks as they extend u p w a r d f r o m the subbase to the s u r f a c e . E x a m i ­
na t ion o f co res cut f r o m the pavement indica tes tha t many c r acks w h i c h have a c o n ­
s ide rab l e s u r f a c e w i d t h may be e n t i r e l y c losed below the l e v e l of the r e i n f o r c e m e n t . 
When t h i s cond i t ion e x i s t s , i n f i l t r a t i o n of s m a l l p a r t i c l e s o f f o r e i g n m a t t e r may c o m ­
p l e t e l y f i l l the c r a c k and a s s i s t i n i t s eventual s t a b i l i z a t i o n . 
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Ser ious damage to the pavement does not r e s u l t when w a t e r f r e e z e s i n t r a n s v e r s e 
c r a c k s i f these c r a c k s do not exceed V32 i n . i n w i d t h . The s m a l l expansion i n c u r r e d i n 
the f r e e z i n g o f such a t h i n l a y e r o f w a t e r i s e l a s t i c a l l y absorbed by the ad jacent c o n ­
c re te w i t h v e r y l i t t l e inc rease o f s t r a i n i n the r e i n f o r c e m e n t . 

Foundation 

A highway founda t ion shou ld f u r n i s h adequate suppor t f o r the s t a t i c w e i g h t o f the 
pavement s t r u c t u r e and the n o r m a l dynamic loads imposed by t r a f f i c . T h i s suppor t 
should r e m a i n sound under a l l weather condi t ions and f o r the l i f e o f the pavement . 

M u c h has been accompl i shed t o w a r d i m p r o v i n g highway fo imdat ions , but f o r many 
p r a c t i c a l and economic reasons , pavements a r e cons t ruc ted on foundat ions w h i c h a r e 
c e r t a i n l y no t i d e a l . 

A l though poor foundat ions a r e not r ecommended , continuous pavements a r e i n h e r ­
en t ly less suscept ib le than o ther concre te pavements t o many of the damaging in f luences 
assoc ia ted w i t h foundat ion weakness . The s h o r t e r spaced c r a c k e d sect ions p e r m i t 
g r ea t e r l ong i tud ina l f l e x i b i l i t y of the t o t a l pavement , and the continuous r e i n f o r c e m e n t 
a l l o w s s l i g h t pavement se t t l ement w i thou t r e s u l t i n g i n pumping o r v e r t i c a l o f f s e t be ­
tween the i n d i v i d u a l c r a c k e d sec t ions . 

F r i c t i o n opposes any movement between the pavement and i t s foundat ion ( F i g . 3) . 
Nea r the f r e e ends o f a continuous pavement t h i s f r i c t i o n develops to the extent tha t 
an e f f e c t i v e anchorage i s es tab l i shed . The pavement extending f r o m the po in t of a n ­
chorage to the f r e e end w i l l continue to change length w i t h changing e n v i r o n m e n t a l 
condi t ions , but the pavement ins ide the anchorage m u s t m a i n t a i n a f i x e d length unless 
the anchorage i s des t royed . Over a -long p e r i o d o f t i m e , sus ta ined h i g h c o m p r e s s i o n 
w i t h i n the pavement may cause a g radua l inc rease i n i t s t o t a l l ength , but t h i s s l i g h t 
movement has a r e l a t i v e l y i n s i g n i f i c a n t e f f e c t on the gene ra l s t r a i n p a t t e r n . 

When comple te anchorage establ ishes f i x e d poin ts near each end o f a pavement , 
mos t s t resses and s t r a i n s w h i c h develop between these points a r e c o n t r o l l e d i n the 
v i c i n i t y of t h e i r o r i g i n . 

The s t r e s s i n the s t ee l and the concre te a t comparab le poin ts i s n o r m a l l y about 
equal i n magnitude throughout the f i x e d length o f the pavement , and i s dependent on 
l o c a l i z e d s t r a i n i n g to m a i n t a i n t h i s equa l i ty . I n e f f e c t , each i n d i v i d u a l c r a c k e d sec t ion 
has f i x e d ends ma in ta ined by the r e i n f o r c e m e n t , and th i s sec t ion expands and c o n ­
t r a c t s about i t s own geome t r i c cen te r . T h i s enables the pavement t o respond to chang­
i n g condi t ions o l s t r e s s and s t r a i n as a l o c a l i z e d f u n c t i o n . I t a l s o reduces the absolute 
movement o f c r a c k e d sect ions and r e su l t an t base f r i c t i o n to p r a c t i c a l i n s i g n i f i c a n c e . 

Whee l Loads 

A l l pavements a r e sub jec ted t o the f o r c e s o f dynamic load ing Imposed upon t h e m 
by m o v i n g t r a f f i c . F l e x i b l e pavements a r e designed to respond to these f o r c e s and 
r i g i d pavements to r e s i s t t h e m , but under heavy whee l loads and adverse e n v i r o n ­
m e n t a l condi t ions both pavement types m a y s u f f e r some degree o f damage. When a 
l o c a l £ i i l u r e occu r s i n a pavement s u r & c e the constant pounding o f t r a f f i c u s u a l l y 
b r i n g s about r a p i d d e t e r i o r a t i o n and r e p a i r s a r e necessary . 

Continuous pavements , a l though f a l l i n g i n the gene ra l c l a s s i f i c a t i o n of r i g i d pave­
ments , i n c o r p o r a t e some of the m o r e d e s i r a b l e des ign fea tures o f bo th types . The 
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Figure 3. Pavement response to contraction forces. (Expansion forces w i l l reverse the 
direction of strain.) 
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short segmented concrete sections allow some deflection of the pavement from sui^ 
face loading, but the longitudinal reinforcement maintains continuity between these 
segments and, within the elastic recovery range of the steel, limits the deflection. 
Residual stresses throughout the pavement provide a reserve of potential strain which 
may be-released to prevent excessive tension in the reinforcement under changing 
vertical load conditions. 

Continuous pavements show a natural tendency for self-preservation by actively 
resisting damage from wheel loads. When properly designed, they should be prac­
tically immune from structural distress caused by normal traffic loads, and have a 
high overload safety factor. 

PAVEMENT DESIGN 

A thorough understanding of the major influences controlling the behavior of a con­
tinuous pavement is necessary in order to establish optimum design specifications. 

Jn theory, if these several influences could be correctly correlated in al l possible 
combinations of their magnitude, duration, and coincidence of occurrence, it would 
be possible to predict their effects upon a pavement and produce an ideal design. 
However, a lack of precise values for the formidable array of encoimtered variables 
makes this approach extremely difficult and of doubtful practical value. 

Design based on experience alone requires years of observations of experimental 
pavements which eventually may prove to be over designed or structurally unsound. 
Some useful design limitations have been established by this method, but an unwilling­
ness to risk weak pavements on public highways has linited large-scale field testing. 

Laboratory testing with small specimens, or even full-scale pavement sections, 
can be very difficult to conduct, and may result in misleading information if environ­
mental influences are not properly simulated. 

During the period 1956-1958, several sponsored projects at Lehigh University have 
permitted a wide approach to the problems of continuous pavement design. Useful 
information has been obtained from many sources. Theories have been carefully 
checked with field and laboratory test results. By combining theory, field testing, 
and laboratory research with engineering experience it has been possible to develop 
the following basic design principle. 

M transverse cross-section, the yield strength of the total longitudinal steel rein­
forcement must be greater than the tensile strength of the total concrete. For design 
purposes, the tensile strength of concrete may be taken as Vio its compressive strength, 
unless tests with the concrete to be used indicate a need to alter this very conserva­
tive ratio. 

The logic of this rather simple principle may be shown by explaining the process of 
reasoning which has led to its development. 

Failures in continuous pavements usually occur at a transverse crack which has 
opened to an excessive width and lost the aggregate interlock of the concrete. Although 
a %e in. wide crack may close in warm weather without apparent adverse effect, 
greater pavement integrity is assured if the maximum cold weather crack width is 
held to 732 in. or less. 

A crack will occur where the tensile strains in a pavement exceed the elastic and 
creep response range of the concrete at a structurally weak transverse plane. After 
a crack develops the reinforcement becomes the only connection between two separate 
sections of pavement and will respond to subsequent straining without the influence of 
continuous concrete. 

When the reinforcement is extremely weak, as compared to the tensile strength of 
the concrete, any additional strain in the pavement will tend to mobilize at the crack, 
causing the reinforcement to yield and thereby increasing the width of the crack. The 
crack will continue to increase in width with increasing strain, and new cracks will 
occur only at widely separated intervals regulated primarily by subbase friction. 

When the tensile yield strength of the total reinforcement and the ultimate tensile 
strength of the concrete cross-section are relatively equal, strains across each crack 
remains well within the elastic range of the reinforcement. Under these conditions. 
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when a pavement is subjected to additional straining, the resulting total tension is 
only slightly relieved by the elastic straining of the reinforcement at cracks. This 
additional strain in the pavement upsets the force balance at stress concentrations, 
and new cracks develop across these weakened planes. This process of transverse 
cracking will continue to relieve the strain as it develops and prevent earlier formed 
cracks from opening to an excessive width. Therefore, the control of cracking be­
comes a function of the concrete and reinforcement and is dependent upon their relative 
strength. 

The transverse crack pattern, or cracks per unit length, is not a dependable c r i ­
terion in evaluating the soundness or potential life of a continuous pavement. Two 
pavements of identical design, but constructed and cured under different conditions of 
temperature or humidity, may develop very different crack patterns. They may be 
equally sound and the crack widths in both pavements may be approximately the same. 
On the other hand, two pavements, differing only in percentage or reinforcement, may 
develop very similar crack patterns, yet the average maximum cold weather crack 
width in one may be 0.01 in. and as much as 0.08 in. in the other. 

The residual stress condition of the new concrete, at a time when the first high 
tensile stresses of temperature contraction become operative, has a predominate in­
fluence on the number of cracks that occur in a unit length of continuously reinforced 
pavement. Although there is a relationship between the width of formed cracks and 
the number of cracks per unit length, this relationship is neither direct nor constant. 
Unpredictable variations in the sequence, duration, and magnitude of the early tensile 
stresses must be considered as controlling factors in the relationship. 

The creep potential of concrete is such that under favorable conditions, most of the 
straining in a continuous pavement could occur without causing cracks. Although the 
creep rate of the concrete is often exceeded by the strain rate of the total pavement, 
both are mutually influential in their effect upon a developing crack pattern and upon 
crack widths. 

Since crack width is ultimately the principal criterion for soundness, and is a 
function of the relative strength of the concrete and its reinforcement, pavements 
should be designed accordingly. 

Based upon present knowledge and available materials, the following specifications 
are recommended as a very close approach to an optimum design for continuous pave­
ments : 

1. Foundation: 3-in. thick granular base course upon stable, well drained and com­
pacted native soil. 

2. Pavement dimensions: 8-in. thick, 12-ft wide and any l e i ^ h desired. 
3. Concrete: air entrained, with a 28-day compressive strength of 4, 000 psi. 
4. Longitudinal reinforcement: reinforcing steel with a minimum yield of 60, 000 

psi placed at mid-depth, and comprising 0.7 percent of the pavement cross-section. 
Until research proves otherwise, each individual reinforcement member should not 
exceed % sq in, in cross-section area, and longitudinal continuity of reinforcement 
should be maintained by a 30-diameter overlap at the ends 

5. Curing: the completed pavement may be cured by any conventional method 
which assures good quality concrete. 

A pavement constructed to this conservative design should respond satisfactorily 
to the most adverse combinations of force-producing influences, and should remain 
sound for a prolonged period of time without requiring major repairs. 

Continuous pavements with 0. 5 percent reinforcement have been constructed in 
Pennsylvania, and although their performance has been satisfactory, it is believed 
that they represent the lowest limit to which reinforcement may be safely reduced. 
Because each 0.1 percent reduction in reinforcing steel reduces the paving cost ap­
proximately $0.35 per sq yd, the possibility of an occasional repair must be justified 
by the saving in initial construction costs. 

End movement of these pavements with 0. 5 percent reinforcement has been small. 
The finger type expansion joints on the Route 111 project have opened and closed within 
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a y2-iii. travel range during the annual temperature cycles and have indicated a gradual 
pavement elongation of in. during "̂ /̂  yr of service. The seasonal motion will con­
tinue at about the present rate, but it is believed that the pavement "growth" will de­
crease each year until the total pavement becomes stabilized. 

Although research at Lehigh University has primarily involved pavements which 
were reinforced with deformed bars, preliminary tests have indicated that most other 
high yield steel reinforcements with reasonable bond-developing qualities may be 
used with equal success. Specifications may be altered to suit the characteristics 
of the steel if the recommended ratio of relative strength of the steel and concrete is 
maintained. 

OBSERVATIONS AND CONCLUSIONS 

Research which involves the investigation of a product for the purpose of develop­
ment and improvement must necessarily be concerned with its weaker and less de­
sirable qualities. Consequently, in making recommendations for improvements, re ­
ports on such an investigation will emphasize these weaknesses. Any superior quali­
ties, which require no improvement, may be generally ignored. 

To some extent, this has been the case with research on continuously reinforced 
concrete pavements. Several recent reports, including those from Lehigh University, 
have presented information and photographs which deal mainly with the evidence of 
pavement distress. Often it is not clearly indicated whether this distress came about 
because of a weak design, poor workmanship, or other conditions that could be equally 
destructive to other types of highway pavements. 

Continuous pavements, when compared with other types, offer several distinct ad­
vantages. Although their simplicity of construction and initial cost are very similar 
to those of conventional concrete pavements, their low maintenance costs, long life, 
and smooth riding surface give them a definite advantage. 

The 2-mi length of 4-lane continuous pavement on Route 111 year York, P a . , has 
provided an opportunity for comparison with the conventional jointed design used in 
the remaining portion of this heavily traveled highway. Two years after construction, 
both types of pavement are in good condition, but the smoother riding qualities of the 
continuous pavement are definitely noticeable. There has been no evidence of distress 
in the continuous pavement and it has not required any maintenance. Practically no 
new cracks have developed during the past year, and many of the existing cracks are 
gradually stabilizing. 

Figure 4 (first presented at the 1958 HRB Annual Meeting and herein extended to 
December 1958) shows the relationship between air temperature, crack width, and 
average strain in the 6 gaged reinforcing bars at an instigated transverse crack as 
recorded every 30 days throughout the past two years. 

During this period of time only two of the original 36 wire resistance strain gages 
installed on the reinforcement have become inoperative, and the electrical resistance 
to ground has remained high under all environmental conditions. 

Figure 5 shows the minimum and maximum individual strain values used to obtain 
the average reinforcement strain shown in Figure 4. Although this pavement con­
tains the minimum reinforcement believed to be practical, it should continue to demon­
strate the several advantages of concrete pavements constructed with continuous steel 
reinforcement. 

In the past, pavements have been constructed as inert slabs with adequate thickness 
to resist local damage from direct wheel loads. They have been at the mercy of their 
environment and almost totally dependent upon the foundation to maintain their original 
vertical alignment and general structural integrity. 

It is believed that future pavements will be designed with the inherent potential 
ability to oppose successfully all normally encountered forces which will constantly 
act to destroy their usefulness. 

The authors believe that continuously reinforced concrete pavements, even in their 
present state of development, meet the requirements for future highway construction 
and that they are definitely superior to the more conventional designs now in general 
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use. It seems that highway engineers are beginning to accept the randomly spaced 
narrow transverse cracks as evidence of proper pavement behavior and to realize that 
they are not indicative of pavement distress which will soon require repairs. Although 
these cracks, with their slightly worn ec^es, are visible by close Inspection, the 
motorist is imable to detect them as he drives over the surface of the highway. 

The first continuous concrete pavements were constructed about twenty years ago, 
and their vinexpected durability has been largely responsible for the current renewal 
of interest in their use. It is hoped that the research now being conducted will result 
in a wide acceptance of this type of pavement as a means of providing superior high­
ways. 
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Discussion 

BENGT F . F R I B E R G , Consulting Engineer. St. Louis, Missouri — Factual research 
information on the paper, summarizing three years of research on continuously rein­
forced concrete pavements, is limited to Figures 4 and 5 which graph the progressive 
development of air temperatures, steel strains, and width of an artifically induced 
crack in one instrumented test section to an age of 700 days. The test section is 
about midway in the northbound outside lane of the continuously reinforced highway 
project between Harrisburg and York, Pa. Other research reports^ indicate the fol­
lowing approximate crack frequency near the test section (including the artificial 
crack): 

Age 
21 days 

1 month 
6 month 

1% yr 

Cracks per 100 ft 

1 
2 
7 
8 

The pavement was built during early October in cold weather with seasonal tempera­
tures decreasing further between 1- and 4-months. 

Figure 6 gives the varying observed crack widths in relation to air temperature up 
to 700 days, as obtained from Figure 4 (for early age from HRB Bulletin 214, p. 102). 
The numerals show the age of the pavement at the different observations. The sloping 
dashed lines in Figure 6 indicate, for equal crack spacing, the theoretical rates of 
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Figure 6. Progressive change i n observed crack width at ages shown, from 0 to 700 
days. Comparative unrestrained length change for 7 and 8 cracks per 100 f t i s indica­

ted for equal concrete temperatures. 

^ Progress Report on Continuously Reinforced Concrete Pavements in Pennsylvania, 
F . C . Witkoski, a n d R . K . Shaffer, HRB Proceedings 1959. 
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unrestrained changes in crack width for equal concrete temperatures, based on 
0. 000004 thermal coefficient, which can be considered representative when adjustment 
is made for seasonal variation in pavement moisture content. Concrete and air tem­
peratures show a measure of agreement, the differences between them varying with 
time of day and season, 5 F to 15 F above or below. It is regrettable that tempera­
tures of the air, rather than those of the concrete, have been plotted for comparison 
with steel strains and crack widths because the latter would have permitted closer 
study. Nevertheless, the following developments are clearly indicated at the observed 
crack: 

1. The crack has not stabilized at two years, but shows a progressive widening 
which, for construction temperature of 60 F , has reached 0.03 in. without diminishing 
tendency for continued widening. 

2. The crack widened appreciably with decreasing temperatures below 60 F during 
the second and third seasonal temperature drop. The widening is substantially equal 
to that which would occur at untied and unrestrained cracks of the same spacing as that 
observed. 

3. No crack narrowing occurred above about 65 F air temperature, either the 
second or third summer, indicating compression restraint across the crack at higher 
temperatures. 

Crack widening during the first seasonal temperature drop was only sightly less 
than what would be the unrestrained crack widening for 7 cracks per 100 ft. Most, 
if not al l , of the 7 cracks per 100 ft observed at 6 months probably did occur during 
the early part of the first winter. 

Before appreciable cracking occurred temperature contraction was al l restrained 
by concrete stress change. The observed change in steel strains at the crack con­
verted to concrete stress then give a measure of the modulus of elasticity in the con­
crete. As indicated by slab temperatures and steel strains shown in Figure 11 on page 
15 of HRB Bulletin 181, between the 3- and 8-day cracking, the concrete modulus of 
elasticity varied between 1 and 1% million psi, at 28 days the modulus of elasticity 
had increased to over 3 million psi (assuming 0.010 in. per 100 ft length variation at 
cracks), and at 40 days to about 4 million psi (assuming 0.020 in. per 100 ft at cracks.) 
Obviously, the modulus of elasticity of the concrete increased slowly at early age in 
the low temperature concrete, and daily temperature fluctuations could be accommo­
dated without high tension stresses in the concrete. Concrete modulus of elasticity 
and tensile strength, in combined direct tension and flexure, dommate the develop­
ment of initial cracking in continuous pavements. 

Figure 4 shows unit strains at yielding of the steel (about 0.0025) at about 50-day 
age; however, temperature records are incomplete. Prior to effective relief of tension 
strains through extensive cracking, the yield stress in the 0.45 percent of steel at the 
pre-formed crack could have been exceeded for temperature drops greater than 40 F 
for 1. 5, 20 F for 3.0, and 15 F for 4. 0 million-psi concrete modulus, corresponding 
to 300-psi average concrete tension on the cross-section, which undoubtedly was less 
than the concrete strength from 10 days on. Shrinkage after removal of the curing 
paper apparently induced a tension strain corresponding to at least a 10 F temperature 
drop. Accordingly, yield strains at the crack probably were reached considerably be­
fore the 50-day age, indicated in Figure 4 at an air temperature 10 F lower than con­
struction temperature, with true yield at somewhat higher temperature. 

Unit tension strains went considerably higher than the 0,0036 shown in Figure 4. 
Bond failure apparently progressed away from the crack vmder repeated stresses near 
yield stress during the first winter, reaching 24 in, back from the crack at 140 days 
(HRB Bulletin 214, p, 102). Thereafter the observed changes in steel strains 24 in. 
from the crack were about 80 percent of those at the crack, showing virtually no bond 
resistance in the 24-in. distance. Shortly after 140 days zero stress in the steel at 
the crack would correspond to about 0. 003 unit elongation, clearly indicated by steel 
strains 24 in. away, which then during some indefinite short period appear to give a 
true indication of steel stresses, until compression yield strains were exceeded. 



35 

Without detailed information on steel strains during the intervals between observations, 
the strains in Figures 4 and 5 obviously permit only extremely vague deductions con­
cerning steel stresses at cracks. After the first winter. Figure 6 indicates no re­
straining value of the steel in holding the cracks from widening with decreasing tem­
peratures, below tie temperature at which the cracks obviously were under compres­
sion restraint. 

The paper contains no data on the instrumented test panels in the 7-, 8-, and 9-in. 
bar reinforced and the 9-in. mesh reinforced pavements of the project on US 22 near 
Hamburg, P a . , which were part of the same research. Those test panels, placed at 
different temperatures, could possibly furnish valuable information on early restraint 
stresses and relations between construction temperature and compression restraint 
across cracks. Omission of the data is regretted, especially as the paper gives no 
indication that information can be expected. To quote from the paper: "Rather than 
presenting detailed test data from individual gage measurements, this report will deal 
primarily witl the general behavior of the pavements under tests and the more con­
clusive information tlaX is required for the establishment of design criteria for all 
continuous pavements." 

On the \xisis of the factual research information discussed above, and published 
theoretical information on restraint stresses in continuous reinforcement, the general 
"conclusive" information and specific recommendations for continuous pavements are 
not amply supported. General statements on pavement behavior without direct bearing 
on the specific research and design recommendations, will not be discussed. 

The intended characteristics of continuously reinforced pavements is obviously 
closely spaced cracks; maximum cold weather crack width of Yaa in. is stated as 
desirable. Based on the observed crack and average crack spacing data there is no 
evidence that the continuous reinforcement would be able to hold the crack widths to 
that maximum. It is stated that the yield strength of the total longitudinal steel must 
be greater than the total concrete strength to induce desired results. Although the 
criterion has been stated repeatedly prior to this research, the statement is insuf­
ficient on the evidence of the research. Construction temperature obviously exerted 
much more noticeable influence on crack spacing than steel percentage. For summer 
construction temperatures on the Hamburg project crack spacings less than 10 ft at 
one month were most generally observed with 0. 5 percent steel. The concrete tension 
strength varies, is influenced by flexural restraints, and its relation to cracking does 
not appear to be governed by the simple rule suggested for the steel. The shortest 
crack spacing has been observed in the concrete with highest strength at early age. 

Progressive destruction of bond near cracks appears to be a factor of equal or 
greater concern than yield strength in determining restraint stresses which can be 
induced by the steel. The total steel tension can be very greatly diminished by elastic 
straining over some distance on both sides of cracks. There is evidence on the Ham­
burg project that bond failure at some cracks can destroy completely the effective con­
tinuity of the steel. 

Contrary to suggestion in the paper, average crack spacing and crack width appear 
to be closely related. Measurements on an Illinois continuously reinforced project 
show such relation at high temperature, Figure 6 indicates even closer relationship 
for temperatures below those at which cracks are in compressive restraint. Differ­
ences in average crack width of 0.01 and 0.08 in. cannot be dismissed without ex­
planation. The statement that pavements "may develop very different crack patterns" 
and yet "be equally sound and the crack widths in both pavements may be approximate­
ly the same," has not been supported by evidence. The evidence indicates that crack 
widths in mature pavements depend upon temperature of observation, below that at 
which compression restraint prevents further closing of cracks, and that crack widths 
are not appreciably decreased by continuous reinforcement. The measurements ap­
parently would be about the same for the same crack spacing in a similar unreinforced 
pavement. Crack width measurements at high temperature are a measure of variable 
infiltration that may have occurred earlier, rather than pertinent crack width for low 
temperature service. 

Design recommendations in the paper disregard the important influence of bond 
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upon the steel stresses which alone are stated to induce close crack spacing, and 
assure narrow cracks. Even if true, it is doubtful that 80, 000-psi stress can be 
utilized in /^-in. bars, and pert^ps not in smaller bars under repeated bond stresses 
occurring in continuous reinforcement for 0. 03- to 0. 06-in. crack widths. The more 
pertinent important influence of construction temperature is disregarded. Curing 
methods which do not protect the pavement agaii st high temperatures may well be 
favored in continuous pavements, although their use may well be questioned for con­
ventional slabs where they are commonly used in preference to covering paper or 
burlap. 

The continuing value of continuous reinforcement in mature pavements has not been 
demonstrated beyond the apparent beneficial effect of longitudinal compressive re­
straint across cracks which is not exclusively reserved for continuously reinforced 
pavements. More than soundness at early age, or even continued durability of a 20-yr 
continuously reinforced pavement (a not exceptionally impressive age for concrete 
pavements) is required to justify the expenditure for longitudinal steel of $2. 50 per 
sq yd of pavement. 

I. J . T A Y L O R and W. J . E N E Y , Closure - It was not believed feasible to provide the 
complete data from three years of pavement research in a paper of the type presented. 
More than 6, 000 separate readings from 200 gage devices would have been involved 
in presenting measurements alone. Since earlier reports on the subject of continuous 
pavements have contained substantiating data covering many of the statements made 
in this paper, it was not considered necessary to repeat test-proven and generally ac­
cepted facts on pavement behavior. 

Each reader, depending upon his special field of interest, considers certain specific 
data to be pertinent to the conclusions or recommendations offered by the authors. 
Since the authors could not anticipate the contentions of each reader, only limited 
general data supporting the claims of the paper were presented. 

The graph, showing the reinforcement strain in Figure 4, plots the average value 
of 12 strain gages located on 6 of the 20 longitudinal reinforcement bars which com­
prise the pavement cross-section at a preformed transverse crack, (HRB Bulletin 
181, p, 11). To assure an early crack, the cross-section of the concrete was re­
duced 50 percent by the insertion of a thin metal strip across the lower half of the 
pavement. A 20 percent reduction of each gaged bar cross-section resulted when the 
bars were machined to provide a smooth surface for attachment of the gages. Also, 
the bond potential for each gaged bar was destroyed along a 2-in, length by the process 
of waterproofing the attached gages. 

Figure 5 shows the extreme range from which the average strain values for Figure 
4 were obtained. 

Since the induced crack occurred approximately 36 hr after pavement construction, 
bonding between the reinforcement and the new concrete was relatively weak. This 
brought about a bond and strain condition that was different from that found in the re­
mainder of the pavement, where cracks developed considerably later in the stronger 
and longer cured concrete. (HRB Bulletin 214, p. 103). 

Although the relationship between strain in the reinforcement, crack width, and 
air temperature may provide very useful information, it is unlikely that the average 
strains from 30 percent of the total reinforcement or the strain from any individual 
bar can be converted to obtain reliable concrete stresses or moduli of elasticity. The 
authors have never contended that the resistance gages used in continuous pavement 
research gave more than the accurate strain conditions of a steel reinforcing bar 
directly beneath the applied gage. 

Since factual stress information is not available from Figures 4 and 5, or even 
Figure 6, it is considered diverse from the stated intent of the discussion, and fur­
ther conjectural comment would be unwarranted. 

The solid line in Figure 6 plots the strain-temperature history of the induced crack. 
The broken lines represent the theoretical strain-temperature response of a crack 

in a similar concrete pavement without reinforcement, but with a uniform crack spac­
ing and crack width corresponding to the average of the reinforced pavement. In order 
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to accomplish this, it was necessary to assume a crack pattern that could develop only 
through the use of continuous reinforcement and assign an adjusted thermal coefficient 
of 0.000004 to the 100-ft section under consideration. 

The conclusions, (a) that the crack on the York pavement will continue to widen, 
and (b) that the reinforcement offers no restraint to free thermal contraction of the 
pavement, were found incompatible when the information available from Figure 6 was 
carefully analyzed. 

With the adjusted thermal coefficient of 0.000004, the total contraction of 100 ft of 
unrestrained concrete pavement would be 0.288 in. as the result of a decrease from 
a construction temperature of 60 F to a low of 0 F . With the occurrence of eight 
evenly-spaced cracks of uniform width, each crack would be 0.036 in. wide. The cal­
culated maximum crack width for an unrestrained pavement (0.036 in.) is essentially 
that of the observed induced crack at 700 days (0.033 in.) , and further widening of the 
observed crack should not occur at pavement temperatures above 0 F . 

Since it is known that the observed pavement crack will actually widen as the temper­
ature decreases toward 0 F , this method of analyzing the strain-temperature history 
is obviously unsound. By reducing the thermal coefficient of concrete from the gener­
ally accepted value of 0.000006, it is possible to provide a basis for conclusion (b), but 
by doing so the logic of conclusion (a) is destroyed. 

If the pavement contracts under the influence of temperature, without restraint by 
the reinforcement at cracks, then temperature alone would regulate the crack width; 
furthermore, progressive widening of the crack would require a progressive decrease 
in the reinforcement restraint. These two actions—contraction due to temperature 
drop, and progressive widening of the crack—are interdependent and simultaneous un­
der the conditions involved in the discussion of Figure 6. Therefore, progressive 
widening is possible only if the reinforcement offers tensile restraint which diminishes 
because of progressive yielding or bond loss on either one or both sides of the crack. 

Although a simple analogy based solely upon a temperature-strain relationship pro­
vides some useful information, the influence of many other variables must be con­
sidered if the behavior of an actual pavement is to be satisfactorily explained. Fur­
thermore, any direct comparison between a continuously reinforced concrete pavement 
and one that has no reinforcement can be misleading. The latter, depending upon the 
construction temperature and the tensile strength of the concrete at the instant of the 
initial crackii^, would develop a crack spacing of from 30 to 80 ft, with corresponding­
ly wide cracks. 

The induced crack in the York pavement represents the most adverse crack con­
dition expected to be found in a continuously reinforced pavement. The very early 
occurrence of the crack in a pavement with only 0. 5 percent reinforcement allowed 
the crack to open wider than /32 in . , and caused slight yielding of the reinforcement. 
While cracks that developed later have remained narrower, it is likely that the rein­
forcement has yielded at these cracks also. 

The authors have recommended a practical pavement design that will limit the 
width to which transverse cracks may open before any increased strain resulting from 
thermal contraction will instigate new cracks along the continuous pavement structure. 
When crack width is controlled by the use of reinforcement, crack frequency only in­
dicates the maximum temperature-induced tensile strain to which the pavement has 
been subjected. 

Several pavements have been constructed based upon the principles set forth in the 
authors' recommendations. Direct comparisons will be made with sections of conven­
tional jointed pavements constructed as controls. It should not be necessary to wait 
until these pavements are destroyed, or even so long as 20 yr before their condition, 
behavior, or life expectancy can be evaluated. 

The cost of the additional reinforcement used in continuous pavements is offset by 
the savings in materials and labor required for the installation of load-transfer and 
expansion joints needed in conventional pavements. The unit cost of the 8-in. thick 
continuous pavement on the Hamburg project was 9. 5 percent lower than that of the 
10-in. thick jointed pavement constructed under the same contract. (HRB Bulletin 
214, p. 90). 
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The authors agree with Mr. Friberg that statements published without the accom­
paniment of substantiating data or factual information may appear to be only conjec­
ture; but to counter those statements with others of a similar nature merely indicates 
a difference of opinion. They are enthusiastic concerning the possibilities of contin­
uous pavements, and are anxious to convince others of the advantages. 



Laboratory Research on Pavements Continuously 
Reinforced With Welded Wire Fabric 

M . J . G U T Z W I L L E R and J . L . WALING, respectively. Associate Professor and 
Professor of Structural Engineering, Purdue University 

Since February 1955, research has been conducted at the 
Structural Engineering Laboratory of the School of Civil 
Engineering, Purdue University, on reinforced concrete 
pavements using welded wire fabric as the principal re ­
inforcement. The final techniques as used in the laboratory 
are presented. 

The specimens chosen were 28 ft long by 3 ft wide by 
8 in. thick. The reinforcement consisted of either 6 x 12, 
%; 6 X 12, 00000/0; or 4 x 12, 00000/0 welded wire fabric. 
The specimens were cast in a portable form in which the 
amount of steel, the location of the steel, and the depth of 
slab could be varied. Each of the specimens was fabricated 
with weakened planes such that the slabs would crack at 
definite locations in the testing region of the slab. This 
permitted measurement of strains in the fabric at these pre­
determined cracks. 

The slabs were tested on an elastic subgrade having a 
subgrade modulus of approximately 160 pci, although the 
subgrade modulus could be varied within reasonable limits. 
The slab specimens were loaded with vertical static loads 
to simulate traffic loads and horizontal loads to simulate 
stresses induced by temperature changes. Electric SR-4 
strain gages were placed at various locations on the fabric 
to determine the stresses in the fabric. Vertical deflections 
of the slabs were obtained by use of Federal dial indicators, 
and crack widths or surface strains in the concrete were 
obtained by use of a Whittemore strain gage. 

# R E C E N T years have brought an increased amount of interest in trying to determine 
engineering facts about concrete pavements in order that these facts might be incorporated 
in design criteria for such slabs. Reinforced concrete pavements are an answer to the 
search for a more efficient highway pavement; but the behavior of these pavements, 
with all of the variables involved, is still not fully imderstood. At the 1958 Highway 
Research Board Annual Meeting, various papers pertaining to continuously reinforced 
pavements were presented (1, 2, 3, 4). In previous sessions the condition of the experi­
mental section of continuously reinforced highway in Indiana has been reported (^). Also 
at the 1958 meeting, a paper was presented on a theoretical "Analysis of Special Problems 
in Continuously Reinforced Concrete Pavements" (6). It can readily be seen that there 
is indeed a great amount of interest shown in the use of continuous reinforcement in 
concrete pavements. In each case, the experimental work reported involved field tests 
on sections of pavements continuously reinforced with either welded wire fabric or de­
formed bars. 

Various state highway departments have conducted research on pavement slabs. 
Other organizations such as the Bureau of Public Roads, Highway Research Board, 
Portland Cement Association, American Concrete Institute, and many individuals have 
conducted research hoping to improve present design concepts. 

In recent years the American Iron and Steel Institute organized a Committee on 
Welded Wire Fabric ReinforcementResearch. The committee consisted of individuals 
who had varying interests, and it soon became apparent to certain members of the 
committee that there was a definite need for some basic research on concrete pavements 
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inwhichsomeof the variables could be isolated, controlled, and studied. C . A . Willson, 
Research Engineer for the American Iron and Steel Institute, the late Wayne WooUey, 
Highway Engineer for Republic Steel, K . B . Woods, Head of the School of Civil Engineer­
ing, Purdue University, and several members of the committee were interested in a labora­
tory research program on pavement slabs and arranged for a meeting at Purdue to dis­
cuss the possibilities of starting such a research program. As a consequence of this 
initial meeting, the Committee on Welded Wire Fabric Reinforcement Research and 
the Purdue University School of Civil Engineering initiated a research program in 1955. 

This laboratory research program has been continued since that time and a number 
of the variables involved in the design of concrete pavement slabs continuously reinforced 
with welded wire fabric have been studied. This investigation has been supplemented 
by a theoretical analysis (7) of continuously reinforced pavement slabs sponsored by 
the Indiana Joint Highway Research Project. Also, another committee of the Institute 
has sponsored a laboratory program to study the use of deformed bars as a continuous 
reinforcement in concrete pavements (8). 

PURPOSE AND SCOPE O F RESEARCH 
The objectives of this research were todetermineby laboratory means the following: 

1. The relationship between the percentage and position of continuous steel rein­
forcement and the formation, spacing, and widths of cracks in reinforced concrete 
pavement slabs of determined thickness, caused by stresses induced by temperature, 
curing shrinkage, and live loads. 

2. The relationships of stresses and deflections to percentage and position of steel 
in concrete pavements continuously reinforced with welded wire fabric, resting on sub-
grades of various stiffnesses, and subjected to various combinations of live loads and 
simulated temperature changes. 

Thus, the controlled variables included in the experiments were percentage of lon­
gitudinal reinforcement, position of reinforcement, subgrade modulus, range of s im­
ulated temperature drop after casting of the concrete (longitudinal forces) and magnitude 
and position of simulated wheel loads. The dependent variables which were measured 
during the experiments were strains in the welded wire fabric steel at and adjacent to 
preformed cracks, concrete surface strains and crack widths, and vertical deflections 
of the slabs. 

E X P E R I M E N T A L SPECIMENS AND APPARATUS 

In designing the experiments, several items concerning the test specimens and the 
test apparatus received consideration. 

Size of Specimen 

The specimens used in each phase of this research work reported to date have been 
of the same size. The concrete slabs were 28 ft long, 3 ftwide, and 8 in. thick. Since 
it was not intended to simulate any of the effects of lateral stresses such as warping 
and curling of the slab, specimens 3 ft in width were chosen. This width provided 
enough contactsurfacefor application of the vertical loads and permitted lateral distri­
bution of the loads. The length of slabwas limitedto 28ft to permit use of the facilities 
which were already available in the Structural Laboratory. This provided adequate 
length for a reasonable portion of each slab (middle 10 ft) to simulate, under the test 
conditions described later, the fully restrained area of a continuously reinforced pave­
ment and to furnish sufficient measured data. Furthermore, in this length of contin­
uously reinforced pavement slab, a definite crack pattern could form to predict the 
patterns which would occur in the field. An initial depth of 8 in. was chosen to conform 
with the actual depth used by some states in their present pavement design standards. 

Concrete Specifications 

The specifications for the concrete were established to conform to average present-



41 

day highway requirements. Due to the size of the specimens, it was appropriate to 
obtain the concrete from a local ready-mix plant. The concrete furnished was to meet 
the following minimum requirements: 

1. Twenty-eight day ultimate compressive strength 4,000 psi 
2. Maximum size aggregate 1/4 in. 
3. Slump 2 to 4 in. 
4. Air entrainment 3 to 6 percent 

Upon delivery of the concrete to the laboratory, slump and air entrainment tests 
were immediately made to see if the specifications were satisfied. Three 6-in. diam­
eter cylinders 12 in. long were cast to determine the compressive strength, and three 
6- by 6- by 16-in. were poured to determine the flexural strength of the concrete. 

Steel Reinforcement 

The specifications for the reinforcement steel used in the laboratory specimens 
were as follows: 

1. The steel was to meet the standard specification for cold drawn steel wire for 
concrete reinforcement as specified in ASTM Specification A82-34. 

2. The welded steel wire fabric was to meet the specifications for welded steel 
wire fabric as specified in ASTM Specification A185-54T. 

3. The welded wire fabric was to be chosen from sizes that are available 
commercially. 

The welded wire fabrics used were 6 x 12 -%, 6x 12 - 00000/0, and 4x 12 - 00000/0. 
Standard tension tests were performed on individual wires both between and across 

the welds to determine the ultimate strength and the modulus of elasticity of the fabric 
used in the experiments. The ultimate strength of the welds was determined by means 
of the Wire Reinforcement Institute Weld Tester. 

Subgrade 

The slabs were tested on an elastic subgrade. Tests were to be made on several 
slabs resting on subgrades having the same modulus. It was anticipated that the use 
of a soil subgrade would introduce a variable subgrade modulus due to changing moisture 
content and progressive compaction during the series of tests. A subgrade was needed 
that would have a constant modulus during the period of the test (2 yr or more), and 
which would be reproducible, or very nearly so, at any future date. The Firestone 
Industrial Products Co. fabricated a small test slab of rubber 41 in. wide, 66 in. long, 
and 5 in. thick for preliminary testing. This subgrade specimen was made up of ten 
pads 41 in. by 33 in. by 1 in. stacked and glued brick fashion to alternate the joints. 
This specimen of rubber was subjected to a plate loading test and was found to have an 
average subgrade modulus of 175 pel. This subgrade modulus would represent a soil 
having medium plasticity, soft plastic clays having a modulus of approximately 50 pci 
while densely graded non-plastic sandy gravels may have a modulus of 500 or more (9). 
As a result of this preliminary test on the rubber subgrade, sixty pads 41 in. by 33 m. 
by 1 in. were purchased with the request that the rubber be made slightly more flexible 
than that of the trial rubber slab, to be nearly the middle range of soils of medium 
plasticity. The pads were stacked on the floor brick fashion in five layers, left unglued, 
and the resulting subgrade modulus was 155 pci. Leaving the pads unglued has the ad­
vantage that it provides greater flexibility for the laying out of future subgrades of dif­
ferent dimensions, patterns and moduli. As an example, such a laid-up subgrade 3 in. 
thick has a modulus of 440 pci. 

Preformed Cracks 

A survey of the literature pertaining to continuously reinforced pavements showed 
that the spacing of cracks developed in service varied, from approximately 2 to 15 ft 
depending on the amoimt of reinforcement, thickness of slab, distance from a formed 
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joint at the end of a test strip, and other factors. A crack spacing of 5 ft was thought 
to be fairly representative of the average condition in the central portion of a continu­
ously reinforced pavement; hence, three transverse cracks were performed — one at 
the the center of the slab and one 5 ft from the center on each side. The primary pur­
pose of preforming these cracks was to insure that strain gages would be installed on 
the steel reinforcement at cracked sections. 

The cracks were formed using 18-gage sheet metal strips 3 in. wide and 4 ft 6 in. 
long placed through vertical slots in the side boards of the form to span the form just 
under the longitudinal reinforcement. Two small pieces of plywood nailed to the bottom 
of the form on each side of the metal were used to keep it from deflecting to any great 
extent when the concrete was poured (Fig. 1). 

Form for Test Slab 
The form consisted of three plywood carts each 8 ft long and one cart 4 ft long rest­

ing on truck casters. The four carts assembled end-to-end with side and end boards 
in place provided a clear space 28 ft by 3 ft by 8 in. Holes were drilled in the end and 
side boards of the forms to receive the longitudinal reinforcement and the transverse 
bars. Slots were cut in the sides of the form to hold the sheet metal used to preform 
the partial cracks in the slabs (Fig. 2). 

Preparation for Pouring 
The steel reinforcement was installed in a single layer with the sheets lap-spliced 

at the two outermost preformed cracks, except in slab 1 where one lap was formed just 
beyond one of the cracks. An extra short length of fabric of the same size as the main 
reinforcement was installed at each end of the slab to provide adequate strength in fit­
tings for applying longitudinal forces to the reinforcement. These extra sheets were 
offset laterally a distance of a half space and were turned over so that all of the longi­
tudinal steel at the slab end was in the same plane. 

Twelve No. 4 transverse bars were placed in the slab on 2-ft 6-in. centers. These 
bars served three purposes: 

1. By means of threads and nuts on the ends of the bars, they tied the side boards 
of the form together, thus restraining the sides against spreading. 

( 

Figure 1. Central area of foim showing method of preforming cracks. 



2. They supported the longitudinal reinforcement in its correct position. 
3. They served as lugs for the hangers used in lifting the slab from the form and 

lowering it onto the rubber. 
The strain gage stations on the welded wire fabric were prepared by removing all 

rust and scale with emery cloth. The cleaned surface was roughened to insure a good 
base for the glue and then thoroughly cleaned with acetone. The gages were preformed 
to fit the fabric and were placed on the wire fabric at the preformed cracks and at 
several other gage locations between the cracks. Either two type A-7 or two type A-18 
SR-4 electric strain gages were applied diametrically opposite one another, wired, and 
waterproofed at each of the predetermined gage stations. The fabric reinforcement 
was then placed in position and each sheet of fabric was tied to the transverse bars 
with soft wire. Two temperature compensation gages mounted on short pieces of re­
inforcement steel were placed in the form. The strain gage lead wires were carefully 
laid out to emerge from the form at the top edge near the middle of the test specinien. 

The three pieces of oiled 18-gage sheet metal were placed through the sides of the 
forms at the location of the preformed cracks. 

Pouring of Concrete 
As mentioned before, the test slabs were poured using ready-mix concrete. The 

concrete was vibrated carefully to insure the filling of all spaces around reinforcement, 
strain gages, and lead wires. After striking off and before initial set had taken place, 
plugs for Whittemore strain gage readings were embedded in the top surface of the slab. 

Curing of Concrete 
Approximately 6 hr after completion of the pouring, two layers of wet burlap were 

placed on the slab and were covered with a heavy canvas tarpaulin. The burlap was 
kept continuously wet for three weeks after which the cover, the burlap bags, and the 
side and end boards of the form were removed (Fig. 3). The test cylinders and beams 
were cured in the same manner as the slabs and were tested at 28 days after casting. 

• 

Figure 2. F u l l - l e n g t h view of form. 
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Positioning Slabs for Test 
A system (Fig. 4) was devised whereby a test slab could be carefully transferred 

from the form to the rubber base. Eye-bolt hangers were hooked onto the projecting 
ends of the transverse bars in the test slab. The threaded upper ends of the hangers 
on each side of the slab were engaged by nuts and washers to a longitudinal timber 
beam which was supported in position parallel to the side of the slab by a steel frame­
work over the slab. By tightening all of the nuts at the upper ends of the hangers, the 
slab was raised free of the form and suspended while the form was pulled out and the 
rubber subgrade was laid into position. The slab was then lowered into position by 
loosening all of the nuts evenly. 

EXPERIMENTAL PROCEDURES 
Measurement of Vertical Deflection 

On a line 5 in. in from one edge of the 
slab, nine 0.001-in. Federal dial indicators 
were suspended from a framework with the 
stems of each engaging a piece of sheet tin 
bonded to the surface of the concrete. These 
indicators were spaced at 20 in. on centers 
in the test area, with an indicator at each 
of the preformed cracks. The dials were 
used to measure the vertical deflections 
of the surface of the slab at these points, 

F i g u r e 3. Slab at end of curing period. 

when the slab was subjected to the various 
combinations of loading. This arrange­
ment of dial indicators is shown in Figure 
5. 

Measurement of Surface Strains and 
Crack Widthi 

In the test area, plugs were embedded 
in the surface of the concrete at 10-in. 
intervals on a line 8 in. in from one edge 
of the slab. Gage holes were drilled in 
these plugs and a 10-in. Whittemore 
strain gage was used (Fig. 6) to make 
surface strain and crack width measure­
ments . 

For an uncracked section, the unit 
strain was taken as the change in length 
between adjacent plugs divided by .ten. 
When a cracked section occurred between two plugs, it was assumed that the total 
change in distance between plugs was due to the change in crack width. 

Determination of Stresses in Welded Wire Fabric I 
As mentioned previously, Electric SR-4 strain gages were used to determine the 

stresses set up in the welded wire fabric. Since the stresses in the longitudinal steel 
could be assumed to be primarily uniaxial, the strain readings obtained with the gages, 
when multiplied by the modulus of elasticity of the steel in the fabric gave the stresses 
in the wire fabric. Type A-7 and type A-18 paper backed constant wire gages having 
a resistance of 120 ohms and a gage factor of 1.9± were used. 

4 : 

Figure k. Lowering of s l a b 
•base. 

onto rubter 
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Two gages were used at each station. They were placed longitudinally on opposite 
sides of a wire, with the center of their gage filaments at the same cross-section but 
with their leads facing in opposite directions. The two gages were used to observe any 
bending or eccentric load effect. 

Strain readings were taken with a Baldwin SR-4, type L, strain indicator. 

Vertical Loading 
The framing for application of the vertical loads to the slab consisted of a longitudinal 

beam supported above the longitudinal center line of the slab by 4 transverse bents spaced 
6 ft on centers. Each bent was made up 
of a transverse beam clamped at its ends 
to vertical pipe posts which were threaded 
into floor inserts on each side of the slab. 
The longitudinal beam transmitted the re­
action of the vertical load to the bents 
which in turn transmitted the vertical up­
lift to the floor inserts (Fig. 7). 

The vertical load was applied by means of 
a hydraulic jack. Its magnitude was deter­
mined with a proving ring placed between the 
the jack and the longitudinal beam. Three 
loading magnitudes of 5, 000, 10,000, and 
15, 000 lb were applied. The largest of 
these loads compares closely to a wheel Figure 5• V e r t i c a l d e f l e c t i o n and v e r t i c a l 

loading apparatus. 

loading for the H20-S16-44 loading which 
is the present standard for design for 
bridges and larger than the wheel load for 
highway pavements. It was estimated 
that a 15, 000-lb load on the 3-ft width of 
the test slab would produce maximum 
bending moments in the longitudinal direc­
tion of about the same magnitude as the 
maximum moments produced by a pair of 
16, 000-lb wheel loads on a 12-ft pavement 
slab. The 5,000-lb load was transmitted 
to the slab through a stack of circular 
steel plates of increasing size, of which 
the largest was 12 in. in diameter, and 
a piece of rubber of the same diameter 
located on the surface of the slab at the 
test position. The 10, 000- and 15, 000-lb 
loads were applied through a stack of 
plates, of which the largest was 18 in. in 
diameter, and a piece of rubber of the 
same diameter. The purpose of the rubber 
was to seat the plate on the slab surface, 
thus obtaining a more uniform application 
of load to more nearly simulate an actual 
tire load. These sizes conform sufficiently 
close to the equivalent contact areas of 12-, 
16-, and 19-in. diameters, respectively 
for 5, 000-, 10, 000-, and 15, 000-lb dual 
wheel loads as given in Concrete Pavement 
Design (9). Figure 6. Measurements of surface s t r a i n s 

and crack widths. 
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Longitudinal Loading 
To simulate temperature stresses, tensile stresses were induced in the reinforced 

slab by applying longitudinal loads to the longitudinal wires which protruded 18 in. from 
each end of the slab. Each wire was threaded approximately 4 in. for loading purposes. 
Tension tests on similar threaded wires indicated an ultimate strength of threadedwires 
approximately % of the ultimate strength of unthreaded wires. Thus, inthecaseof 6x 12 
fabric, five longitudinal wires were added to the original six wires at the ends of the 
specimen. 

A set of two beams was placed transverse to the slab at each end with the projecting 
wires passing between them. Plates and 
nuts were fitted on the threaded ends of the 
wires with the plates flush against the beams. 

Figure 7. Framework f o r v e r t i c a l loading. 

Thus, when the beams were forced away 
from the slab in the longitudinal direction, 
a tensile load was applied to the wires 
which in turn transferred a portion of it 
to the concrete of the slab. The nuts were 
adjusted so that the longitudinal load was 
distributed as evenly as possible among 
the longitudinal wires. This distribution 
among the wires was facilitated by SR-4 
strain gages mounted on the projecting 
wires between the threaded portion of the 
wires and the slab end (Fig. 7). 

The longitudinal load was applied to 
the transverse beams by either screw 
jacks or hydraulic jacks placed on each 
side of the slab near each end. The jacks 
on each side of the slab worked against 
each other through pipe columns (Fig. 7). 
The applied load was measured by means 
of cylindrical load cells which were placed 
between the jacks and the transverse beams 
(Fig. 8). Small bearing beams placed between the load cells and the transverse beams 
served to distribute the load on the flanges of the transverse beams. 

For the large longitudinal loads, four solid cylindrical steel load cells each having 
a cross-sectional area of 3.14 sq in. and a 4-in. length, were placed two at each end. 
For the small and medium loads, to obtain greater sensitivity, two of the solid load 
cells were replaced by hollow circular stainless steel load cells having a cross-sectional 
area of 1 sq in. and a 4-in. length. 

Each load cell was constructed by placing four SR-4 strain gages on longitudinal 

Figure 8. Long i t u d i n a l l o a d j a c k and c e l l . 
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elements at the quarter points of the circular cylinder. Two diametrically opposite 
gages were connected in series; the two pairs were then connected in parallel. The 
series connections eliminated the effect of any bending of the cylinder and the parallel 
connection of the pairs in series resulted in a resistance change of the connected four 
gages equal to that of a single gage on a perfect axially loaded cell. The load cells 
were calibrated in a 120,000-lb capacity Baldwin testing machine. 

Many additional details concerning the design of the experiments as well as the de­
sign and operation of the test apparatus are given in reports written by Witzell (10) and 
Houmard (11). Results of the first phases of this research program are includedTn 
other papers (1 ,̂ 13). 
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Stresses and Deflections in Concrete 
Pavements Continuously Reinforced 
With Welded Wire Fabric 
M.J. GUTZWILLER, Associate Professor of Structural Engineering, and 
J . L . WALING, Professor of Structural Engineering, Purdue University 

Laboratory experiments on simulated continuously-reinforced 
concrete slabs are summarized, with experimental results 
pertaining to slab deflections, crack widths, and stresses in 
welded wire fabric reinforcement receiving most emphasis. 
Some of the significant findings of these laboratory experiments 
are compared with field observations reported in the literature 
and several criteria are suggested for optimum structural de­
sign of continuously-reinforced pavements. 

Some of the conclusions reached as a result of this research, 
subject to the limitations imposed by the range of variables 
studied are: 

1. In adequately-reinforced continuous pavements, tempera­
ture decreases of more than about 30 deg below casting tempera­
ture tend to increase the deflections due to vertical (wheel) loads. 
Temperature decreases less than 30 deg tend toward a slight de­
crease in deflections. 

2. The percentage of mid-depth reinforcement has an influence 
on maximum deflections due to vertical loads; the maximum de­
flections vary somewhat inversely with the percentage of rein­
forcement. 

3. Upper surface crack widths vary somewhat linearly with 
temperature decreases in slabs reinforced with inadequate 
amounts of welded wire fabric but with adequate splice laps. 
Pavements with adequate amounts of reinforcement form new 
cracks during sizable temperature decreases and old cracks do 
not continue to widen in direct proportion to temperature drop. 

4. Maximum active crack widths (due to temperature drops 
and wheel loads) at the upper and lower surfaces of the slab can 
be equalized and minimized by proper placement of the steel re­
inforcement. Laboratory experiments suggest that top and bot­
tom surface active crack widths might be approximately equal­
ized by placement of the fabric about 3/4 in. below mid-depth. 

5. An increase in the average steel stress at a crack ac­
companies increased temperature drops (below concrete casting 
temperature); furthermore the stresses vary somewhat inverse­
ly with percentage of longitudinal reinforcement at mid-depth. 

6. Vertical loads contribute significantly to stresses in the 
reinforcement. 

7. Reinforcement placed 1-1/2 in. above mid-depth must 
resist stresses considerably greater than the same amount of 
reinforcement placed at mid-depth or below. 

• RESEARCH ON continuously-reinforced pavements already summarized (!) indicates 
the great interest in this relatively new type of pavement which shows promise of pro­
viding smooth riding qualities and low maintenance costs over a long service period. 
The apparent advantages of this type of pavement design are adequate incentive to ad­
ditional research directed toward the determination of rational procedures for the de­
sign of continuously-reinforced pavements. 

1;8 
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Field experiments on continuously-reinforced pavements have included studies of 
pavement deflections including crack widths (2, 3, 4, 5, 6) and stresses in the steel 
reinforcement (2, 4, 5̂ ). Pavement deflections and crack widths must be the basis for 
important design criteria. Steel stresses, since they are repetitive in nature, must 
be maintained below the endurance limit of the reinforcement. 

The recognized purpose of continuous longitudinal reinforcement in pavements is to 
control the formation of cracks and to hold the cracks tightly closed. Such closed 
cracks prevent the easy entry of water and soil particles and provide adequate aggre­
gate interlock to transfer the loads and forces across the cracks. After the formation 
of these fine cracks (7), the pavement is no longer a continuous structural unit but acts 
as a series of relatively rigid slab segments connected by relatively flexible reinforced 
cracked sections (8, 9). Stresses in the steel reinforcement" are critical at cracks. 

Deflections of pavements are closely associated with subgrade pumping. Although 
not all subgrades are susceptible to pumping, it is apparent that pavement deflections 
must occur in some magnitude to initiate pumping of those subgrades which are sus­
ceptible to such deterioration. 

A complete knowledge of the combined effects of temperature changes and wheel 
loads on reinforcement stresses, slab deflections, and crack widths for slabs rein­
forced with various amounts of steel in various positions and resting on subgrades of 
various stiffnesses must be obtained in order to establish rational criteria for the de­
sign of continuously-reinforced pavement slabs. 

PURPOSE AND SCOPE 
The objectives of this paper are: 
1. To report the results of a series of laboratory experiments on simulated continu­

ously-reinforced concrete slabs, with emphasis on those results pertaining to slab de­
flections, crack widths, and stresses in the continuous welded wire fabric reinforce­
ment. 

2. To compare the results of these laboratory experiments with reported field data. 

T A B L E 1 

SPECIMEN CHARACTERISTICS 

Slab 
IjO. 

1 
Helnforcement Percent 

Reinforcement 

Position of 
Heinforcenent 

below top 

Reinfareement 
Ultimate 

Strength, psi 

Concrete 
Caapressim 

Strength, ps i 

1 WWF 6 X 12 0/3 0.154 4 Inches 93,400 5360 

2 MhF 6 X 12 OOOOC/0 0.300 4 Inches 80,400 4720 

3 h w 4 X 12 ooooq/o 0.450 4 Inches 80,400 4620 

4 :ieiF 4 X 12 oaooo/0 0.^50 S-1/2 inches 80,400 4320 

5 VJWF 4 X 12 OOOOC/0 0.450 2-1/2 Inches 80,400 

'WWF i s abbreviation f o r welded wi re f ab r i c . 

'Section 4(a) of ASTM Specification A82-34 f o r Cold Drawn Steel Wire f o r Concrete Reinforcement speci­

f i e s y ie ld stress to be 0.8 ul t imate tensile strength. Section 4(d) states that "the yie ld point shall be de­

termined by the drop of the beam or halt in the gage of the testing machine. In case no definite drop of 

the beam or halt m the gage i s observed un t i l f i n a l rupture occurs, the test shall be construed as meeting 

the requirement f o r yie ld point in Paragraph ( a ) . " Thus, while the wi re reinforcement had no definite 

yie ld point, i t sat isf ied the specification. Specification A82-34 has been in effect during the entire t ime 

of th is p ro jec t . 
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3. To arrive at tentative criteria for the design of continuously-reinforced pave­
ments as suggested by this study of stresses and deflections (including crack widths) in 
pavements continuously reinforced with welded wire fabric. 

In using the results herein presented, the limitation imposed by the range of vari­
ables introduced in this laboratory should be kept in mind. This range of variables, 
which is outlined in the following section, will be expanded through the continuation of 
this research; future results may substantially add to, or otherwise alter, the findings 
reported here. One important criterion for the design of continuously-reinforced con­
crete pavements has resulted from the study of crack formation in such pavements (7). 

LABORATORY EXPERIMENTS AND RESULTS 
Specimens for these experiments were concrete slabs 8 in. thick, 3 ft wide, and 28 

ft long (!_), reinforced with welded wire fabric. The controlled variables included in 
the experiments were percentage of longitudinal reinforcement, position of reinforce­
ment, range of simulated temperature drop after casting of the concrete (longitudinal 
forces), and magnitude and position of simulated wheel loads. The slabs tested and 
the magnitude assigned to each variable for the various slabs are summarized in Table 
1. The subgrade modulus was held constant at 155-160 pci through the use of a rubber 
subgrade. 

Each slab specimen contained three preformed transverse cracks spaced 5 ft apart 
(Fig. 1). Vertical loads were applied at seven locations on the longitudinal centerline 
of slabs 1 and 2 and at eight locations on slabs 3, 4, and 5 (Fig. 1). 

The general procedure for loading the specimens and collecting the data was as 
follows: 

1. A set of strain and deflection readings was taken with no load on the slab. Ver­
tical loads of 5, 000, 10, 000, and 15, 000 lb were then applied at position No. 1 and a 
set of readings was taken for each load. This procedure was repeated for vertical 
load positions No. 2 through 8, successively (2 through 7 for slabs 1 and 2). 

2. A set of strain and deflection readings was taken with no load on the slab. 
An initial longitudinal load of 10, 000 lb was applied and a set of readings was taken 
while holding this longitudinal load constant, the vertical loadings were repeated at 
positions No. 1 through No. 8 (No. 7, slabs 1 and 2), successively with appropriate 
data collection, and the loads were then removed. 

r . - G [ 2 / @ 4 ) — ® 

T ^ 5'-0" 5'-0" 

8 SPACED AT l'-8" = 13' 

28'-0" 

SLABS I AND 

i ^ ; ' - 9 ; : j j ' - 9 : ^ 2 ' - 6 V 

VERTICAL LOAD POSITIONS 
VERTICAL DEFLECTION 

STATIONS 

(D(D-(D-(5©-(6)-

T 5'-0" 5'-0" 
8 SPACED AT l'-8"' l3'-4" 

SLABS 3,4 AND 5 

Figure 1. P o s i t i o n of v e r t i c a l loadings and measurements of v e r t i c a l d e f l e c t i o n s . 
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3. The horizontal load was increased in increments and step 2 was repeated for 
each increment. In general, 10, 000-lb increments were used. 

As a trial, the loading sequence was altered slightly for slab 2. This slab was 
tested continuously without removing the longitudinal load after each set of vertical 
loads was applied. The longitudinal load was simply increased by the 10, 000-lb in­
crement before the next set of vertical loads was applied. 

During the entire loading sequence, measurement of concrete strains and crack 
widths was made at the upper surface of each slab. Steel plugs had been embedded in 
the surface in the test area of each slab at 10-in. intervals (Fig. 2). Gage holes were 
drilled in these plugs and a 10-in. Whittenmore strain gage was used to make surface 
strain and crack width measurements. For an uncracked gage length the average unit 
strain was taken as the change in gage length divided by ten. When a transverse crack 
occurred between two plugs, it was assumed that the total change in that gage length 
was due to a change in the crack width. This continuous set of gage lengths thus made 
it possible to determine the over-all change in length of the test region due to various 
combinations of horizontal and vertical loads. 

The longitudinal tensile loads simulated the effect of temperature drops. Correla­
tion of the magnitude of longitudinal load to temperature drop was determined by cal­
culations. The over-all increase in length of the central test region of a slab due to 
longitudinal load, as determined by the surface strain readings, was equated to the 
decrease in length of the same span of reinforced concrete due to a temperature drop. 
At. Thus the condition of effective full restraint against longitudinal movement in a 
continuously-reinforced slab away from the end regions was assumed. 

e=aLAt (la). 
or 

At = a L ( l b ) 

in which 
e = elongation (inches) of central test region 
L = length (inches) of central test region 
a = coefficient of linear contraction, assumed to be 

0. 000006 in. /in. /degree F for both steel and concrete. 
At = temperature drop (degrees F) 

Further details concerning the calculations necessary for the correlation of longi­
tudinal forces and temperature decrease may be found elsewhere (7), 
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Vertical Deflections 
It is generally agreed that continuously-reinforced concrete pavements without joints 

are less susceptible to the damaging effects of pumping than rigid pavements of other 
current designs, but that under certain conditions of subgrade type and traffic they are 
not immune from pumping action at the free edge of the pavement. The possibility of 
such pumping may be reduced through proper pavement design to control the vertical 
movements of the slab under vertical loading. 

Vertical deflections of each slab were measured at nine stations (Fig. 1). To indi­
cate the effects of vertical loads on slab deflections, each slab was assumed to be 
straight when subjected to the various longitudinal loads with no vertical loads acting. 
The additional deflections due to 5-, 10-, and 15-kip vertical loads placed at each of 
the load positions were then measured. A series of graphs similar to that shown in 
Figure 3 was drawn for each slab subjected to a full range of the longitudinal loads 
which simulated temperature drops. These served as a basis for determining average 
values of maximum deflections of preformed cracks and for obtaining the magnitudes 
of angle changes at cracked sections of the slabs. 

A graphical indication of the influence of temperature drop and percentage reinforce­
ment on maximum vertical deflections due to 15-kip wheel loads is given in Figure 4. 
The data points are the average of the maximum deflections of the three preformed 
cracks when each was loaded in turn by the 15-kip simulated wheel load, with the slab 
subjected to various longitudinal loads (temperature drops). The three slabs which 
contained different percentages of longitudinal reinforcement sustained defle.ctions 
ranging from 0. 07 to 0.10 in. in magnitude throughout the total range of simulated 
temperature drops. At the greatest temperature drop, slab 3 with the greatest amount 
of longitudinal reinforcement (0. 450 percent) showed about 18 percent less deflection 
than slab 2 (0. 300 percent steel) and about 26 percent less deflection than slab 1 (0.154 
percent steel). 

The influence of vertical location of the reinforcement on deflections due to wheel 
loads is shown in Figure 5. Of the three slabs which contained the same percentage 
of steel at three different locations, slab 5 with its reinforcement 1-1/2 in. above mid-
depth allowed fewer deflections than the slab reinforced at mid-depth; furthermore the 
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slab reinforced at 1-1/2 in. below mid-
depth allowed more deflection than the 
other two, throughout the full range of 
100 deg of temperature decrease. This 
result was undoubtedly influenced by the 
presence of the double percentage of steel 
at the two outside preformed cracks, in­
troduced by lapping of the fabric at these 
two cracks. 

Downward deflections under simulated 
wheel loads were usually accompanied by 
some negative deflection (upheaval) at ad­
jacent cracks. Thus under a moving wheel 
load, each crack section was subjected to 
vertical movements greater in magnitude 
than the maximum downward deflection. 
The total vertical movement of cracks is 
probably more indicative of the possibility 
of initiating pavement pumping than is max­
imum downward deflection of cracks. 

Figure 6 shows the influence of tempera­
ture drop and percentage reinforcement on 
total vertical movements due to 15-kip 
wheel loads. The data for this graph were 
also obtained by averaging the total verti­
cal movements of the three preformed 
cracks. Slab 3 with its 0.450 percent lon­
gitudinal reinforcement offered more re­
straint against total vertical movement at 
temperature drops greater than 40 deg than 
slabs 1 and 2 which are considered (7) to 
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have been under-reinforced. The in­
crease in total vertical movements of 
cracks with increased temperature drops 
was negligibly small in slab 3, but was 
of significance in slabs 1 and 2. 

The effect of position of 0. 450 percent 
longitudinal reinforcement on total verti­
cal movement of cracks is shown in Fig­
ure 7. In this respect, it appears that 
there is negligible basis for choice be­
tween mid-depth and above-center rein­
forcement, both having furnished some 
more restraint against total vertical 
movements throughout the greater portion 
of temperature drops than the low-level 
reinforcement. 

Crack Widths 
All engineers interested in design or 

research on continuously-reinforced con­
crete pavements are concerned with stud­
ies of crack formation and crack widths 
in the concrete slabs. It is generally re­
cognized that the function of the longitu­
dinal steel is to maintain the cracks, 
which must necessarily form, in a tightly-closed condition so that fine-grained soils 
cannot enter the cracks from either the top or the bottom. In discussing the probability 
of blowups in continuously-reinforced pavements, Woolley (10) cited progressive spall-
ing due to the accumulation of dirt in cracks, from the top and perhaps also from the 
bottom of the slab, as the first step toward blowups. He reasoned that with time, as 
a result of spalling, the compression across a crack, which develops with rising tem­
perature, must be carried by a progressively smaller section of concrete than the o-
riginal full depth. Blowups then occur as a natural consequence. 

Thus, it is generally agreed that in properly designed continuously-reinforced pave­
ments, the cracks are held so tight that 
soil cannot get into them and spalling does 
not occur to an appreciable extent. There­
fore, one key to optimum design is the 
control of crack widths. 

In the slabs tested, the center preform­
ed crack carried a single layer of welded 
wire fabric. Splices were placed at (or 
near, in slab 1) the two outer preformed 
cracks (15- and 16-in. laps in slab 1, and 
2-ft and 4-ft laps in slabs 2 through 5). 
The center crack widths were considered 
to be representative of most cracks which 
would occur in a pavement slab and were 
therefore studied in detail; however, it 
was found that the splices influenced some­
what the widths of adjacent cracks. 

Crack width data obtained from the up­
per surface strain plugs with the slabs sub­
jected to longitudinal loads (temperature 
drops) only is sampled on the graphs in 
Figure 8. This shows the variation in the 
upper surface center crack widths with 
temperature drops for slabs 1, 2, and 3. 
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The center crack openings for slab 1 were relieved by an early semi-yielding of the 
lap splices at the adjacent cracks. This accounts for the small crack openings plotted 
for slab 1 in the lower range of temperature decrease. Slab 3, withO. 450 percent longitu­
dinal reinforcement developed two additional cracks at an early 16 deg temperature 
change; this relieved the center crack of further opening over a long range of tempera­
ture drop. In fact, no appreciable increase in this center crack width resulted until a 
total temperature change of about 90 deg. Except for the results of slab 1, which were 
effected by the semi-yielding of the outer cracks, it is seen that, through the greater 
range of temperature drops, crack widths varied somewhat inversely with percentage 
of longitudinal reinforcement. 

The influence of temperature drops and position of reinforcement on upper surface 
crack widths are shown in Figure 9. Again the beneficial effects of early formation 
of additional cracks is seen. The center crack of slab 3, which had 0. 450 percent 
steel at mid-depth and which developed the two additional cracks at 16 deg decrease, 
was maintained more tightly closed than the center crack of either slab 4 with the same 
steel below mid-depth or slab 5 with its steel above mid-depth. It is also seen that the 
center crack of slab 4 closed somewhat after the formation of six additional cracks in 
or near the test region of the slab. 

In the design of a continuously-reinforced pavement, the upper surface crack widths 
due to temperature changes alone are of less importance than top and bottom surface 
maximum crack widths due to temperature changes and wheel loads. As the wheel 
loads move along the pavement the slab deflects and the top and bottom crack widths 
vary over significant ranges. Water and soil can work into cracks at the upper sur­
face under the action of gravity and at the bottom surface under the pressure developed 
between the slab and the subgrade. Thus it is important to minimize active crack 
widths at both top and bottom surfaces of the slab. 

The laboratory experiments involved measurement of the variation of upper surface 
crack widths with temperature changes and wheel loads for those slabs reinforced by 
steel at mid-depth. In addition, crack widths on the sides of the slabs at the elevation 
of the steel were measured on the slabs reinforced with steel below and above mid-
depth. Gkjod estimates of bottom surface crack widths were obtained by calculations. 
For slabs reinforced with steel below (or above) mid-depth, top surface and side crack 
width data for temperature changes alone indicated cracks increasing in width with the 
distance from the steel as shown exaggerated in Figure 10a. The measured crack width 
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at the elevation of reinforcement is S r- The upper surface crack width (6j, + 6 j) was 
also measured. It was assumed that the increase in crack width both above and below 
the reinforcement was linear, 
temperature alone was 

Thus the crack width S ob t̂ e bottom surface due to 

8 ob ' r - 6 i t (2) 

Applications of vertical loads changed the upper and lower crack widths appreciably. 
From the deflection diagrams (similar to Fig. 2), angle changes due to 15-kip wheel 
loads were scaled accurately for the center preformed crack for each horizontal load 
on each slab. These angle changes were assumed to be centered at the reinforcement 
in the cracked section. When multiplied by the distance of the reinforcement from the 
lower surface, they gave the additional bottom surface crack widths, 8a , due to the 
angle changes induced by the wheel loading. Thus, the total bottom surface crack 
width, 8 b) due to temperature change and wheel loading is (Fig. 10b) 

b 
8b = «ob-^ 8r + 6 i^+ab (3) 

For the special case of mid-depth reinforcement, the ratio b/a is equal to unity and 
the first two terms of the bottom surface crack width (the last member of the equality) 
are the same as the top surface crack width due to temperature drops alone. That is 
to say, for mid-depth reinforcement it is assumed that due to temperature changes 
alone, top surface crack widths are equal to bottom surface crack widths. 

Figure 11 outlines the influence of temperature decrease and position of steel on 
maximum upper and lower surface crack widths due to 15-kip wheel loads. A compari­
son of Figures 9 and 11 shows that wheel loads did have appreciable effect on the mag­
nitudes of maximum top surface crack widths. Figure 11 shows that bottom surface 
crack widths were considerably greater than top surface crack widths in simulated 
continuous pavement slabs reinforced at mid-depth and above, while top surface crack 
openings were greater than bottom surface crack openings in the slab reinforced at 
1-1/2 in. below mid-depth. A study of these curves suggests that top and bottom sur­
face active crack widths might be approximately equalized by placement of the steel 
about 3/4 in. below mid-depth. 
Steel Stresses 

007 

In continuous concrete pavements re­
inforced with welded wire fabric, the lon­
gitudinal wires are subjected primarily to 
uniaxial tensile or compressive stresses. 
Although this longitudinal steel does trans­
fer a portion of the loads across cracks 
in the concrete, its primary contribution 
is made by holding the cracks tightly 
closed so that concrete aggregate inter­
lock resists the greater portion of the 
shear forces at a crack. 

To determine the stresses in the lon­
gitudinal wires of the welded wire fabric 
at cracks, several SR-4 type A-7 elec­
trical strain gages were applied to the 
wires at each of the preformed cracks as 
previously described (1_). Gages were 
also placed on the longitudinal wires be­
tween cracks to determine the role of the 
reinforcement in unbroken segments of 
the concrete. Strain gage readings were 
taken during the experiments in the same 
sequence as the deflection and crack width 
measurements. Strains were multiplied 

5-TOP X 
BOTTOM 

TOP 
BOTTOM 0 a</)004 

3-TOP O 
BOTTOM 

S 0 10 20 30 40 50 60 70 80 90 100 
TEMPERATURE DROP-DEGREES F 

F i g u r e 11. Influence of temperature drop 
and p o s i t i o n of reinforcement on maximum 
surface crack widths due t o 15-kip wheel 

load s . 



57 

« 6 0 

i 5 0 
UJ 

o 
p 
fe40 

< 3 0 
Q 

a 20 

UJ 

w 0 

SLA 3 REIN FOR CEN EN1 
AT MID-DEPTH 

2 0 3 0 0 % — 
3 0.45 0% 

\ 
1 / 

/ 
1 / 

n //i 
r 

/ 
r s 

10 20 30 40 50 60 70 80 90 100 
TEMPERATURE DROP-DEGREES F 

directly by the modulus of elasticity to ob­
tain the steel stresses. 

Significant differences were obtained 
between the steel stresses at cracks and 
those farther away than one transverse 
wire from the cracks; the latter were al­
ways quite small while the stresses at the 
cracks were of such magnitude as to re­
quire special attention in the design of a 
continuously-reinforced concrete pavement. 

Variations in steel strains, some as 
great as 20 percent from the average, 
were obtained from the several gages at a 
single crack, under a given load arrange­
ment. These variations were probably 
due to unequal loss of bond as a result of 
strain gage waterproofing and normal vari­
ations in anchorage furnished by the welded 
transverse wires. Furthermore, the ir­
regular shape of some of the cracked 
transverse sections of the slabs may have 
caused uneven pressures to develop in the 
concrete at cracks under vertical loads. 
Obviously, exact values of either maximum 
or average stresses in the wires at cracks 
cannot be predicted; however, it is prac-

F l g u r e 12. I n f l u e n c e of temperature drop 
and percentage of reinforcement on s t r e s s 

i n s t e e l a t center crack, 
tically as important to know the order of magnitude of stresses as to know the exact 
values. Average values serve as an adequate basis for comparison of the various per 
centages and positions of reinforcement in arriving at optimum pavement design. 

To obtain representative values of steel stresses at cracks, the eight strain gage 
measurements at the center crack were averaged. Figure 12 shows the variation in 
longitudinal steel stress due to the simulated temperature changes only, for the vari­
ous percentages of reinforcement. These 
curves show, in general, an increase in 
steel stress with increased temperature 
drops and, except for slab 1 in which the 
adjacent cracks semi-yielded, show a 
trend in favor of an increase in percent­
age of reinforcement for temperature 
drops greater than 3 5 deg. The position 
of the fabric reinforcement had consider­
able influence on the maximum steel 
stresses at cracks due to temperature 
changes alone (Fig. 13). The mid-depth 
reinforcement of slab 3 was subjected to 
a little less stress than the lowered rein­
forcement of slab 4 at temperature drops 
greater than 3 5 deg and to considerably 
less stress than the high reinforcement of 
slab 5 at all temperature ranges. The 
stress relief induced in slab 3 by the for­
mation of two additional cracks at 16 deg 
temperature drop is apparent. 

Wheel loads contribute significantly to 
the stresses in the reinforcement of con­
tinuously-reinforced pavements. Figure 
14 shows the combined effect of 15-kip 
wheel loads and temperature decreases 
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on the steel stresses at the center cracks for the various percentages of longitudinal 
steel. This set of curves shows definitely the inadequacy of the 0.150 and 0.300 per­
cent steel of slabs 1 and 2, respectively. The 0. 450 percent reinforcement of slab 3 
appears adequate in regard to stresses. Here, also, the influence of the early forma­
tion of additional cracks in slab 3 was beneficial. The position of the reinforcement 
had considerable influence upon the maximum steel stresses at cracks due to tempera­
ture changes and 15-kip wheel loads. Figure 15 shows that slab 3, with its reinforce­
ment at mid-depth was subjected to slightly fewer steel stresses than slab 4 with its 
reinforcement 1-1/2 in. below mid-depth. Both slabs 3 and 4 were subjected to con­
siderably fewer steel stresses than slab 5 with its reinforcement 1-1/2 in. above mid-
depth. The early formation of the two additional cracks in the test region of slab 3 un­
doubtedly contributed to sufficient stress relief to make the steel stresses fall below 
those of slab 4. One might normally expect the resulting curve for slab 3 to fall be­
tween the curves for slabs 4 and 5, at least in the region of large temperature de­
creases. 

Additional details concerning the results of these experiments may be found in re­
search reports by Witzell (18) and Houmard (19). 

CORRELATION OF LABORATORY RESULTS WITH FIELD TESTS 
Field experiments with continuously-reinforced concrete pavements have included a 

limited number of test pavements reinforced with welded wire fabric. The Indiana 
(Stilesville) test road (11.) included two test sections 310 ft long reinforced with fabric 
to provide 0.42 percent longitudinal steel placed at 2-1/2 in. below the top surface of a 
standard 9-7-9 in. thickened edge pavement. Other shorter sections were also in­
cluded. The New Jersey test road (12) included two sections 5, 430 and 5,130 ft long re­
inforced with fabric giving 0. 90 and 0. 72 percent longitudinal steel in slabs 8 and 10 in. 
thick, respectively. That fabric was placed in two layers by the strike-off method. 

Very little, if any, data on pavement deflections due to wheel loadings were produced 
by the reported field experiments on continuously-reinforced pavements. Investigators 
(13) have experienced difficulties in establishing adequate datum planes for such field 
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measurements, due to the compressibility of considerable depth of subgrade. Field 
e3q)eriments on continuous reinforcement of pavement slabs have, in general, been 
directed toward other more pressing problems. 

The variation of widths of crack openings due to temperature changes has been stud­
ied in several of the field experiments. At the end of ten years of service, the Indiana 
(Stilesville) test road (14) showed crack widths ranging from 0. 02 to 0.06 in. with an 
average of 0. 038 in. in the lane reinforced with 0. 45 percent steel and carrying light 
traffic. These crack openings were measured in the fall of the year when the mean 
pavement temperature was 58 to 60 deg F, Those measurements were made in such 
a manner as to include raveling and rounding of the edges of the concrete at cracks. 
Widths of cracks measured at mid-depth on the edge face of the pavement to exclude 
raveling and rounding showed real widths of less magnitude than the upper surface 
crack widths. These measurements, made with a microscope in the fall when the 
mean pavement temperature was 73 to 74 deg F, showed crack widths ranging between 
0.007 and 0. 010 in. in the same section of pavement previously mentioned. Similar 
data for other percentages of reinforcement showed that the crack widths, for a given 
temperature, increased with a decrease in the percentage of longitudinal reinforce­
ment. 

The three-year performance report on the Illinois (15) continuously-reinforced pave­
ment stated that 7-in. and 8-in. thick slabs reinforced with 0.3, 0.5, 0.7, and 1.0 
percent steel had developed transverse cracks ranging in width from 0. 007 to 0. 021 
in. by August 1950. Measurements taken after three years of service from the New 
Jersey e3Q)erimental pavement showed a maximum crack width of 0. 019 in. and an 
average crack width of 0.015 in. in the outside lane of an 8-in. pavement, at a net tem­
perature drop of 31 deg. This pavement was longitudinally reinforced with 0. 90 per­
cent steel. 

Thus, although no direct correlation can be made between the crack widths obtained 
in the laboratory experiments and the various field experiments, it is seen that the 
crack width measurements made in the laboratory were in the same order of magnitude 
as those observed in the field. 

Changes in crack widths with passage of wheel loads have not been reported from 
the field ejqjeriments. Therefore, no correlation can be made between the laboratory 
and field experiments in this important phase of the experiments. 

Reinforcement steel stresses have been measured in the Illinois (15), California 
(17), and Pennsylvania (5) experiments. Stresses as great as 62, 000 and 42, 000 psi 
were reported for the Illinois experiment for 7-in. and 8-in. slabs reinforced with 0. 7 
percent steel. Stresses as great as 50, 000 and 80, 000 psi were reported from the 
California experiment at the end of six months after casting the concrete in 8-in. slabs 
reinforced by 0. 62 and 0. 50 percent steel, respectively. Stresses exceeding the yield 
strength of the steel were reported at two months and three months after casting the 
pavement at York, Pennsylvania. This pavement contains 0. 50 percent longitudinal 
steel. 

The California report (r7) contained the following statements in regard to reinforce­
ment steel stresses which are of special interest: 

At early ages (less than 3 months) the readings on pairs of SR-4 gages 
opposite each other on the same reinforcing bar were in agreement 
within 10 percent. There was, however, a noticeable increase in the 
variations in readings at 3 months and at 6 months. 

As a result of the laboratory experiments, it is believed that such variations are to be 
expected as a result of unequal stress build-up due to temperature changes and wheel 
loads rather than as a direct result of the passage of time. 

It can be seen that the several field experiments yielded a variety of magnitudes of 
crack widths and stresses in the various types of reinforcement due to temperature 
changes. These variations can be attributed to such influencing variables as subgrade 
stiffness, concrete casting temperatures, and subsequent moisture conditions. The 
crack widths and steel strains reported for the field experiments were of the same 
order of magnitude as those obtained in these laboratory experiments. 
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Data on crack widths and steel stresses due to wheel loads as well as temperature 
changes have not been reported from the several experiments. 

DESIGN CRITERIA 
A study of laboratory data on vertical deflections, crack widths, and reinforcement 

steel stresses, on an individual basis, suggests the following criteria for the design of 
continuously-reinforced pavements: 

1. For the temperature range between the temperature of casting of the concrete 
and the freezing temperature of the subgrade, the total vertical movement composed 
of downward deflection under wheel loads and upheaval as the loads move away should 
be minimized as nearly as practicable. 

2. For the same practical temperature range delineated in criterion 1, the upper 
surface and lower surface crack widths should be considered equally important and the 
maximum active crack widths due to wheel loads as well as temperature-changes at 
both the upper and lower surface should be minimized as nearly as practicable. 

3. For the practical temperature range, the maximum reinforcement steel stress 
(average) due to temperature changes and wheel loads should be maintained below the 
yield strength of the steel with as great a margin as is economically feasible. 
In general, all three of these design criteria cannot be completely satisfied by a single 
choice of amount and position of reinforcement. Furthermore, economic considera­
tions may place practical restrictions on the designer in his choice of concrete thick­
ness and steel reinforcement for continuous pavements which might make these c r i ­
teria unattainable; thus the criteria must serve as a guide for compromise in the 
choice of design characteristics of continuously-reinforced pavements. 

A previous study (7) of formation of cracks in continuous pavements has suggested 
another criterion which should be satisfied along with the three listed above. It can be 
summarized by the following statement: 

4. Sufficient amount of longitudinal reinforcing steel must be provided to maintain 
all transverse cracks in a tightly closed condition without adverse effects on the con­
crete. For mid-depth reinforcement, this condition is met when increasing longitu­
dinal forces caused by temperature drops, in combination with live loads, tend to 
cause additional cracks to form rather than to cause excessive opening of existing 
cracks. 

These four criteria can be applied in judging the relative merits and acceptability 
of the five slabs included in the laboratory e^eriments. It must be remembered, how­
ever, that the experiments reported here have included to date only slabs 8 in. thick 
resting on a subgrade having a modulus of 160 pci. Thus the optimum pavement de­
sign may not be represented among these slabs. Table 2 summarizes the application 
of the four criteria to the slabs tested. 

Examination of Table 2 reveals the general inadequacy of the light reinforcement in 
slabs 1 and 2. Slab 5 with its reinforcement 1-1/2 in. above mid-depth is rated inade­
quate because of excessive lower surface active crack widths and because of the high 
steel stresses. Slab 3 with its reinforcement at mid-depth proved to be somewhat 
better in every respect than slab 4 with its reinforcement 1-1/2 in. below mid-depth 
except for the item of formation of cracks. Thus, from the five specimens tested to 
simulate 8-in. continuous concrete pavements reinforced with welded wire fabric and 
resting on subgrades having a modulus of 160 pci, reinforcement with 0.450 percent 
longitudinal steel placed at mid-depth appears to represent the most economical de­
sign and best performance. However, if additional slabs were tested, perhaps 0.450 
percent reinforcement placed about 3/4 in. below mid-depth might prove advantageous. 

CONCLUSIONS 
As a result of these laboratory experiments on continuous pavements reinforced 

with welded wire fabric, and within the limitations imposed by the range of variables 
studied, the following conclusions are drawn: 
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T A B L E 2 

S P E C I M E N R A T I N G S 

Slab 
No. 

Percent 
Longitudinal 
Reinforconent 

Rating* • - According to C r i t e r i a 

Slab 
No. 

Percent 
Longitudinal 
Reinforconent 

Position of 1. 
Reinforcement 

Ve r t i c a l 2. 
Movement 

Crack 
Width 

3. Steel 
Stress 

4. Crack 
Formation 

1 0.154 Mid-depth D D D D 

2 0.300 Mid-depth C D D C 

3 0.450 Mid-depth A A A B 

4 0.450 1-1/2 i n . below M. B B B A«« 

5 0.450 1-1/2 i n . above M. A D C A-iHt 

* Rating Definitions: A - s a t i s f i e s c r i t e r i o n completely. 
6 - s a t i s f i e s c r i t e r i o n nearly completely 

i n conq>arison vdth other specimens. 
C - s a t i s f i e s c r i t e r i o n p a r t i a l l y - le s s 

than other specimens. 
D - Criterion rules out the design completely. 

** - Criterion not yet intended to apply to slab 
reinforcement placed other than at mid-depth. 

1. In adequately-reinforced continuous pavements, temperature decreases of more 
than about 30 deg below casting temperature tend to increase the deflections due to 
vertical (wheel) loads. Temperature decreases less than 30 deg tend to cause slight 
decrease in deflections. 

2. The percentage of mid-depth reinforcement has an influence on maximum deflec­
tions due to vertical loads; the maximum deflections vary somewhat inversely with the 
percentage of reinforcement. 

3. Total vertical movements (downward deflection plus upheaval) of the pavements 
due to live loads vary with temperature changes and percentage of reinforcement much 
the same as deflections. 

4. Total vertical movements of the slabs reinforced at mid-depth and above are 
about the same; both are of less magnitude than the total movement of the slab rein­
forced below mid-depth. 

5. Upper surface crack widths vary somewhat linearly with temperature decreases 
in slabs reinforced with inadequate amounts of welded wire fabric, but with adequate 
splice laps. Pavements with adequate amounts of reinforcement form new cracks 
during sizable temperature decreases and old cracks do not continue to widen in direct 
proportion to temperature drop. 

6. The upper surface control of crack widths due to temperature changes alone ap­
pears to be accomplished the best by mid-depth reinforcement. 

7. Maximum active crack widths (due to temperature drops and wheel loads) at the 
upper and lower surfaces of the slab can be equalized and minimized by proper place­
ment of the steel reinforcement. These experiments suggest that top and bottom sur­
face active crack widths might be approximately equalized by placement of the fabric 
about 3/4 in. below mid-depth. 

8. Significant differences exist between the steel stresses at cracks and those far­
ther away than one transverse wire from the cracks; the latter are quite small while the 
the stresses at cracks are of such magnitude as to require special attention in the de­
sign of a continuously-reinforced concrete pavement. 
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9. Variations in steel strains (and stresses), some as great as 20 percent, exist 
among the several longitudinal wires of the fabric at a single crack, under given siz­
able temperature changes and live loads. 

10. An increase in the average steel stress at a crack accompanies increased tem­
perature drops (below concrete casting temperature); furthermore the stresses vary 
somewhat inversely with percentage of longitudinal reinforcement at mid-depth. 

11. Position of reinforcement influences the steel stresses at cracks due to tem­
perature drops alone. Reinforcement placed 1-1/2 in. above mid-depth is subjected 
to stresses considerably greater than that placed at mid-depth or below. 

12. Vertical loads contribute significantly to stresses in the reinforcement. 
13. An increase in the percentage of steel placed at mid-depth is accompanied by 

a decrease in the average steel stress at a crack due to a given temperature decrease 
and live load. 

14. Reinforcement placed 1-1/2 in. above mid-depth must resist stresses, due to 
temperature drops and live loads, considerably greater than the same amount of re­
inforcement placed at mid-depth or below. 

15. These experiments yield results pertaining to crack widths and steel stresses 
which are of the same order of magnitude as those reported from field experiments, 
although exact conditions of any one field test are not duplicated in the laboratory. 

16. Three criteria are suggested as guides in the choice of design characteristics 
of continuous pavements. These criteria are supplemented by one derived else­
where (7). 

17. Application of the four suggested design criteria indicates that slab 3 simulat­
ing a continuous pavement reinforced with 0. 450 percent longitudinal steel at mid-depth 
was the best of those tested. Reinforcement at 1-1/2 in. below mid-depth rated second 
best. Perhaps additional experiments might prove that 0.450 percent reinforcement 
placed about 3/4 in. below mid-depth might prove advantageous. 
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Crack Formation in 
Continuously-Reinforced Pavements 

M.J . GUTZWILLER and J. L. WALING, respectively, Associate Professor and 
Professor of Structural Engineering, Purdue University 

The mechanics of crack formation in continuously reinforced 
pavement slabs, as understood from the literature on several 
field test pavements, are summarized. 

Results of a series of laboratory experiments on simulated 
continuously reinforced concrete slabs are given, with those 
results pertaining to the formation of cracks being emphasized. 
The findings of these laboratory experiments are correlated 
with the field observations reported in the literature and one 
criterion for the design of continuously reinforced pavements 
is suggested. 

Some of the more important conclusions reached as a result 
of this research, subject to the limitations imposed by the range 
of variables studied, are as follows: 

1. The effects of concrete shrinkage, temperature changes, 
and wheel loads on crack formation in continuously reinforced 
pavements can be adequately simulated in the laboratory without 
producing actual temperature changes in an infinitely long pave­
ment slab. 

2. The formation of a complete crack pattern in a continu­
ously reinforced pavement is the result of a superposition of 
the effects of concrete shrinkage, temperature changes, and 
live (wheel) loads.. Perhaps the importance of live loads has 
been somewhat underestimated in past discussions of this 
problem. 

3. Crack spacing in a continuously reinforced pavement 
with some age and use varies inversely with the percentage of 
longitudinal steel reinforcement, if the steel is placed at mid-
depth, with a minimum average crack spacing of about 2 f t in 
a slab having 0. 768 percent longitudinal steel. 

4. It is generally agreed that a continuously reinforced 
pavement slab must be reinforced with longitudinal steel in 
sufficient amount to maintain al l transverse cracks in a tightly 
closed condition. For mid-depth reinforcement this condition 
is met when increasing longitudinal forces caused by temperature 
drops, in combination with live loads, tend to cause additional 
cracks rather than to open existing cracks forever wider. This 
standard is suggested as one criterion (among others) for the 
design of continuously reinforced pavements. 

5. The suggested design criterion is satisfied for an 8-in. 
pavement resting on a subgrade having a modulus of 160 pci, 
by 0.45 percent longitudinal reinforcement either in the form 
of deformed bars or welded wire fabric reinforcement placed 
at mid-depth in the slab. 

9 THE MECHANICS of crack formation in continuously reinforced pavements is quali­
tatively understood as a result of long-term observation of the several test strips of 
such pavements now in existance (1 ,̂ 2, 3, 4, 6). The formation of the cracks has, 
in fact, received more attention that any other phase of the experiments — correctly so, 
since the spacing and configuration of the cracks in continuously reinforced pavements 

6h 
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form the common denominator of the other important design parameters such as crack 
widths, pavement deflections, and steel stresses. Cracks are generally considered to 
have been formed in these pavements by the combination of concrete shrinkage during 
curing and climatological temperature changes during and after the curing period. 

Longitudinal reinforcement steel in a concrete slab offers restraint against shrinkage 
of the concrete. The tendency of concrete to shrink builds up longitudinal tension in 
the concrete and compression in the steel. If the tensile stress reaches the magnitude 
of the tensile strength of the concrete a crack forms, thus relieving the longitudinal 
stresses at and near the crack. This action presupposes the presence of adequate steel 
to resist the compressive force induced in the steel by the shrinking concrete. An in­
finitely long, adequately reinforced slab wi l l crack at fairly regular intervals due to 
such concrete shrinkage. 

Climatological temperature changes tend to cause similar volume changes of concrete 
and steel; that is, the coefficient of linear thermal expansion of the two materials is on 
the same order of magnitude, and an increase in temperature above casting temperature 
tends to make both materials expand about the same. However, a long continuously re­
inforced concrete slab is, in all regions at some distance from the slab ends, effectively 
restrained against longitudinal expansion, and the tendency of the materials to expand 
tends to close any transverse cracks and to build up longitudinal compressive stresses 
in the two materials. Since both materials are quite stroi^ in compression, no damage 
normally comes from such expansion. On the other hand, a decrease in temperature 
tends to cause both materials to shorten. The effective restraint against this contraction 
tends to widen any existing transverse cracks, to build up tensile forces in the steel at 
cracks, to induce tensile forces in the concrete and steel between cracks, and to de­
velop bond stresses between the steel and concrete near the cracks. The tensile stress 
in the concrete between cracks may reach the magnitude of the tensile strength of the 
concrete and thus form additional cracks. 

The formation of additional cracks by temperature decrease completely relieves the 
concrete of tensile stress only at the cracks. The flexural action between cracks in 
slab segments caused by vertical loads (wheel loads) on the pavement superimposes 
longitudinal compressive and tensile stresses on the upper and lower portions of the 
slab, respectively, directly under the load and vice versa, but of lesser magnitude, 
some distance away from the load. The superposition of these flexural stresses upon 
the temperature and shrinkage stresses may cause the tensile strength of the concrete 
to be surpassed and may thus form additional cracks. 

The formation of the complete crack pattern in a given continuously reinforced pave­
ment slab results from the superposition of concrete shrinkage, temperature changes, 
and wheel loadings. The f i rs t cracks develop as a result of shrinkage alone, more 
cracks are formed by the combination of shrinkage and temperature change, and the 
crack pattern finally becomes complete as the result of the combination of all three 
causes over a long period of time. In the literature, much emphasis has been given to 
the f i rs t two of these three primary causes of slab cracking, shrinkage and temperature 
changes. 

PURPOSE AND SCOPE 
The objectives of this paper are: 
1. To report the results of a series of laboratory experiments on simulated con-

tinously reinforced concrete slabs, with emphasis on those results pertaining to the 
formation of cracks in the slabs. 

2. To correlate the results of these laboratory experiments with reported field 
data on the cracking of continuously reinforced pavements. 

3. To arrive at tentative criteria for the design of continuously reinforced pavements 
as suggested by this study of crack pattern formation. 

In using the information included in this report, the limitations delineated by the 
range of the variables introduced in the laboratory experiments should be kept in mind. 
This range of variables, which is outlined in the following section, is being expanded 



TABLE 1 

DESCRIFTIOH OF SLAB SFECIHENS 

Slab 
t.'o. 

? 
i le lnforcsjcnt Percent 

Relnforcenent 

Posit ion o f 
Reinforcement 

below top 

3 
Reinforccoent 

Y i e l d Point 
S t r e s s , p s l 

Reinforcement 
Ultimate 

Strength, p s i 

Concrete 
Compressive 

Strength, p s i 

1 D.B. 1,% at 9" O . C . 0 .278 4 inches 5 7 , 3 0 0 94,600 4800 

2 D.B. #5 at 9" O . C . 0.A30 4 inches 5 6 , 3 0 0 97,500 5200 

3 D.B. il5 at 7" O.C. 0 . 5 3 3 4 inches 5 6 , 3 0 0 97,500 4270 

U D.B. </6 at 7" O.C. 0 . 7 6 8 4 inches 55,800 9 7 , 6 0 0 4730 

5 D.B. ^5 a t 7" O . C , 0 . 5 3 3 6 inches 69,500 104,400 5690 

6 U .S . / /5 at 7" O . C . 0 .533 5 Inches 69 ,500 104,400 3 5 0 0 

7 '.;,vT 6 X 12 C/3 0.154 4 inches — 9 3 , 4 0 0 5360 

a .aiF 6 X 12 OCOOQ/0 0.303 4 inches — 8 0 , 4 0 0 4 7 2 0 

9 V-rF 4 X 22 OOOOC/0 0 . 450 4 Inches — 30,400 4620 

1 0 '.A.T 4 X 12 OCXXX/O 0 . 4 5 0 5 - V 2 inches — 80,400 4 2 3 0 

11 M 4 X 12 0000<yO 0 . 4 5 0 2 - 1 / 2 inches — 80 ,400 4 4 5 0 

D.B. iB abbreviation for deformed bars; WWF stands for welded wire fabric. 
3 Section f (a) of ASTM Specification A82-3lt- for Cold Drawn Steel Wire for Concrete 
Reinforcement specifies y i e l d stress to be 0.8 ultimate tensile strength. Section 
h(d.) states that "the y i e l d point s h a l l be determined by the drop of the beam or halt 
i n the gage of the testing machine. In case no definite drop of the beam or halt i n 
the gage I s observed u n t i l f i n a l rupture occurs, the test s h a l l be construed as meeting 
the requirement for yield point In Paragraph (a ) . " Thus, while the wire reinforcement 
had no definite yield point, I t s a t i s f i e d the specification. Specification A82-3U has 
been i n effect during the entire time of this project. 

through the continuation of this research program; future results may substantially 
add to or otherwise alter the findings reported here. 

Important criteria for the design of continuously reinforced concrete pavements 
wi l l result from the studies of stresses in the reinforcement and the deflections of the 
slabs. Results of such studies are reported elsewhere for laboratory experimental 
slabs continuously reinforced with deformed bars (7) and welded wire fabirc (8). 

LABORATORY EXPERIMENTS AND RESULTS 
The specimens for these experiments were reinforced concrete slabs 8 in. thick, 

3 f t wide, and 28 f t long (9, 10). The controlled variables included in the experiments 
were type of reinforcement, percentage of longitudinal reinforcement, position of rein­
forcement, range of simulated temperature drop after casting of the concrete, and magni-
tudeandpositionof simulatedwheelloading. The partially controlled variables included 
primarily the strength and stiffness of the concrete. The slabs tested and the magnitude 
assigned to each variable for the various slabs are summarized in Table 1. The subgrade 
modulus was maintained constant at 160 pci through the use of a rubber subgrade. 

After each slab was cured, i t was lowered onto the rubber subgrade and cracked 
through at each of the three weakened planes by slight non-vmiform lifting of the slab. 
Thus, the central test region of each slab had preformed cracks at 5-ft intervals. This 
was done to be certain that cracks would occur at the location of SR-4 strain gages on 
the reinforcement steel, although it was anticipated from the results of reported field 
tests that additional cracks would develop during the laboratory experiments. 

Vertical loads were applied to each slab successively at eight load points on slabs 1 
through 6 and 9 through 11 and at seven load points on slabs 7 and 8. The locations of 
these vertical load points are shown in Figures 1 through 11. The vertical loads were 
applied in magnitudes of 5,000, 10,000 and 15,000 lb through bearing plates and rubber 
pads 12, 18, and 18 in. in diameter, respectively. 
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Figure 1. Crack fornation — Slab 1. 
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Figure 2. Crack formation — Slab 1. 
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Figure 3. Crack formation — Slab 3. 
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Figure \x. Oracle formation — Slab U. 
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Figure 5. Crack formation — Slab 5. 
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Figure 6. Crack formation — Slab 6. 
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Figure 8. Crack formation — Slab 8. 
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Figure 11. Crack formation — Slab 11. 

In general, horizontal (longitudinal) loads were applied to each slab in increasing 
10,000-lb increments, although 5,000-lb increments were used for slab 7 which had 
only 0.154 percent reinforcement. Horizontal loads were increased in each case until 
it became apparent that the longitudinal reinforcement steel had been stressed beyond 
its yield strength. 

The usual sequence of applying combined vertical and longitudinal loads was as 
follows: 

1. No longitudinal load — vertical loads (5, 10, and 15 kips) at load points 1 through 
8 successively. 

2. 10,000-lb longitudinal load — vertical load sequence repeated. 
3. 20,000-lb longitudinal load — vertical load sequence repeated. 
4. And so forth — to yielding of reinforcement. 
During the entire loading sequence, measurements of concrete strain and crack 

widths were made at the upper surface of each slab. Steel plugs had been embedded in 
the surface of each slab in the test area at 10-in. intervals, longitudinally. Gage holes 
were drilled in these plugs and a 10-in. Whittemore strain gage was used to make 
surface strain and crack width measurements. For an uncracked gage length the 
average unit strain was taken as the change in the gage length divided by ten. When a 
transverse crack occurred between two plugs, i t was assumed that the total change in 
that gage length was due to a change in the crack width. This continuous set of gage 
lengths thus made it possible to determine the over-all change in length of the 130-in. 
test region due to the various combinations of horizontal and vertical loads. Through­
out the testing of each slab specimen, the formation of new cracks (in addition to the 
preformed cracks) was observed and recorded. 

The longitudinal tensile loads simulated the effects of temperature drops. Corre­
lation of the magnitude of longitudinal load to temperature drop was made by calcula­
tions. The over-all increase in length of the central test region of a slab due to longi­
tudinal load was equated to the decrease in length of the same span of reinforced concrete 
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due to a temperature drop. At . Thus, the condition of effective fu l l restrain against 
longitudinal movement in a continuously reinforced slab away from the end regions was 
assumed. 

e = a L A t 
or 

where 
e = elongation (inches) of central test region 
L = length (inches) of central test region 
a = coefficient of linear contraction — assumed to be 0.000006 in./in./deg F for 

both steel and concrete 
A t = temperature drop (deg F) 
Concrete curing shrinkage does not affect appreciably the foregoing computation. 

Shrinkage of the concrete in a continuously reinforced pavement slab tends to cause the 
length of concrete between adjacent cracks to shorten and the cracks to widen. In the 
measurement of the over-all length of a central region of slab the shortening of concrete 
and the widening of cracks compensate for each other. Shrinkage is accompanied by 
stress changes in the concrete and steel; however, these stress changes are nonuniform 
throughout the length, with tendencies toward tensile stresses in the steel at cracks, 
compressive stresses in the steel between cracks, tensile stresses in the concrete be­
tween cracks, and compatible bond stresses between the concrete and the steel. These 
alternating type stresses have no appreciable influence on the over-all change in length 
of a central test region and thus can be neglected in the temperature correlation calcula­
tions. 

During the experiments, as the loading sequence was followed, each slab specimen 
was scrutinized carefully for the development of new cracks. New cracks would usually 
begin in the vicinity of the vertical load position and advance under increasing loads 
from the bottom to the top of the slab. The progress of crack formation was observed 
and marked with chalk on the side of the slab. Figures 1 through 11 summarize the 
cracking history of slabs 1 through 11, respectively. In each of these figures, the 
upper plan view shows the vertical (wheel) loading positions; the lower plan view shows 
the number of the cracks in the order of their occurrence, the horizontal load and the 
position of the vertical load causing each crack, and the temperature drop (deg F) 
simulated by the horizontal load. 

Figures 1 through 4 show the effect of percentage of deformed bar reinforcement 
(placed at mid-depth) on the crack pattern. In the lightly reinforced slab (0.278 per­
cent steel), one additional crack formed — at a 47-deg temperature drop with the verti­
cal load at load point 6. Simulated temperature drops of 86 deg combined with vertical 
loads caused no more cracking. No cracks in addition to the three preformed ones form­
ed in slab 2 which had 0.430 percent steel. Longitudinal loads simulating a 103-deg 
temperature drop, along with the vertical loads, only altered the widths of the preformed 
cracks in this slab. Slab 3 with 0.533 percent steel showed additional cracks at 39-deg 
drop and vertical load at point 6, 70-deg drop and no vertical load, 70-deg drop and 
vertical load at point 3, 70-deg drop and vertical load at point 7 (2 cracks), and 96-deg 
drop and no vertical load. Thus, slab 3 showed a total of nine cracks in a length of 
about 21 f t (average crack spacing 2.3 ft) after a simulated temperature drop of about 
100 deg. In slab 4, which had 0.768 percent steel at mid-depth, two additional cracks 
developed during loading of point 6 with no simulated temperature drop, one developed 
at 54-deg drop with vertical load at point 3, one at 54-deg drop with vertical load at 
point 6, one at 87-deg drop without vertical load and five at 115-deg drop with no verti­
cal load. Slab 4 contained a total of 13 cracks in a length of about 24 f t (average crack 
spacing about 2 f t) after a simulated temperature drop of 115 deg. 

Thus, it is seen that within the range of variables studied, an increase in percentage 
of deformed bar steel reinforcement at mid-depth tends to result in a more closely 
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spaced crack pattern in the slab, with individual crack widths of less magnitude. The 
two slabs having the lower percentages of steel (0.278 and 0.430) remained essentially 
with the preformed crack pattern. This indicates that one could expect crack spacings 
on the order of magnitude of 5 f t or more in slabs having these amounts of reinforce­
ment if the experiments were conducted without preforming cracks in the slabs. The 
slabs with the higher percentages of steel showed a definite decrease in crack spacing 
(to about 2 to 2 \ f t ) with very little difference between the slab reinforced with 0. 533 
percent steel and that having 0.768 percent steel. It is doubtful that the crack spacing 
would average significantly less than 2 f t for any practicable amount of reinforcement. 

The nature of the formation of individual cracks in the slabs reinforced at mid-depth 
is of interest. When one of the more significant horizontal loads (temperature drops) 
was applied to either slab 3 or 4, a crack would usually begin at the bottom of the slab 
imder a 5,000-lb vertical load and would break completely through under the 10,000-
or 15,000-lb vertical load. During the late stages of testing each of these slabs, several 
cracks appeared to be caused directly by the large horizontal loads being applied. The 
influence of vertical loads can be seen, however, since most of the cracks formed in 
the region of influence of vertical loads until the simulated temperature drop was ex­
tremely large. 

Comparisonof the cracking of slabs 3, 5, and6having0. 533 percent deformed bar rein­
forcement at mid-depth, 2 in. below mid-depth, and 1 in below mid-depth, respectively, 
shows the influence of position of steel on the crack pattern. Slab 5 differed markedly from 
slab 3 in that the simulated temperature drops and the vertical loads both caused many 
cracks to start in the lower portion of slab 5, but caused only few to break completely 
through. In fact, up to 132-deg equivalent temperature drop, no complete cracks in 
addition to the three preformed cracks at 5-ft spacing had formed. At 132-deg equiva­
lent temperature drop, one complete crack developed at each end of the slab, each at 
4 f t from the nearest preformed crack. These cracks each formed completely as a 
result of the negative bending moment produced during the application of vertical load 
at the adjacent preformed crack, superimposed upon the simulated temperature change. 
Slab 6 with its 0.533 percent reinforcement at 1 in. below mid-depth contained six 
complete cracks after a temperature drop of 125 deg. These six cracks were spaced 
nearly uniformly at 2 % f t . This slab also contained some of the partial cracks that 
characterized slab 5, but not as many as appeared in slab 5. 

The eccentricity of the longitudinal forces which simulated the temperature drops in 
slabs 5 and 6 produced positive bending moments in slab segments between complete 
cracks which tended to cause compression in the top surface of the slab and tension in 
the bottom surface. This effect, when superimposed upon the influence of the direct 
tensile force of temperature drop and the effects of vertical loading, accounts for the 
partial cracks produced by the eccentrically placed steel reinforcement. The partial 
cracking was most pronounced in slab 5 which had its steel placed with greatest eccen­
tricity. 

The influence of percentage of welded wire fabric reinforcement placed at mid-depth 
is shown in Figures 7, 8, and 9 for slabs designated by the same numbers. In studying 
these figures, one must keep in mind that the reinforcement in each 28-ft specimen 
consisted of three separate lengths of fabric, lap spliced as shown in each figure. Slab 
7 with 0.154 percent longitudinal steel in its fabric reinforcement developed no cracks 
in addition to the three preformed cracks, even though it was subjected to horizontal 
(longitudinal) tensile forces equivalent to temperature drops greater than any practical 
value. Slab 8 which had 0.300 percent longitudinal steel sustained one additional crack 
at a temperature drop of about 60 deg, approximately under a vertical load at position 
5. No other cracks developed until the slab was in a condition of general yielding to 
longitudinal tension force. Slab 9 with 0.450 percent longitudinal steel in its welded 
wire fabric received an additional crack under a vertical load at point 2 accompanying 
a temperature drop of 16 deg and another at the same temperature drop under a vertical 
load at point 6. In addition, this slab cracked 5 f t from one of the outermost preformed 
cracks and 4 f t from the preformed crack nearest the other end. These two cracks 
occurred, however, at a horizontal load equivalent to more than 150-deg temperature 
drop — beyond any practical range of temperature change. Cracks would probably have 
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occurred somewhere in the same vicinity at less temperature drop if the slab had been 
subjected to vertical loads throughout its length. Thus, slab 9 indicated that a crack 
spacing of about 2 '/a f t could be expected in a slab 8 in. thick, reinforced at mid-depth 
with fabric providing 0.45 percent longitudinal steel, and resting on a fairly flexible 
subgrade (k = 160 pel). 

Slab 10 was also reinforced with 4 x 12 00000/0 fabric but had its reinforcement 
placed 1 Va in. below mid-depth. The crack pattern which developed in this slab did 
not differ greatly from the pattern of slab 9; however, slightly greater temperature 
drops were required, in combination with the vertical loads, to cause the f i rs t cracks 
to appear. Crack 7 appeared at the end of the 2 f t lap over preformed crack 2 during 
a horizontal force of 40 kips which was equivalent to a temperature drop of 94 deg. 
Stress concentration in the concrete caused by the lap ending was probably the cause 
of this crack at only 1 f t away from the preformed crack. 

Slab 11 with its 0.450 percent reinforcement placed 1 % in. above mid-depth de­
veloped a crack pattern having little significant difference from that of slab 10 in the 
central test portion; however, it showed more top surface cracks near its ends at 
practical temperature drops than did slab 10. The greater number of top surface 
cracks was obviously due to the eccentricity of the reinforcement. It could not be 
ascertained if these cracks extended clear through to the bottom of the slab. 

CORRELATION OF LABORATORY RESULTS WITH FIELD TESTS 
The crack patterns developed in the seven laboratory slabs with the reinforcement 

at mid-depth agree in general with the patterns reported for the field experiments in 
Indiana, Illinois, New Jersey, California, and Texas which contained somewhat com­
parable reinforcement (11). The minimum crack spacing reported for each of those 
field test pavements was in the same order of magnitude as the crack spacing finally 
obtained in these laboratory experiments; that is, 2 to 2.5 f t for slabs having 0.45 
percent or more longitudinal reinforcement and up to 5 f t or more for less reinforce­
ment. Although these laboratory experiments did not include the effects of the great 
numbers of repeated loads obtained in the field tests, the maximum combined effects 
of shrinkage, maximum wheel loads, and equivalent temperature drops were obtained 
in a relatively short time in the laboratory with slabs resting on a relatively flexible 
subgrade. 

The laboratory slabs in which the reinforcement was placed below mid-depth have 
no counterparts among the continuously reinforced test pavements in existence. It is 
anticipated that the results reported here for these eccentrically reinforced test speci­
mens wi l l be comparatively verified in the laboratory where additional slabs having 
eccentric reinforcement are to be tested on a stiffer subgrade. Results of these labora­
tory experiments may suggest the need for additional field tests. 

It is to be noted that the data presented show, in general, the effects of equivalent 
temperature drops as great as 100 deg with some crack formation described for temper­
ature drops of 125 deg. The horizontal forces applied to the slabs in the laboratory 
were in most cases carried to magnitudes corresponding to considerably greater tem­
perature drops. Those data which extended far beyond limits of practicality have been 
omitted in this presentation. 

Depending upon the construction locale and the temperature at the time of pouring 
the concrete, data presented for temperature drops greater than 90 to 100 deg may be 
unreliable in predicting the behavior of continuously reinforced pavement. A tempera­
ture decrease to below freezing would freeze and stiffen the concrete and would thus 
temporarily provide a greater subgrade modulus. 

DESIGN CRITERION 
It is the common theme of all engineers involved with design or research on continu­

ously reinforced pavements that the slab must be reinforced with continuous longitudinal 
steel in sufficient amount to maintain al l transverse cracks in a tightly closed condition 
without adverse effect on the concrete. The laboratory experimental results obtained 
for slabs having reinforcement at mid-depth indicate that this condition is met when 
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increas ing longitudinal forces (temperature decrease) , in combination with l ive (wheel) 
loads tend to cause additional c r a c k s to f o r m rather than to cause excess ive opening of 
existing c r a c k s . If this cr i ter ion were to be applied to choose slabs adequately r e i n ­
forced at mid-depth f r o m among those tested in the laboratory, 0. 430 percent deformed 
bar reinforcement would be inadequate while 0. 533 percent deformed bar reinforcement 
would be judged adequate. L ikewise , 0.30 percent welded wire fabr ic longitudinal r e ­
inforcement would be inadequate while 0.45 percent welded wire longitudinal re in force ­
ment would be judged adequate. Within the limitations of the properties of the mater ia ls 
used in these experiments one could conclude f r o m the r e s e a r c h data that 0. 450 percent 
longitudinal reinforcement, either in the form of deformed bars or welded wire fabr ic , 
would sat is fy this one cr i ter ion for an 8- in . continuously reinforced concrete pavement 
s lab rest ing on a subgrade having a modulus of 160 pc i . 

While the design cr i ter ion discussed above appears to be fundamental, one should 
expect that other c r i t e r i a w i l l come out of the study of s t r e s s e s and deflections in con­
tinuously re inforced concrete pavements. Such other c r i t e r i a may be more severe 
than this one, thus making this one automatically sat isf ied. Too little data now exist 
to determine what alterations to this design cr i ter ion should be made in order to judge 
the adequacy of eccentrical ly placed reinforcement. T h i s question w i l l rece ive atten­
tion in the laboratory experiments which a r e continuing. 

C O N C L U S I O N S 

A s a resul t of this study of the formation of c r a c k s in continuously reinforced pave­
ments, and within the limitations imposed by the range of variables studied, the follow­
ing conclusions a r e draw: 

1. The effects of concrete shrinkage, temperature changes, and wheel loads on the 
c r a c k formation in continuously re inforced pavements can be adequately simulated in 
the laboratory without producing actual temperature changes in an infinitely long pave­
ment s lab . 

2. The formation of a complete c r a c k pattern in a continuously reinforced pavement 
is the resul t of a superposition of the effects of concrete shrinkage, temperature changes 
and l ive (wheel) loads. Perhaps the importance of l ive loads has been somewhat under­
estimated in past discussions of this problem. 

3. C r a c k spacing in a continuously reinforced pavement with some age and use 
var i e s inversely with the percentage of longitudinal steel reinforcement if the steel i s 
placed at mid-depth. A minimum average c r a c k spacing of about 2 ft may be expected 
in a s lab having 0. 768 percent longitudinal s tee l in the f o r m of deformed b a r s . 

4. The position of 0. 533 percent deformed bar reinforcement in an 8- in . s lab has a 
marked difference on the c r a c k pattern. With the s tee l 2 in . below mid-depth, tempera­
ture decreases and ver t i ca l loads cause many c r a c k s to s tart in the lower part of the 
s lab but only a few to break completely through. F i v e feet seems to be about the min i ­
mum spacing between complete c r a c k s in a s lab thus re inforced. With the same amount 
of s tee l 1 in . below mid-depth, the spacing of complete c r a c k s decreases to about 2 % 
to 3 ft, and l e s s part ia l c r a c k s appear. 

5. Welded wire fabric reinforcement of 0.450 percent longitudinal steel placed 1 % 
in . below mid-depth in the s lab produces a c r a c k pattern only slightly different f r o m 
that produced by the same stee l placed at mid-depth. However, slightly greater temper­
ature drops are required to cause the f i r s t c r a c k s to appear at the surface of the s lab 
having the lowered reinforcement. 

6. It i s generally agreed that a continuously reinforced pavement s lab must be r e ­
inforced with longitudinal steel in sufficient amoimt to maintain a l l t ransverse c r a c k s 
in a tightly closed condition without adverse effect on the concrete. F o r mid-depth 
reinforcement this condition i s met when increasing longitudinal forces caused by tem­
perature drops, in combination with l ive loads, tend to cause additional c r a c k s to f o r m 
rather than to cause excess ive opening of existing c r a c k s . T h i s standard i s suggested 
as one cr i ter ion (among others) for the design of continuously re inforced pavements. 

7. The single design cr i ter ion stated in conclusion number 6 i s s a t i s f i e d in these 
laboratory tests for an 8- in . pavement s lab rest ing on a subgrade having a modulus of 
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160 pel, by 0 .45 percent longitudinal reinforcement either in the f o r m of deformed 
bars or welded wire fabric reinforcement placed at mid-depth in the s lab. 
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Bond and Transflexural Anchorage Behavior 

of Welded Wire Fabric 
W I L L I A M Z U K , Associate Profes sor of C i v i l Engineering, Universi ty of V irg in ia , 
and Highway R e s e a r c h Engineer , V irg in ia Counci l of Highway Investigation and 
R e s e a r c h , Charlottesvi l le . 

In this paper, mathematical theories a r e developed to p r e ­
dict the interactive bond-anchorage behavior of welded wire 
fabric when subject to a pull-out action, simulating the be­
havior of welded w i r e fabric in continuously reinforced con­
crete pavements. The theories a r e predicated on the concepts 
that the bond between the smooth longitudinal w i r e s and the 
concrete i s a function of minute movement between the steel 
and the concrete and that the anchorage of the t ransverse 
wires i s achieved through the restrained f l exura l action of the 
transverse w i r e s . 

A summary of various general experimental techniques 
that other investigators have developed to measure bond is 
a lso presented as a background to the author's method, not 
hitherto used on s m a l l bars , in which e l ec tr i ca l res is tance 
s t r a i n gages a r e embedded in slots inside the bar . Based on 
this method, a description of the experiments on bond-an­
chorage behavior of welded wire fabric in concrete is p r e ­
sented. The tests a r e of a pull-out nature encompassing 
bond-anchorage behavior at f i r s t loading and after repeated 
cyc l i c loading. 

A comparison of the theory and experiments shows general 
agreement. 

# T H E P R E S E N T investigation of bond-anchorage behavior of welded wire fabric in 
concrete had its origin in the study of continuously reinforced concrete pavements. 
In one of the author's previous papers (1) certa in bond assumptions had to be made in 
the theory to predict the amount of c r a c k opening and required wire steel . The only 
information available on this subject was some experimental work performed by 
Anderson (2). Although Anderson's findings a r e of value to the designer, the findings 
a r e lacking in certain needed areas for theoretical and r e s e a r c h use. Through the 
cooperation of T . E . Shelburne of the V i r g i n i a Counci l of Highway Investigation and 
R e s e a r c h and Henry Aaron of the Wire Reinforcement Institute, faci l i t ies were made 
available to determine the basic information needed. 

The f i r s t section of this work is theoretical; where equations a r e derived explaining 
the fundamental nature of the bond and anchorage action of a w ire mesh in the region 
of a c r a c k in a continuously reinforced pavement. The action at a c r a c k is identical 
with pull-out action of a mesh embedded in a concrete s lab , s ince at a c r a c k the entire 
force i s transmitted through the longitudinal w i r e s . Exac t ly how this w ire force is 
transmitted to the surrounding concrete is the essence of the problem at hand. 

T H E O R Y 

F o r convenience of analys is only a single longitudinal w ire is studied, as it is a s ­
sumed that, at a crack , a l l the longitudinal w i r e s act in the same manner. It i s a s ­
sumed that the steel and concrete remain e last ic , that there is no creep effect, that 
the welds between the wires remain unbroken, that the s t r e s s e s and strains in the m a s s 
concrete a r e very s m a l l , and that under certain conditions the adhesive bond between 
the steel and the concrete i s negligibly s m a l l . In connection with the last assumption, 
elaboration is necessary . 
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F i r s t of a l l , bond is considered that restraining force acting like fr ict ional shear 
only in the region of the surface of the longitudinal w ire , as contradistinct to t r a n s -
f lexural anchorage which is the restraint offered by the transverse w i r e s . Although 
the effects a r e interactive, their basic behavior is different. Thus , for c lar i ty of 
under:'landing as we l l as for other pract ica l reasons, it w i l l be init ial ly assumed that 
no bond exists on the longitudinal w i r e s . Once this transf lexural anchorage be lav ior 
is explained, the bond behavior w i l l then be separately analyzed. However, there a r e 
certa in engineering bases for neglecting bond because of its unreliable and uncertain 
natuie. Such things as the presence of grease or dirt on the w i r e s , repeated loads 
causing agitation and erosion of the concrete around the w i r e s , and reduction of w ire 
diameter caused by Poisson's effect a l l tend to reduce bond. Only that form of bond 
created by bearing action (as in deformed bars) i s rel iable in a l l situations. 

F igure 1 is a general plan view of the bar fabric in place in a . racked continuously 
reinforced concrete pavement. F o r information on the values of P i see U ) . 

Figure 2 is a skeleton view of one strand of w ire fabric embedded in concrete with 
a crack formed at the right end. The force P in the w ire is distributed along the 
length of the wire with decreasing value away from the c r a c k . It is assumed that at 
the end of five transverse w ire anchorages, this force Pe is so s m a l l that it may be 
neglected. 
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Figure 1. Plan view of fabric in pavement vith crack. 
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Figure 2. Longitudinal wire forces and transverse wire deflections. 
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The t ransverse w i r e s act as f lexural beams, res tra ined f rom bending by the c o m ­
press ion of the surrounding concrete. (This condition is s i m i l a r to that assumed by 
F r i b e r g (14).) T h i s situation is entirely analogous to the we l l known theory of beams 

on e last ic foundations where the elast ic support modulus i s E (modulus of elast icity 
c 

in compress ion of concrete) and the load is the unbalanced concentrated load a c r o s s 
each joint (3). Interaction effect from adjacent longitudinal w i r e s is negligibly s m a l l . 

Thus the deflection 8, is 

where 

V ^ c 
4 E L 

s t 

and E g is the modulus of e last ic i ty of the steel and I^ i s the moment of inert ia of the 

t ransverse w ire = ^t 
64 

L ikewise : 

However, the longitudinal w ire stretches as it i s subjected to load. F r o m elemen­
tary theory 

P2 L 
6 1 - 6 2 A , E 

1 s 

where A^ is the a r e a of the longitudinal steel 

L i k e w i s e : „ T 
c e _ ̂ 3 L 

64 - 6s 

^ ^ s 

P4 L 
" a T e -

1 s 

Ps L 

1 s 

Assuming P i i s known, there a r e nine unknown quantities P2, Ps, P4, Ps, 6x, 82, 
83, 84, Ss, and nine independent equations in P and 8 as just presented. B y standard 
elimination methods of simultaneous solutions, the following results for P may be ob­
tained. 
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Ps 

Ps - P4 
(<l.) ^* 

where 

= /IP ^ 4 / c 
4^c ^t f ^ 

s 

Y L «(»= 2 Y + 

T o s impl i fy these resul ts i t i s observed that the fract ion of longitudinal w i r e force 
R transmitted a c r o s s each transverse w ire is constant, and w i l l be cal led the transfer 
ratio. 

p _ + 1 ^ y ^''- 2t^ y 

The s imple ratio is accurate to about 3 percent and the other longer expression 

in E q . 1 i s accurate to l e s s than 1 percent. 
Thus it i s seen that the force in the longitudinal w ire progress ive ly diminishes away 

from the c r a c k . 

Example 

L = 10 in . 
E ^ = 3 X 10° ps i 

E ^ = 30 X 10' ps i 
s 

T r a n s v e r s e w ire s ize No. 1 (dt = 0. 283 i n . ) 
Longitudinal w ire s i ze No. 5/0 (dj = 0.431 i n . ) 
P j = 8150 lb (l imit value based on 56 ,000-ps i s t r e s s ) 

Based on the preceding calculations. F igure 3 shows the distribution of force . 
The force in the longitudinal w ire diminishes very rapidly. Should bond exist, the 

longitudinal w i r e force would diminish even more rapidly, and the force in the longi­
tudinal w i r e beyond the third t ransverse wire would essential ly vanish as both Ander ­
son's (2) and the author's tests show. 

Bond 

Since some force in the longitudinal w i r e s is known to exist, s tra ins must also exist . 
The steel must therefore move with respect to the concrete. The order of magnitude 
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Figure 3. Distribution of wire forces. 

of this movement is very s m a l l and cannot eas i ly be measured. T h i s movement may 
be due to actual s l ip or to a thin boundary layer of concrete adjacent to the steel being 
shear strained along with the steel . The latter condition implies true adhesive bond. 
However, either condition is covered by the proposed theory. Osterman (1^) a lso 
found that this working hypothesis was very satisfactory for his studies of bond as used 
in a different application. 

The f i r s t panel adjacent to the c r a c k in Figure 2, i s now assumed to have bond 
forces acting on the longitudinal w i r e . If the displacement of any element in the X 
direction as shown in Figure 4 is defined as u, then the unit surface bond s t re s s i s 

T = K (u + 8 ) 

where K is an empir i ca l constant dependent on such factors as concrete strength, 
roughness of wire , and moisture content of concrete. 

In t erms of the displacement the force in the wire at any position is 

du 
dx 

A , E 
1 s 

which f rom equil ibrium must equal 

P i + K 

X 

TTd^y (U + 6 ) dx 

crack 

1^ 

L-x 

Figure 4. Bond forces on wire element. 
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Thus , the equation i s formed as follows 

du A , E _ = P i 
dx 1 s i + K i r d ^ (u + 8 ) dx (2) 

The solution to E q . 2 which sat is f ies the boundary conditions is in the form of 

u = Q e * ' ' ' - Q (3) 

where a and Q a r e undetermined parameters . By substituting E q . 3 into E q . 2 and 
equating l ike t e r m s , a and Q may be obtained as follows: 

K i r d , 
1 

A T E 
1 s 

Thus the solution to E q . 2 is 

Q = 8 

u = 6 e s - 8 (4) 

With the displacement u known, the force in the w i r e at any position may be obtained 
from the equil ibrium equation below: 

P (x) = P i + K i r d , / ( u + s ) dx 

P ( X ) = Pi' + rr^ + 

'i' + K i r d j j ( u + 8) 

K i r d , 6 K i r d j 8 
a x 

Since 

/

I 
T-irdj dx 

the expression for P (x) may also be expressed in t erms of P i as follows: 

P ( x ) = P x ^ (e*^^ - e " ) 

A typical plot of this equation i s shown in Figure 5. 
'(*) 

where ot= TI.'^*''^ 

(5) 

Figure 5. Wire force variation. Figure 6. Bond force variation. 
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The bond force variation q may also be plotted f rom the equation 

q = K i r d j ( u + 8 ) = K i r d ^ 8 e * ^ (6) 

as shown in Figure 6. 
Both the wire force and bond force have the same general exponential shape. E x ­

perimental evidence to be cited later w i l l show that this theory does agree with exper i ­
ments. 

E X P E R I M E N T A L M E T H O D S F O R M E A S U R I N G BOND 

A survey of existing l i terature on the subject of experimental methods for measuring 
the actual bond s t r e s s and its variation on plain and deformed bars reveals nine different 
techniques used by previous investigators. These nine methods w i l l be discussed br ie f ­
ly here as background to the author's method. T h i s survey and discussion of techniques 
may also be of benefit to other investigators faced with instrumenting for bond measure ­
ments. 

Two s imple methods (4) use extensometers to measure the s trains in the steel at 
intervals . The steel bar may be made access ib le for measurement in either of two 
ways . One method i s to leave a c c e s s holes in the concrete to the s tee l . The disadvan­
tage here is that these holes may create s t r e s s i rregular i t ies as we l l as reduce the 
bond a r e a . A l s o the gage length cannot pract ical ly be less than about 2 i n . , thereby 
resulting in loss of accuracy . Furthermore , if the concrete layer is thick, various 
extensions or levers must be attached to the extensometers to extend to the b a r s . The 
second alternative is to weld stubs on at intervals along the steel bar, protruding 
through a c c e s s holes to the surface of the concrete. Here again the acces s holes must 
be careful ly preformed such that the stubs w i l l at a l l t imes be free of contact. Again 
accuracy is lost in that the stubs physical ly cannot be too close together. L o s s of bond 
a r e a and s t r e s s concentrations also play a detrimental role . 

In another direction, much has been done with e l ec tr i ca l res i s tance s tra in gages 
such as the S R - 4 type. There a r e four techniques in this category. The f i r s t attempts 
were made by merely bonding the gages to the surface of the bar . Waterproofing and 
shielding of leads a r e important in this technique. Anderson (2) and McHenry and 
Walker (5) used this method. Some disadvantages of this method are : much bond a r e a 
is lost (especially by the waterproofing application), wedging action of the protruding 
gage and the concrete takes place, and waterproofing is difficult. 

T o overcome some of these objections. Mains (6) split a reinforcing bar for its en­
t ire length and mil led a s m a l l groove along the axis of the bar on the inner face. After 
attaching and waterproofing S R - 4 gages on this inner slot, the two halves of the bar 
were spot welded back together. The leads of the gages a l l extended out the ends of 
the bar and no bond a r e a was lost due to instrumentation. However, even this method 
is not without some drawbacks. Of course the major objection is in the trouble and 
expense of splitting and mil l ing such bars; but in addition, such a hollow bar cannot be 
loaded to the same fai lure force as a normal bar, which means that information at 
normal fai lure loads cannot be obtained. 

Bernander (7), using large diameter bars , inserted e l ec tr i ca l res is tance s tra in 
gages in preformed narrow slots along the bar . The slots extended only part way 
through the bars , and the gages were cemented to one side of these slots along the 
diameter l ine. The slots were f i l led with r e s i n for moisture proofing. These slots 
were easy to form and waterproof and little bond a r e a was lost. However, because 
the slots did not extend completely through the bar some bending or eccentric s t r e s s e s 
were caused in the bar , even where direct tension was exerted at the ends. 

Janney (8), using S R - 4 gages, obtained bond information on very s m a l l diameter 
w ire by a c lever indirect method. The w i r e s to be studied were cast in concrete 
p r i s m s , with the ends of the w i r e s extending beyond the p r i s m s . S R - 4 gages were then 
cemented to the exterior surface of the concrete along the ax is of the p r i s m in the 
direction of the w i r e . When the ends of the w ire were pulled, the variation of the con­
crete s tra ins could be measured and related to the w ire s t ra ins . C e r t a i n weaknesses 
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a r e inherent in this method, such as the shear lag between the w ire s tra ins and the 
concrete surface s tra ins , possible concrete cracking and the difficulty of relating 
non-linear concrete s tra ins to steel s t r e s s e s . However, for s m a l l diameter w i r e s , 
no gaging could be attached to the w ire itself, and so this method was used. 

X - R a y techniques have been used in England to obtain bond s t r e s s e s . Evans and 
Robinson (9) embed thin s tr ips of platinum or lead in slots in the steel and X - R a y 
photograph the concrete and encased steel bars as load is applied to the steel . Images 
cast by the m a r k e r s are thus recorded on f i lm without disturbing the steel or con­
crete . By use of microscopes these f i lmed images may be studied and information 
on s tra ins , s t r e s s e s and bond may thus be obtained. 

At the State Institute for Technica l R e s e a r c h in Hels inki , a unique method was 
used for bond study (10). The steel s t r e s s e s in the concrete were obtained without 
physical ly disturbing the s tee l or concrete in any way by a magneto-strictive method. 
T h i s method is based on the principle that an alternating current passing through a 
steel bar creates a magnetic f ield, perpendicular to the longitudinal axis of the bar , 
which in conjunction with the res i s tance determines the e l ec tr i ca l impedance of the 
steel . If the bar is subjected to tension while a constant current is applied, the i m ­
pedance w i l l be altered by magneto-striction. If the relation between the change in 
impedance and the s t r e s s in the steel i s known (by pre-cal ibrat ion) , the average s t r e s s 
over a s m a l l given distance can be determined by measuring the voltage difference 
over this distance. Thus , in this way the bond variation may be obtained. The techni­
que is not yet fully perfected as shrinkage, moisture and c r a c k s influence the resu l t s . 

F inal ly , to emphasize the variety of techniques used for bond studies, a ninth me­
thod of photoelasticity is mentioned. Beyer and Salakian (11.) used a metal w ire molded 
in photoelastic bakelite to determine bond s t r e s s e s between the w ire and the model, 
simulating reinforcing steel in concrete. 

The method that served best for this part icular study of bond of w i r e mesh was a 
variation of Bernander's method, in which the slot was extended a l l the way through 
the bar to eliminate the undesirable effects of unsymmetrical straining. Figure 7 
shows how the slots were made and how the s m a l l S R - 4 gages were attached. Minimum 
bond a r e a was lost and success fu l waterproofing was eas i ly accomplished by f i l l ing 
the slots with melted Petrosene wax. Extended water immers ion tests showed that 
this method was quite sat isfactory for the purpose intended. However, due to the 
removal of metal , the slotted wires had to be precal ibrated to determine the relation 
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Figure 7. Attachment of gage to wire. 
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of the s t r e s s at the gage to the s t r e s s in the normal unslotted w ire , 
proved to be l inear up to the yie ld s t r e s s of 62, 000 ps i . 

T h i s relation 

T E S T S 

To determine the actual bond s t r e s s and its variation in welded wire mesh embedded 
in concrete, s e v e r a l tests were performed. Two mesh configurations were studie^. 
These a r e shown in Figure 8. 

Mesh A was embedded at mid-depth in a panel of concrete 16 in. by 4 in . by 42 in . 
and mesh B was embedded in a panel of concrete 16 in. by 4 in . by 62 in. Figure 9 
shows these wire meshes in the forms prior to pouring. Note that only the center longi­
tudinal w i r e s a r e extended on which the pull out force i s applied. F igure 8 a lso shows 
the locations of the S R - 4 gages as positioned along the center longitudinal w i r e s . At 
the time of pouring, test cyl inders were made in order to obtain the concrete propert ies . 
The eye bolts shown a r e s imply for the purpose of handling. After curing and hardening 
of the concrete for four weeks, the test panels were placed in a Universa l Test ing M a ­
chine and loaded ( F i g . 10). 

The center w i r e free ly passed through the lower head and was gripped by the upper 
tension head. A bearing plate was provided to prevent crushing of the concrete. By 
this arrangement, a pull-out action was achieved. 

Strain readings at each of the gage points were taken only at the f i r s t loading cycle 

reST M£SM A 

4 apoc»9 • e' S2' 

6 ' 

Transvtrf Mras *f 

\ 
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figure 8. Test meshes. 



87 

and at the 60th loading cycle . C y c l i c readings did not go beyond 60 cycles as the Uni ­
v e r s a l Testing Machine used is awkward and time consuming to cycle . A s the results 
of cyc l i c loading are of most importance, these results are plotted in Figures 11 and 
12 for the A and B panels respectively based on an average center wire force of 1, 000 
lb. It is perhaps wel l to note that total loads on the wires were imposed to the extent 
of 80 percent of the yield s t re s s load at the slot. At the range of load imposed, there 

Figure 9. Test panels t e f o r e poiorlng concrete. 

did not seem to be any part icular devia­
tion from the same variation of wire 
force . 

C O M P A R I S O N O F T H E O R Y 
AND T E S T S 

The shape of the wire force curves 
between transverse wires compares wel l 
with the theory. That i s , theoretical 
curves in Figures 5 and 6 correspond to 
experimental curves in Figures 11 and 
12 between transverse w i r e s . In addi­
tion, experimental curves found by Mains 
(6) in his Figure 7a of the pull-out force 
variation in a hooked plain bar also show 
good agreement with the theoretical c u r ­
ves . The anchorage action of a single 
hook is much the same as the t r a n s ­
f lexural anchorage of transverse wires as 
some movement also occurs at the anchor­
age such that the bar force and bond force 
do not vanish in this region. 

Based on E q . 5 and the data in the 
curves of Figures 11 and 12, the empi­
r i c a l bond value of K was determined as 
49. 8 x 10^ lb per sq in. wire surface per 
in. s l ip . This value of K looks as tro ­
nomically large, but the so-ca l led s l ip 
is in the order of magnitude of less than 
one thousandth of an inch. Should large 
s l ips occur, entirely different bond-fr ic- Figure 10. Panel i n t e s t i n g machine. 
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tion action would take place, invalidating the theory. Bond behavior becomes v e r y 
i rregu lar at large s l ip values as pointed out by Mains (6) and Mylrea (13). 

F igures 11 and 12 show that no w ire and bond forces exist beyond the second t r a n s ­
verse w i r e . If such forces did exist, the s tra in gage readings were so s m a l l that they 
did not reg is ter . T h i s information seems to ver i fy Anderson's (2) observations on his 
own static tests that only the f i r s t two t ransverse w i r e s a r e effective, even up to rup­
ture of the steel . However, the ful l effects of cycl ing of s t r e s s many thousand t imes 
was not demonstrated in any of the tests , and the results should perhaps be viewed with 
this in mind. Such things as fatigue and agitation of the concrete in the region of the 
s tee l may we l l play an influential role in bond behavior under actual s e r v i c e conditions. 
It was noticed in these tests that the bond value of K was reduced f rom the f i r s t loading 
cycle to the 60th cycle , indicating a general trend in that direction. Future work using 
a spec ia l fatigue apparatus is thought to be necessary in this connection. 

The computed values of the transfer rat io R of the w i r e force a c r o s s the f i r s t t r a n s ­
verse w ire show agreement with theory regarding the effects of t ransverse wire s i ze 

and spacing. Smal ler values of ^ mean less longitudinal w ire stretching, and thin 

transverse w i r e s mean less transf lexural anchorage; resulting in more force being 
transmitted a c r o s s the anchor points ( larger values of R ) . Panel A has both a s m a l l e r 

^ ratio and s m a l l e r t ransverse w ire s ize than panel B , resulting in a higher value 
^1 
of R ( F i g s . 11 and 12). 
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The theoretical value for the transfer ratio R for panels where both bond and t r a n s -
f lexural anchorage exist may be obtained from the theory given at the beginning of this 
report. To do this, E q . 5 is written for the f i r s t two spaces from the end as 

K-ird 61 „T 
p ; = p , 1 e 

and 
K i r d , 82 - T 

Two transf lexural beam equations are also needed, written as 

and 

2 E ^ 

2 E 

In addition, a f inal equation of distortion, E q . 4 for the second space is written as 

81 = 8 2 e * ' ^ 

By solving these five equations simultaneously, the transfer ratio R for the combined 
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case of bond and anchorage is obtained as 

R = N 
N + 2 a E e a L 

c 

in which ^ 
N = 2 a E + K i r d , Be 

c 1 

Using E q , 7, R is 0.48 for panel A and 0.46 for panel B . The difference i s in the 
correc t direction but higher than experimental values indicate. The explanation for 
this probably l ies in the adhesion of the transverse w i r e s , which effect i s not cons ider­
ed in the theory. Adhesion of the transverse w i r e s would tend to reduce the transfer 
ratio. 

C O N C L U S I O N S 

The technique of using slotted holes employed in this set of tests seems to incor­
porate many advantages of s implic i ty , ease of fabricating, east of waterproofing, con­
venience when tested with standard equipment and good accuracy . Severa l disadvan­
tages should also be noted. The slots must be mil led exactly and the gages set exact­
ly, otherwise the calibration of the s t r e s s concentration factor i s difficult and u n r e l i ­
able. Special care must also be taken in bonding the gage to the w i r e under p r e s s u r e . 
T h i s i s a little awkward in so narrow a slot (% in . wide). An occasional gage in this 
set of tests did act errat i ca l ly , due to poor adhesion of the gage. A f inal objection is 
that the force exerted on the w ire had to be l imited to about 60 percent of the rupture 
force on the normal bar to prevent yielding at the slot. T h i s prevented the study of 
bond at normal rupture loads. 

The theory and experiment showed good general agreement. This gives strong 
evidence to support the contention that bond of plain w i r e s or welded wire fabric is a 
direct function of shear "slip" (at s m a l l values of s l ip) and that anchorage is p r i m a r i l y 
due to the restrained bending of the transverse w i r e s . The theory and tests show that 
two distinct actions take place between the steel and the concrete to disperse the load 
in the longitudinal w i r e s . The shearing boundary layer action between the longitudinal 
steel and the concrete is the one action cal led bond, and the res tra ined bending action 
of the t ransverse w i r e i s the other action cal led transf lexural anchorage. The theory 
developed shows the distinction and the relation between these two actions. 

Fur ther r e s e a r c h i s s t i l l neces sary to study bond under repeated loads of many 
thousand cycles to determine the extent that bond action breaks down. 
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Discussion 
J . L . W A L I N G , School of C i v i l Engineering, Purdue Univers i ty — Profe s sor Zuk has 
undertaken an analys is of the distribution of the forces of anchorage of welded wire 
fabric in concrete. He is to be commended for attempting a solution to this difficult 
problem, complicated as it is by the uncertainty of the validity of the s e v e r a l as sump­
tions which must be made in the theoretical ana lys i s . The w r i t e r ' s questions and d i s ­
cussion w i l l pertain p r i m a r i l y to these assumptions and w i l l be considered not in the 
order of importance taut in the order in which the mater ia l i s presented in the paper by 
Pro fe s sor Zuk. 

The author states that "The action at a crack is identical with pull-out action of a 
mesh embedded in a concrete slab, s ince at a c r a c k the entire force is transmitted 
through the longitudinal w i r e s . " T h i s should be questioned since forces large enough 
to initiate a crack could also break the bond between the longitudinal w i r e s of the fab­
r i c and concrete. Thus , the bond res is tance available in the two cases may not be 
identical. 

In stating the analogy of the action of the t ransverse w ire to that of a beam on an 
elast ic foundation, the author states that " . . .the elast ic support modulus is E " 

c 
In the theory of beams on elast ic foundations, the support modulus (usually denoted by 
K ) i s a measure of the support res i s tance in force per unit length of beam per unit de­
flection of the beam. It can be shown that 

^ = ^ c a 
in which 

w = effective width of the beam support, and 
d = effective depth of compressed supporting mater ia l . 

It i s not c l e a r to the w r i t e r that the ratio w / d can be taken as unity. Nor is it c l e a r 
that this ratio can be rel iably approximated by theory alone. 

The author stated the equation for unit surface bond s t r e s s as T = K (u + 8 ) . How­
ever, if he means that T = K t imes the movement of the longitudinal w ire relative to the 
adjacent concrete, then the expression should be T = K U , for the adjacent concrete is 
compressed by the t ransverse w ire an amount equal to 5 , at least in a region near 
X = o. Near x = L the relationship of u to the bond shearing s tra in seems undetermined, 
s ince the author appears not to have considered concrete deformations near the c r a c k . 

If one assumes that the author is correct in the statement that T = K (u + S ) then the 

solution stated a s E q . 4 sat i s f ies E q . 2 only if Vl = K i r d j | . T h i s seems to have e s ­
caped the attention of the author during the process of equating l ike terms after the 
substitution of E q . 3 into E q . 2. 
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If on the other hand one assumes that T = Ku, which would appear to be closer to 
reality over a greater length of the longitudinal wire, one can derive the foUowii^: 

Pi' ae'̂ '' 
Kirdj 

P(x) = Pi' e*'' 

and , „^ 
q = pI ae'̂ '' 

where 

E 
s 

Thus, it is seen that this assumption also yields exponential variations in wire force 
and bond force. It would be interesting to see a trial analysis of the experimental 
data made on the basis of these equations. 

The method of attaching the SR-4 strain gages to the fabric wires warrants some 
additional attention. In test panel A, at the location of each gage, approximately 19 
percent of the bond area and about 36 percent of the tensile area were lost. In test 
panel B the corresponding losses were about 16 and 31 percent, respectively. Thus 
the mechanical relationships governed by the area and perimeter of the longitudinal 
wires were somewhat distrubed in the length of the strain gage slots, even if the stress 
concentrations caused by the slots could be ignored. This is not to criticize the author 
for the use of the method, since no other method is accepted as appreciably better 
for the purpose. 

The loads applied to the test panels (Figs. 11 and 12) seem unusually low. At the 
free end of the protruding wire at each panel a maximum load of 1, 000 lb is indicated. 
This gives a maximum tensile stress of about 6, 900 psi on the gross wire area in 
test panel A and about 5,100 psi in test panel B. Likewise, the corresponding maxi­
mum bond forces shown would give bond stresses of about 75 psi and 55 psi in the 
same panels, respectively. Because both of these stresses decrease rapidly along 
the wire toward the first gage slot in the concrete, it is difficult to imagine that stres­
ses in magnitude of 80 percent of the yield strength of the wires were developed at a 
slot. This would indicate an extremely large stress concentration factor at a slot. 
In any case, the stresses imposed on gross areas of the wires in the experiments were 
quite small compared to stresses known to develop in continuously reinforced concrete 
pavement reinforcement. There is much evidence to indicate that maximum stresses 
which normally develop at cracks in such pavements cause bond slippage along the 
longitudinal wires of welded wire fabric, thus transferring the anchorage to the first 
transverse wire and longitudinal bond and transverse wires beyond. 

By all means, the author should be encouraged in his commendable efforts to ana­
lyze the many difficult problems involved in the rational design of continuously rein­
forced pavements. He has made notable contributions to the present state of know­
ledge of these structural elements. 

WILLIAM ZUK, Closure — The discussion of Professor Waling is very much appre­
ciated. In particular, his refinement of the elastic support modulus and opinions on 
the shear slip are of interest. Perhaps the real fact of slip lies somewhere between 
the expression T = K (u + 6) and T = K U . Instrumentation much more precise than that 
used in this study is necessary to confirm this. 

The oversight error in Eq. 3 is also appreciated. The correct expression for Eq. 
3 should have been u = Qie'"' - Q2 , resulting in Eq, 4 as 

Kird^ 
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P(x) would then be Pi e" e" and "q" would be Pi ae*" 

The equations thus correspond to Professor Waling's. It should also be mentioned 
that the correction of Eqs. 3 through 6 also change the equations on "Comparison of 
Theory and Tests." R is revised to read 

Kird^ pe"*^ 

2aE^ + Kirdj Pe *^ 
Perhaps as a result of simplification, there seems to be a misunderstanding in re­

gard to the test load applied on the longitudinal wires. The actual peak loads imposed 
were of about 4 kips and 6 kips on panels A and B respectively. However, in plotting 
the curves (11) and (12) a unit value of 1 kip was used for comparison purposes. It 
is fully realized that at higher loads, more severe slipping would take place and a sim­
ple exponential expression for bond would no longer be true. 
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This investigation is primarily concerned with the deflections 
and the resulting stresses in a continuously-reinforced con­
crete pavement, loaded simultaneously with longitudinal and 
transverse loads. The theory developed for the computation 
of the deflections is based on the common assumptions used 
in the theory of continuous beams on elastic foundations, as 
well as three assumptions concerned with a cracked slab on 
an elastic foundation. The main assumptions in the first class 
are: (a) The deflection at a point some distance from the trans­
verse load is zero, and (b) the subgrade modulus is constant 
throughout the full range of deflection. The assumptions pecul­
iar to this problem are: (a.) The cracks formed by volume 
changes in the pavement are equally spaced, (b) the segments 
between cracks are assumed to be straight, and (c) the moment 
at a crack is some function of the angle change (that is, M/<|> 
= C). 

By considering the geometry of the deflected pavement and 
the equilibrium of the individual segments, a series of simul­
taneous equations may be written in terms of either the deflec­
tions or the angle changes at the cracks. Equations for shear 
and moment at the cracks are easily written. 

The equations are in such a form as to consider any com­
bination of pavement length, crack spacing, subgrade modulus, 
transverse load, and longitudinal load. In the solutions pre­
sented here, M/<|> is considered equal to a constant, C. Ex­
perimentation IS in progress to evaluate C for a series of 
pavement types. 

# T H E THEORETICAL analysis of a pavement slab, either reinforced or unreinforced, 
is a highly complex problem. If all the possible physical characteristics of the loads, 
slab, and the support, that is, the subgrade, could be idealized, the remaining problem 
of computing deflections and stresses is very complicated if at all possible. 

In the development of any basic theory for deflections and stresses in a pavement 
slab it is necessary to make certain assumptions as to the idealized nature of the phy­
sical characteristics of the problem. Having made these assumptions and having de­
veloped a theory based on the assumptions, it is necessary to verify by experimenta­
tion and observation the results of the theory. Any major discrepancies between theo­
retical and actual results must be accounted for by adjustments of basic theory. If it 
is not possible to reconcile the theory with actual conditions, then the theory must be 
discarded. 

This is essentially the history of the analysis of concrete pavements. Early theories 
were unsuccessful at predicting with reasonable accuracy the stresses in a pavement 
slab and are of only historical value now {!.), 

Most of Westergaard's work on pavement slabs followed the pattern described earlier 
Westergaard developed equations for stresses in loaded pavement slabs, found that the 
computed stresses did not agree with experimental results and consequently modified 
his theory to bring about an agreement (2, 3, 4), The fundamental nature of his anal­
ysis for stresses is apparent in that the equations are of the form used in practically 
every other analysis, theoretical or empirical (5). 

The development of a theory for continuously-reinforced concrete pavements will 
9k 
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follow the same pattern. An idealization of the assumptions is necessary to arrive at 
a fundamental theory. The assumptions and the theory are then modified or adjusted 
to account for the variations from the ideal. 

The first statement of the principles of continuously-reinforced concrete pavement 
was made in 1947 by W. R. WooUey who set forth the basic ideals governing crack 
spacing and steel stress (6). A number of field tests have been established to test 
some of his theories (7).. Many of the special problems of continuously-reinforced con­
crete pavements have been treated by Zuk (8). It is hoped that the theory developed in 
the following discussion will add to the fund of theoretical and experimental knowledge 
of continuously-reinforced concrete pavements. 

PURPOSE AND SCOPE 
The purpose of this paper is to develop a theory for the computation of stresses 

and deflections in continuously-reinforced pavements. A series of four pavement 
lengths varying from 20 to 50 ft, taken from the "middle" portion of a continuously-
reinforced concrete pavement, are studied with respect to deflections, shears, and 
moments. Various combinations of load and subgrade support are used in the cal­
culations. 

The theory is intended to be a basic tool by which any combination of physical con­
ditions in a continuously-reinforced concrete pavement may be represented mathemat­
ically. The great speed of calculation afforded by a digital computer will make it pos­
sible to represent the results of this theory in curve or table form for easy use by a 
highway engineer. 

THEORETICAL DEVELOPMENT 
This analysis of a continuously-reinforced pavement with transverse cracks oc­

curring at intervals involves five major assumptions, as follows: 
1. The transverse cracks occur in equally-spaced intervals; 
2. The pavement is relatively straight between cracks; 
3. The moment at a crack is some function of the angle change, that is, M/<|>= C; 
4. The subgrade modulus is constant; and 
5. The deflection at a point some distance from a transverse load is zero. 
The first assumption is reasonably correct in that a pavement of more than a few 

hundred feet in length may be considered infinite in length and the middle portion, 
which is completely anchored against movement, will have more or less equally-spaced 
cracks. The second assumption is also quite correct. Observations on test specimens 
in the laboratory have shown that the slabs have very small curvatures between cracks. 
It would be expected that the cracks being relatively flexible compared to the pavement 
between cracks would account for most of the change in slope of the deflected slab. 
Assumption 3 is now the subject of laboratory research at Purdue University. Assump­
tions 4 and 5 are well-known assumptions used in most considerations of long beams 
on elastic foundations. In the following analysis of the slab an element 1 in. wide is 
considered. 

A slab under the action of a transverse load will deflect until the sum of the sub-
grade reaction forces and the shearing forces on the ends of the slab equal the value 
of the load. Such a deflected configuration is assumed in Figure 1. The angle changes, 
<|>n, are shown in accordance with assumption 2. Deflections at each of the cracks are 
written in terms of the angle changes as follows: 

A2 = A i + £(<|)o+<t'l)= i(2*o+ + l ) 

Ag = A2 + A^o + «!> 1 + <l»2) = ̂ (3*0 + 2<|>i + 
An = £(n<|>o+ (n-l)<|>i + (n-2)<j>2 + . . . +^^-1^ 
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The equations 
Figure 1. Typical deflected pavement. 

0; K (2) 
satisfy the requirements of assumption 5, and provide a necessary relationship in the 
final solution. 

The total force exerted on each segment by the subgrade is equal to k times the 
volume of the subgrade displaced by that segment. Such a typical segment is shown in 
Figure 2 (a). The volume of the subgrade displaced is equal to the average of the end 
deflections of the segment times the length, i . The resultant force is: 

Fj = Jl/2 (Aj + Aj + i)k (3) 

Figure 2 (b) shows the complete force system acting on a typical segment. The e-
quilibrium of each segment, the vertical equilibrium of the slab as a whole, and the 
conditions of Eqs. 2 provide sufficient equations to solve for either the unknown deflec­
tions or the unknown angle changes. The unknown forces will be expressed in terms 
of the deflections, and then Eqs. 1 will be used to obtain the final form of the equations 
in terms of angle changes. 

For simplicity the slab will be assumed to be loaded symmetrically, P being at the 
center line and a horizontal load N at each end. A certain number of segments, say 
eight, will be used for the purposes of definiteness. Because of the symmetry it is ne­
cessary only to consider half the length, 
the right half being a mirror image of the 
left half. 

The equations for deflections are: 
A o = 0 

: i(2«t>o + «t>l) 

£(3<|)o + 2<l)i+4»2) (4) 
:£(4«|»o + 3<t)i + 2<|>2 + <l>3) 
£(B^0 + 7<t>i + 6<1>2 + 5+3 
+ 4<|>4 + 3«|>5+ 2«|>g + <|>7) or 

A l 

A2 

^3 
A4 

As •'I'. 
(•) (b) 

Figure 2. Forces on a typical segment. 
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Ag = &{8^o + 8<j>i + 8<t>2 + 8<t>3 + 4<|>4) 

The equations for the shears at each crack are: 
Vo = Vo 

V2 = Vo + £ k ( A i + A 2 / 2 ) (5) 
V3 = Vo + ik(Ai+A2+A3/2) 
V4 = VQ + £k (Ai + A2 +A3 + A4/2) 

The equilibrium of each segment taken individually yields the following equations: 
+ VQI + F^r^ - MQ - NAj = 0 

M2 + Vj^ + Fgrg - - N(A2 - A^) = 0 
Mg + Vgi + Fgrg - Mg - N(A3 -Ag) = 0 ^̂ '̂  
M4 + Vgi + F4r4 - Mg - N(A4 - Ag) = 0 

The form of the final equations is somewhat simplified if the following approximation 
is made. By substituting = V'^- into Eqs. 6, they become: 

Ml + V'oi + F^ri - Mo - NAj = 0 
Mg + V j i + Fgrg - Mj - NAg = 0 
M3 + V'2£ + F3r3 -Mg -NA3 = 0 
M4 + V'gi + F4r4 - M3 - NA4 = 0 

The values for may be calculated when the solution for the deflections is obtained. 
In Eqs. 5, setting V4 = P/2 and solving for VQ yields: 

Vo=P/2 - i k ( A i + A 2 + A 3 + A 4 / 2 ) (7) 
Substitution of Eqs. 7 and 4 into the remaining Eqs. 5 and 6 yields the following ex­

pressions in terms of the«^'s alone: 
(47/6i'k + N + C / i )<|>Q + (4. 5£*k - C / i )<j)i + I'k {2^2 + °' ^^3^ = 
(41/6£.''k+ 2N)<|>o+ (13/34^ + N+ C/£ + { 2 J I \ - C/Z)^^ +0.5S.\^^ 

= P/2 
(29/6i*k + 3N)<t»o (10/3 '̂''̂  + 2N)«t»i ( l l / 6 i ' k C/Jl)^^ + 

(CSi^k - C/£ )<t.3 = P/2 (8) 
(11/62'k + 4N)<|)Q + (4/3i'k + 3N)<j,̂  + (5/6A*k + 2N)<|»2 + 

V 3 + N + C/£ )(|>g = P/2 
In Eqs. 4, setting Ag = 0 yields: 

(j»0 + <|>l+<|)2 + «|>3 + 0.5<j)4 = 0 (9) 
This equation along with Eqs. 8 gives five equations with five unknowns which can 

be solved simultaneously. 
In these equations the coefficients may be calculated after a choice is made of the 

values for the parameters £ , k, and N. The parameter C need not be a constant but 
might be some function of ^ itself. In this instance the equations might be non-linear 
in terms of ^ but would still yield a solution under normal physical conditions. The 
solutions discussed here are based on C equal to a constant for lack of better informa­
tion. 

The equations for the cases of 20, 16, and 12 segments of equal length are given in 
Appendix A. 

Due to the inherent symmetry of an infinitely long pavement it is unnecessary to con­
sider a case where P is not at the center crack. However, for finite slabs with N = 0, 
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this possibility might be critical. In this case a similar set of equations may be writ­
ten involving all of the angle changes and deflections as well as two different end shears, 
VQ and V „ . A more formal statement of the equilibrium and boundary conditions makes 
this problem clearer. 

Consider a slab with n segments, and a load P at the jth point. Consider also as un­
knowns the deflections, (n + 1) in number; and the two end shears, VQ and V^ .̂ This is 
a total of (n + 3)unknowns. The equilibrium condition of each segment yields n equa­
tions. The two boundary conditions Ao = 0, A „ = 0 yield two more equations. The last 
equation which is necessary is obtained by considering the shear condition at the point 
of load. The condition is that the numerical sum of the shears to the left and to the 
right must equal the applied loads or: 

y. (right) + V. (left) = P (10) 

By substituting appropriately, the results obtained previously for the symmetrical 
case may be verified and similar equations may be obtained for the unsymmetrical 
case. 

Although the equations are quite simple when the crack spacing, Z , is considered a 
constant, they are not much more complicated if some other arrangement of cracks is 
assumed. With a given crack distribution, either symmetrical or unsymmetrical, it 
would be necessary only to express each interval as some multiple of a unit length and 
carry these multipliers along in the equations. 

RESULTS 
The equations which are listed in Appendix A were solved for the combinations of 

parameters shown in Table 1. In each case P equals 250 lb per in. and £ equals 30 in. 
The six combinations are used for each of the four slab lengths: namely, 8^, 12^, 

16i , and 20^, giving a total of 24 different solutions. 
The curves in Figures 3 through 8 show the results of a slab of length M . Figures 

9 and 10 show partial results for a slab of length 20 i . In each of the figures are shown 
the deflection, shear, and moment diagrams. 

A number of interesting observations can be made concerning the results of the com­
putations. The most obvious is the reduction in maximum deflection and maximum mo­
ment with an increase in subgrade modulus k. However, the relationship among the 
maximum deflection, maximum moment, and the subgrade modulus cannot be deduced 
without more computations. 

The presence of the horizontal load N, has a slight effect on the deflections but prac­
tically no effect on the moments. The effect of higher values of N on the deflections and 
moments might be more pronounced, but again to determine this effect will require 
more computations. 

The general shape of the diagrams presented agrees very well with the exact solu­
tion for a continuous beam on an elastic foundation (9). The characteristic vanishing of 
the deflection, shear, and moment at points of increasing distance from the point of ap­
plication of load is evident. The fact that the curves, in addition to being deflection, 
shear, and moment diagrams for the fixed position of load are also influence lines for 
deflection, shear, and moment at a point is useful for the consideration of more than 
one load. 

Figures 9 and 10 are shown for comparison with Figures 3 and 5, respectively. The 
purpose for the comparison of these two 
cases is to show specifically a fact that is T A B L E i 
true generally: namely, that only a small 
number of crack intervals need be con­
sidered in the solution. The use of a num­
ber of crack intervals larger than, for ex­
ample, 10 to 20, depending possibly on the 
length of the crack interval, will yield no 
additional information, although it will in-

Combination C-inch-lbs/ N-lbs/ k-lbs/ 
No. inch/rad. inch cubic inch 
1 2. 5 X 10' 1,000 150 
2 2. 5 X 10" 1,000 440 
3 2. 5 X 10' 0 150 
4 2. 5 X 10' 0 440 
5 0 1,000 ISO 
6 0 1,000 440 
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DEFLECTION, SHEAR, AND MOMENT DIAGRAMS-SLAB OF LENGTH 8£ 

DEFLECTION 
INCHES 

SHEAR, I 
LBS/INCH LBS/INCH 

MOMENT 
INCH-LB/INCH 

MOMENT 
INGH-LB/INCH 

1 N'lOOO LBS/INCH N-IOOO LBS/INCH 
C • 2 S • IO'HCH-LBS/INCH/RAD 
k= 440 LBS/CUBIC INCH 
5-250 LBS/INCH 
' • 3 0 INCHES 

I C 2 5>I0»INCH-LBS/INCH/RAO 
I k. 150 LBS/CUBIC INCH 

.250 LBS/INCH It-ZO INCHES 

Figure 3. Figure k. 
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LBS/INCH 
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5 0 0 -

0 _ 

500 

0 0 0 

500 

Bood 

MCHES 

SHEAR, 
LBS/INCH 

MOMENT 
INCH-LB/INCH 

CZa.ltf HCHLB/MCH/RAD 

r • 30 INCHES 

Figure 5. Figure 6. 

MOMENT 
INCH-LB/INCH 

N.IOOO LBS/MCH 

k ' ISO LBS/CUBK MCH 
; . 2 S 0 LBS/INCH 
/ • 3 0 INCHES 

DEFLECTION, 

SHEAR, 

H-jOOO LBS/INCH 
k'440LBS/CUHCMCH 

Figure 7. Figure 8. 
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room 

SHEAR. 

MOMENT IMCH-LB/IHCH MOMENT 
INCH-LB/mCH h - 00 LBS/GUHC p. 290 in/INCH i • 30 INCHES -̂30 INCHES 

Figure 9. Figure 10. 
crease the precision slightly. The optimum number of crack intervals in relationship 
to the crack spacing is still to be worked out. It seems unreasonable that the consid­
eration of more than 20 intervals would ever be necessary to obtain an accurate solu­
tion in the region of the load. 

The curves in Figures 7 and 8 are for the case where C = 0. In this case the only 
interaction between the segments is shear transfer across the crack. This case is 
likely to arise when, in a continuously-reinforced pavement, the crack width or open­
ing is so large as to prevent the two concrete faces from coming into contact and thus 
provide resistance to moment. Such a condition in an actual pavement is very near if 
not at the state of failure. It is of interest here since it is the extreme possibility of 
the moment-angle change relationship. 

The unusual moment diagrams in Figures 7 and 8 are the moment diagrams for the 
Individual segments when the moments at the cracks equal zero (C = 0). Each segment 
is somewhat like a simply-supported beam loaded with a varying distributed load from 
the subgrade. The resulting moment diagrams are quite reasonable when considered 
in this manner. 

CONCLUSIONS 
Many questions must be answered before the method of analysis developed in this 

research can be applied to the design of continuously-reinforced concrete pavements. 
1. What is the moment-angle change relationship for a wide range of pavement de­

sign variables (thickness of concrete, position of reinforcement, percentage of rein­
forcement)? 

2. What is the necessary number of segments to be considered for the necessary 
accuracy with a given crack spacing? 

3. What is the effect of high values of N on the moments? 
4. What is the effect of the plate action of each segment? 
5. What is the effect of repeated loads on the pavement design? 
6. What is the optimum percentage and best position of steel for given loads and 

field conditions? 
The first question is susceptible to laboratory investigation. Experimentation with 

relatively small specimens which contain only one crack will eliminate some variables 
which obscure the nature of the moment-angle change relationship. A specimen may 
be tested by the application at the crack of pure moment, pure shear, or a combination 
of moment and shear. Longitudinal loads to control crack openings may also be applied, 
Measurements of the relative angle changes between the two segments formed by the 
crack may be made. The relative vertical displacement of the segments may also be 
measured. By varying the percentage and position of the reinforcement as well as the 
loads on the crack, complete information about crack behavior can be obtained. Such 
an investigation is now in progress at Purdue University. 

The answers to questions 2 and 3 can be readily obtained when the moment-angle 
change relationship has been established. In this investigation the optimum number of 
crack intervals is 8 using a crack spacing of 30 in., while it may be some other number 
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for other values of i . By the use of the Purdue University Digital Computer a large 
number of solutions may be easily worked out. The solutions may be programed m 
such a manner as to provide the final values of moments, shears, deflections, and 
stresses. With such a computer available it is possible to consider in a relatively 
short time the large range of parameters necessary to answer these questions. 

In this investigation the pavement is treated as a beam 1 in. wide. In the actual 
pavement the cracks divide the slab into a series of transverse strips. The action of 
these strips under the load must be investigated. For rather closely-spaced cracks 
the strip acts somewhat as a beam, while the larger spacings of cracks yield seg­
ments which act more like plates. The effects of this plate action must be determined 
and appropriate modifications must be incorporated in the final design procedure. 

The effect of repeated loads on the pavement design can be investigated in the lab­
oratory. Repeated application of loads in the research outlined above would provide 
information on the fatigue characteristics of various designs. This information can 
be combined with traffic surveys for proposed highways in the final design of the 
pavement. 

The answer to the last question is really the ultimate purpose of all these investiga­
tions. What combinations of slab thickness, percentage of reinforcement, and posi­
tion of reinforcement will support the given load in a given field condition? The ex­
istence of an answer to this question implies the existence of a design procedure which 
can account for all of the variables in the problem. It is obviously very difficult ex­
perimentally to account for each variable separately and then combine their effects to 
arrive at a design for each given set of conditions. Perhaps the best design procedure 
then, IS one which utilizes the results of verified mathematical solutions. The results 
may be presented in table and chart form so that engineers may design safe and econ­
omical continuously-reinforced concrete pavements. It is sincerely hoped that this 
research will help make this possibility a reality. 
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Appendix A 
The general equations for the solution for the values of the angle changes in the 

cases of L equal to 12i , 16i , and 2Qi , respectively, are as follows: 

L = 12i; 

( 1 0 7 / 6 A • M • C//)0^ + ( 1 2 . 5 A - * 

A ( 8 0 2 + 4.503 + 20^ + 0.505) " 

(IOV6A + 2N)0^ + ( 3 7 / 3 A + N + C/£)0^ + ( s A - O/£)0^ + 

A ( 4 . 5 0 3 • 20^ + 0.505) ° 

( 8 9 / 6 A • 3II)0Q + ( 3 A / 3 A + 2:;)0j^ + ( 4 7 / 6 A • W • cA)02 • 

( 4 . 5 A : - CA)03 + A ( 2 o ^ • 0.5^5) = P/2 

( 7 I / 6 A + 4N)0^ + ( 2 3 / 3 A • 3M)0ĵ  + ( 4 I / 6 A + 2N)02 + 

( 1 3 / 3 A + N + CA)0~ + ( 2 A - CA)0 , + 0 . 5 A ^ - = P/2 
3 4 5 

( 4 7 / 6 A + 5N)0^ • ( I 9 / 3 A + 41001 • ( 29 /6 /k + 3N)02 + 

( 1 0 / 3 A + 21003 * ^ ^ / ^ - ^ * * c/ / )0^ + ( 0 . 5 A - C/l)0^ - P/: 

( I 7 / 6 A + 6K)0q • ( 7 / 3 A + 5N)0i + ( I V 6 A • 4N)02 + 

( 4 / 3 A + 3N)03 + ( 5 / 6 A + 2N)0^ • ( 0 . 5 A + N • C//)05 = p/2 

0Q • 0^ • 02 + O3 • + 05 + 0.50^ » 0 

L = 16£ 

( 1 9 V 6 A • N + C/£)0^ * ( 2 4 . 5 A - C/£)0^ + A ( 1 S 0 2 +12.503 * 

80^ + 4.5P5 + 20^ + O.50y) " P/2 

(185/6/k + 21J)0^ + (73/3 A • 11 + C/£)0^ • ( I S A - C/-^)02 

+ A ( L 1 . 5 0 3 + 50^ + 4.505 • 20^ • 0.5^) - P/2 
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(173/6/k + 3N)0Q + ( 7 0 / 3 A • 211)0^ • 1 0 7 / 6 / k • N • C//)02 + 

( 1 2 . 5 A - C/ / )0^ • A ( 8 t ) ^ + 4.505 • 20^ + CU50y) - P/2 

( I 5 5 / 6 A • AN)0Q • ( 6 V 3 A • 3N)0^ • (1J01/6A • 2N)02 + ( 3 7 / 3 / k 

N + C A 3 ) • ( 8 A - CA)0^ • A ( 4 . 5 0 5 • 20^ • O.5A7) - P/2 

( 1 A V 6 A • 5N)0Q • ( 5 5 / 3 A • AlO0]L * ( ^ V 6 A • 3N)02 + 

( 3 V 3 A + 2N)03 + ( 4 7 / 6 A • N + C/^)0^ • ( 4 . 5 A - C//)v3^ + 

A ( 2 0 ^ • O.50r,) - P/2 

( l O l / k • 610 • ( 4 3 / 3 A + 5lO<9i • ( 7 I / 6 A + 4N)02 • 

( 2 f t / 3 A + 3N)03 • (4I/6A + 2N)^^ + (1V3A + N • 0/^)0^ + 

( 2 A - C/.«)0^ + 0 . 5 A 0 ^ = P/2 

(65/6A + 7N)0Q + (2R/3A • 6N)i3^ + (47/6A + 5II)P2 • 

(IQ/3A + 4 1 1 ) + (29/6A + 311)0^ • (IC/3A + 2N)05 * 

(U./6A + N + C//)0^ + ( 0 . 5 A - Z/z)<firj = P/2 

( 2 3 / 6 / k • 8N)0^ • ( 1 0 / 3 A + 7 N ) 0 ^ • ( 1 7 / 6 / k + 6N)02 • 

(7/3A + 5N)03 + (1I/6A + 4N)0^ • (V3A + 3N)05 + 

( 5 / 6 / k • 2N)0^ + ( C . 5 A • II + Z/Z)4>rj - P/2 

0JJ + + 02 • ^3 • <8j;̂  • ^5 • • * 0.503 = 0 

20iJ 

(299/6A • N • C/^)0Q + ( 4 C . 5 / k - c/i:)0^ + A ( 3 2 0 2 + 24.503 + 

130^ + 12.505 • ^̂ 6̂ * ^'50^ * 2^8 * 0-5«>9) = P/2 

( 2 9 3 / 6 A • 2N)0Q • (121/3 A + 11 + C / / ) 0 ^ • ( 3 2 A - C/i)0j^ 

A ( 2 4 . 5 0 3 • 150^ + 12.505 + 80^ + 4.50y • 20g + 0.50^) - P/2 
"2 * 
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( 2 8 1 / 6 / k + 3M)0o • ( I I 8 / 3 A + 211)0̂  + (19V6A • H • Z/l)^^ • 

(24.5A - CA)02 + A (130^ • 12.50^ + 1B0̂  • A.50y • 

203 • 0.50^) - P/2 

(263/6A • All)0o • (I32/3A •» 3N)0j^ • (185/6A + 2N)02 + 

(73/3 A • N + CA)02 • (18A - CA)0^ • 

A(12.505 • 80̂  + k/^rj * 20g + 0.509) " 

(239/6A + 5II)0o + (IO3/3A • WJ)0i + (173/6/k • 3N)02 • 

(70/3/k + 2IJ)0j • ( 1 0 7 / 6 A + N + CA)0^ * ( 3 2 . 5 A - CA)0j • 

A(80^ • 4.507 + 20g • 0.50^) = P/2 

( 2 0 9 / 6 A • 6N)0^ + (91/3A + 5W)0i • (155/6A + 4Ji)02 * 

(64/3A + 311)0^ + ( IOV6A + 21J)0^ + (33/3A + N • C/^)0j + 

( s / k - C/^)0^ + A(4507 • 20g + 0.509) • 

(I73/6A + 71J)0o • (76/3A + 6N)0-L • ( I 4 I / 6 A • 5N)02 + 

(55/3A + 411)03 • ( 8 9 / 6 A + 3N);}̂  + (34/3A + 2N)0j * 

(47/6/k + N + C/^)0^ + (4.5A - 0/^)0^ + (20g + 0.50^) = P/2 

( 1 3 1 / 6 A • Bll)0^ • (58/3A • 7N)03̂  + ( 1 0 1 / 6 A • 6N)02 • (43/3A + 5N)03 

• (7V6/1C + 4M)0^ + (28/3A • 3N)05 + iUl/G/k * 2N)0^ + 

(13/3A • N • 0/^)0^ + (2A - c//)0g • O ,5A0g - P/2 

(83/6/k + 9K)0o • (37/3A + 811)0^ • (65/6A * 7N)02 • 

(28/3A • 6N)03 • (47.6A + 5N)0^ + ( I9 /3A • 4N)05 • 

(29/6/k + 3N)0̂  • (IO / 3 A + 211)0̂  • (11/6A + N * C/^)0g • 

(O . 5 A - C/-«)09 - P/2 

( 2 9 / 6 / k • lOH)0o • ( I 3 / 3 A * 9N)03̂  + (23/6A * 8N)02 • 

(10/3 A • 7K)03 • (17/6A • 6N)0^ • (7/3 A • 5N)05 • 

(12/6A • 4N)0, • (4/3A • 3N)07 • ( 5 / 6 / k • 2N)0g + 

(O . 5 A + N • C//)09 - P/2 

* ^1 * ^2 * ^3 * \ * ̂ 5 * * ^7 * ^8 * ^9 * °**10 ° HRB:0R-29i 



r p H E NATIONAL A C A D E M Y OF S C I E N C E S — N A T I O N A L R E S E A R C H C O U N -
C I L is a private, nonprofit organization of scientists, dedicated to the 
furtherance of science and to its use for the general welfare. The 

A C A D E M Y itself ŵ as established in 1863 under a congressional charter 
signed by President Lincoln. Empowered to provide for all activities ap­
propriate to academies of science, it was also required by its charter to 
act as an adviser to the federal government in scientific matters. This 
provision accounts for the close ties that have always existed between the 
A C A D E M Y and the government, although the A C A D E M Y is not a govern­
mental agency. 

The NATIONAL R E S E A R C H COUNCIL was established by the A C A D E M Y 
in 1916, at the request of President Wilson, to enable scientists generally 
to associate their efforts with those of the limited membership of the 
A C A D E M Y in service to the nation, to society, and to science at home and 
abroad. Members of the NATIONAL R E S E A R C H COUNCIL receive their 
appointments from the president of the ACADEMY. They include representa­
tives nominated by the major scientific and technical societies, repre­
sentatives of the federal government, and a number of members at large. 
In addition, several thousand scientists and engineers take part in the 
activities of the research council through membership on its various boards 
and committees. 

Receiving funds from both public and private sources, by contribution, 
grant, or contract, the A C A D E M Y and its R E S E A R C H COUNCIL thus work 
to stimulate research and its applications, to survey the broad possibilities 
of science, to promote effective utilization of the scientific and technical 
resources of the country, to serve the government, and to further the 
general interests of science. 

The H I G H W A Y R E S E A R C H BOARD was organized November 11, 1920, 
as an agency of the Division of Engineering and Industrial Research, one 
of the eight functional divisions of the NATIONAL R E S E A R C H COUNCIL. 
The BOARD is a cooperative organization of the highway technologists of 
America operating under the auspices of the A C A D E M Y - C O U N C I L and with 
the support of the several highway departments, the Bureau of Public 
Roads, and many other organizations interested in the development of 
highway transportation. The purposes of the BOARD are to encourage 
research and to provide a national clearinghouse and correlation service 
for research activities and information on highway administration and 
technology. 
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