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]ontinuously-Reinforced Concrete Pavements
n Pennsylvania

.C. WITKOSKI, Director of Research, and
.K. SHAFFER, Materials Engineer, Pennsylvania Department of Highways

The Hamburg project in Berks County, 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.

P 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
he reader with the basic differences of these two projects (1, 2, 3).

Both pavements were constructed with reinforcing steel designed at 0. 5 percent of
he 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
1 & October 1956 and although the pavement itself is two years old, it has been opened
o 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
nat type.

The continuous section in Berks County (Fig. 2) is a portion of Traffic Route US 22,
ocated 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
lternate 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
he 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

vement 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.

1



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 show:
in Table 1.

CRACK FREQUENCY

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, wherea:
similarly, on the York project, the average high was 66 F and the average low was 44



TABLE 1
RESULTS OF PROFILOMETER SURVEYS
Inches
Date Project Lane Length Total Per Mile
(ft)

July, 1957 York North-Outside 10, 700 48 23.17
ov. 1958 York North-Outside 11, 560 40 18.3
ov. 1958 York North-Outside - - -

July, 1957 York South-Qutside 10, 700 51 25.2
ov. 1958 York South-Outside 11, 560a 42 19.2
ov. 1958 York South-Outside 1,000 8 42.2

Aug. 1957 Hamburg East-Outside 6, 300 30 25.2
ov. 1958 Hamburg East-Outside 10, 800a 40 19.5
ov. 1958 Hamburg East-Outside 1,000 6 31.7

Aug. 1957 Hamburg West-Outside 10, 800 57 27.8
ov. 1958 Hamburg West-Outside 10, 8003. 46 22.5
ov. 1958 Hamburg West-Outside 1,000 4 21.1

:§ .
Conventional pavement.

[he striking contrast in the crack pattern is effectively shown in Figures 3 and 4. The
wumber 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
nonths and any cracking subsequent to that time does not materially effect the pattern.
[he 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 morning 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 cbservations will be made to
| etermine whether this condition continues.

The data from the graph have been summarized and condensed in Tables 2 and 3 to
show the average number of cracks per 100 ft for all four lanes and each pavement
epth. The average distance between adjacent cracks is also showa. 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.
An 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-
lons 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-
| ent was available. After an invar-type gage was obtained, both methods were used
L 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
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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 place
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 plugs, 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 metho
It is very difficult to set the microscope on the exact spot for successive readings, an
if there is the slightest amount of spalling or chipping of the crack, the reading is ai-
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.

TABLE 2
CRACK FREQUENCY AVERAGES; YORK PROJECT

Cracks (no./100 ft) Crack Spacing (ft)

Pavement Placing
Lane Thickness 21 1 6 1% 2 21 1 8 1% 2 Temp.
(in.) Days Mo Mo Yr Yr Days Mo Mo Yr Yr (°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
éouth
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
TABLE 3
CRACK FREQUENCY AVERAGES; HAMBURG PROJECT
Cracks (no. /100 ft.) Crack Spacing (ft)
Pavement Placing
Lane Thickness 7 1 6 1 7 1 6 1 Tsmp.
(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
¢? 3.1 3.7 6.4 7.6 32.3 27.1 15.8 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
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
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 84
inside 8 5.2 8.3 11.5 11.6 19.2 12.0 8.7 8.8 81
9 5.3 7.6 12.2 12.3 18.9 13.2 8.2 8.1 78
2 Area between Sta. 237 and 255 excluded.



(a) Eastbound OQutside Lane

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

1 Month 2 Months 3 Months 6 Months 1 Year

Asr Air Air Aur Air
Stations Tsmp. Micro Invar T:emp. Micro Invar Temp. Micro Invar Temp. Micro Invar T‘smp. Micro Invar
(F)  @n.) (in.) (P Gn.) (n.) (°F)  (n.) Gn) () Gn.) (n.) (F) (n.) (in.)

240+02.9 54 0,032 0.037 40 0.048 0.049 42 0.040 0.061 71 0.008 0.019 178 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 0.006 178 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 o0.012 178 0.008 0.016
240+39.6 54 - 0.001 40 0.008 0.011 42 0.006 0,008 71 0. 004 - 8 0.008 0.011
240+50.5 54 0.004 0.007 40 0.010 0.008 42 0.008 0.011 T1 0.008 0.006 178 0.008 0.008
240+63. 0 54 0.004 0.009 40 0.008 0.012 42 0.004 0008 171 0.016 0.007 178 0.010 0.005
240469.5 54 - 0. 002 - - - 42 0.008 0.008 171 0.006 0.007 78 0.008 0.009
240486, 4 54 0.012 0.015 40 0.012 0.021 42 0.020 0.019 171 0.010  0.016 178 0.012 0.021
(b) Eastbound Inside Lane
240+18.7 46 - 0.013 34 0.012 0.045 - - - 73 0.012 0.013 178 0.008 0,023
240+33.9 46 - 0.015 34 0.016 0.021 - - - 73 0.006 0.012 178 0.010 0.019
240+47.9 46 - 0.012 34 0.012 0.016 - - - 73 0.006 0.011 178 0.012 0.018
240+70.4 46 - 0.000 34 0.010 0.018 - - - 3 0.008 0.012 178 0.012 0.018
240+86.2 46 - 0.010 34 0.016 - - - - 73 0.008 0.011 178 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, being
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 Crack Width (in.)

Thickness Microscope Invar Gage
(in.)

7 0.011 0.015
8 0.010 0.014
9 0.012 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 typical
crack on York project.



TA]
MICROSCOPE WIDTH REAI

7-In. Pavement 8-
Beg. Middle End Beg.
Pav't. Air Crack Air Crack Air Crack Air Crack
Age Tgmp. Width Tgmp. Width Tsmp. Width Tgmp. Width
("F) (in.) (F) (in.) (F) (in.) (F) (in.)
(a) Eastbou
2 mo. 74 0.008 67 0.014 67 0.009 170 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
1yr 65 0.010 65 0.008 65 0.007 64 0. 008
1%2yr 58 0.010 58 0.008 56 0.009 56 0. 009
(b) Eastbou
2 mo. 88 0.007 88 0.007 88 0.012 88 0. 008
3 mo. 74 0.017 74 0.012 174 0.009 178 0. 008
6 mo. 36 0.017 36 0.015 36 0.016 40 0. 015
1yr 70 0.006 178 0.006 178 0.008 178 0. 009
1% yr 50 0.008 50 0.012 50 0.012 60 0. 008
(c) Westbou
2 mo. 82 0.008 85 0.009 88 0.007 87 0. 006
3 mo. 80 0.007 178 0.007 78 0.007 178 0. 008
6 mo. 42 0.011 56 0.008 170 0.009 70 0. 009
1yr 88 0.009 88 0.007 81 0.008 80 0. 007
1% yr 16 0.008 16 0.014 60 0.011 65 0.010
(d) Westbor
2 mo. 88 0.007 88 0.009 T4 0.008 84 0. 007
3 mo. 78 0.007 78 0.008 178 0.007 82 0. 008
6 mo. 58 0.008 58 0.008 58 0.012 61 0. 009
1yr 87 0.006 87 0.008 87 0.011 87 0. 011
1% yr 68 0.012 82 0.010 82 0.011 82 0.010

End movement on both projects has not been extensive.
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 %4-in. average decrease in length was noted
at each end. After 1% yr, at 37 F, an increase of Y in. at each end was recorded.
at fairly equal temperatures indicated
an average increase in length of 16 and 75 in. , respectively. The readings were taken
at 15 and 16 months after installation of the plugs.

Two subsequent readings from the York sproject

Measurements have been

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

y ement 9-In. Pavement

| le End Beg. Middle End
Crack Air Crack Air Crack Air Crack Air Crack
Width Temp. Width Temp. Width Temp. Width Temp. Width
(in.) (°F)  (n.) (F) (in.) (P  (n.) (CF) (in.)

side Lane
0.011 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 0.006 172 0. 007
0.009 66 0.010 - - 66 0.011 58 0.014
de Lane
0.007 90 0.008 - - 84 0.007 84 0. 009
0. 011 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 0.008 178 0. 011 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 0.011 73 0.013 173 0.01} 176 0. 008
ie Lane
- 74 0.012 178 0.008 172 0.008 80 0. 007
0.008 86 0.013 178 0.010 68 0.012 174 0. 008
0.009 170 0.008 70 0.009 68 0.012 68 0. 009
0.007 87 0.007 91 0.008 91 0.011 91 0. 008
0.010 80 0.009 72 0. 011 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
71in., 12.7 per 100 ft.
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TA.
INVAR WIDTH READI

7-In. Pavement :
Beg. Middle End Beg.
Pav't. Air Crack Air Crack Air Crack Air Crack
Age Temp. Width Temp. Width Temp. Width Temp. Width
°F) (n) (M)  (n) (P (n.) (CF_ (n.)

(a) Eastbot

6 mo. 50 0.013 50 0.014 50 0.018 50 0.014
1yr 65 0.009 65 0.012 65 0.016 64 0.012
1% yr 58 0.013 58 0.015 58 0.020 56 0.016

(b) Eastbo

6 mo, 36 0.018 36 0.018 36 0.016 40 0.018

1lyr 84 0.014 84 0. 015 84 0.014 84 0.016

11/2 yr 50 0.015 50 0.021 50 0. 017 60 0.018
(c) Westbo

6 mo. 42 0. 013 70 0. 008 70 0.011 72 0. 009

1yr 92 0.012 92 0.008 92 0.014 92 0.012

11/2 yr 76 0.012 76 0. 009 76 0. 015 65 0.013
(d) Westb

6 mo. 58 0. 007 58 0.012 58 0.011 64 0.010

1yr 92 0. 009 92 0.013 92 0.011 92 0.011

11/2 yr 68 0.012 68 0.014 68 0.012 68 0.012

TABLE 7

MICROSCOPE WIDTH READINGS, YORK PROJECT

Beg. Middle End
Lane Pavement Afr Crack Air Crack Arr Crack
Age Temp. Width Temp. Width T%mp. Width
°F) (in.) °F) (in.) (i3] (n.)
North
outside 1% yr 78 0.018 76 0,017 80 0.023
2yr 55 0.017 55 0.016 59 0. 020
North .
mside 1% yr 80 0.018 82 0.020 81 0,024
2yr 57 0,023 56 0. 026 59 0.019
South
outside 1% yr 76 0.024 80 0.013 87 0.012
2yr 60 0. 027 59 0.018 80 0.015
South
inside 1% yr "8 0.015 84 0.011 85 0.014

2yr 60 0. 021 59 0.012 60 0.017
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 AMBURG 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.) (°M (in.)
tside Lane

0.017 54 0. 020 - - 52 0.013 52 0.018

0.016 64 0.018 - - 72 0.011 72 0.012

0.017 56 0. 021 - - 66 0.014 58 0.023
ide Lane

0.016 40 0.015 - - 35 0 018 42 0.022

0.012 84 0. 011 - - 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 0.011 63 0.012 54 0. 008

0.013 92 0.012 92 0.012 92 0.013 92 0. 011

0.014 65 0.013 73 0.013 73 0.013 76 0.012
side 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

WIDTH-TEMPERATURE CURVES TABLE 8
EFFECT OF PAVEMENT THICKNESS
Measurements were taken over a 24-

hr period in April 1958 to observe the Thigkness of Seoion  Now Gracks Crooks/  Dermmoc™®

relationship of crack width to tempera- _{m.) (it) 100ft  Cracks (ft)

ture. The internal temperature of the 7 1,999 1,062 13.3 7.7

pavement ranged from 51 F to 79 F; the 3 ij ﬁf fj 322 }3;3 18:2

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 spring 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 types

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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months, it became evident that a number TABLE 9
of cracks were becoming unusually wide EFFECT OF SUBBASE THICKNESS
and were serious enough in nature to o .
- a t bba

warrant careful observation. With the Thr:kl::::s Lane Tl\:icknseess Number of Cracks
approach of colder weather the cracks {in,) (in, ) Cracks _ per 100 ft
assumed much wider proportions, some 7 Eastbound 8.5 69 13.80
of them approaching % to 7 in., mea- outside 8.9 I 18.25
sured at the surface (Fig. 7). A number Eastbound 1.5 51 10.20
of these cracks developed in scattered inside 8.0 57 14.25
locations throughout the project, and in 7.5 5 11.00
the fall of 1957 a small-scale investiga- Westbound -8 » 1.0
tion was conducted, consisting of the re- 7.9 76 15.20
moval of several cores at these particu- Westbound 5.0 47 9.40
lar cracks. The results of this survey wmside &2 b 12.50
indicated that in some locations the bar 8 Eastbound 6.5 66 13.20
mat reinforcement had not been lapped outside 8.5 49 12,25
sufficiently (2). 4.0 56 11.20

In the spring of 1958 a full-scale study Fastbound 8.2 b .00
was made of 15 such areas, involving the 3.0 58 11.60
removal of a section of concrete approxi- Westbound 8.0 64 12.80
mately 6 in. in width and 4 ft in length outside 2.2 & 1.5
at the edge of the pavement at each crack Westbound 7. 5 51 10,20
location. The pavement was removed mside 4.0 47 11.75
only to the depth of the reinforcing steel. 1.0 54 10.80
The study revealed that at three locations ° Eastbownd &8 » 5 hoa
there was a definite lack of reinforcing Eastbound 3.5 “ 11.00
overlap. The bar mats were required inside 9.0 28 5. 60%
to be overlapped 12 in., but failed to Westbound 8.0 59 11.80
meet by s in. at Sta. 228 + 85, by 9% outeide -0 R e
in. at Sta. 254 + 46 (Fig. 8), and up to Westbound 7.0 o8 15. 60
12 in. at Sta. 269 + 93. Of the remaining nside 1.8 :; xg. (z)g

twelve cracks, two were found to occur
somewhere in the midsection of the bar
mat. Fortunately, these cracks were
far less serious in nature and will probably offer no further difficulty. The average

lap of steel in the remaining ten areas was 7% in., ranging from 3 to 11 in. A typical
situation is shown in Figure 9, where the lap was found to be 8 in.

It is perhaps significant, that 67 percent of the serious cracking occurred in the
westbound lanes, and a total of 73 percent of the cracking was in the 9-in. pavement.
The crack locations are shown in Figure 10. Although it may be possible to attribute
the excessive cracking in the westbound 9-in. pavement to the extremely high tem-
peratures during which it was placed, it is generally believed that the cracking in this
area was induced by the same factor which caused the cracking throughout the pro-
ject—namely, improper overlap. Some thought was given to the belief that strike-off
and finishing equipment might have dragged these bar mats forward, but several in-
vestigations 16 ft beyond a crack in the direction of paving clearly indicated no double
length of overlap, as might have been expected. The specifications and proposal cover-
ing this project did not require the bar mats to be tied. It is now apparent that this
requirement should have been specified, and certainly should be written into future
contracts involving continuously-reinforced pavements.

After determining the cause of the cracking, arrangements were made to repair
these areas. It was essential that this work be performed carefully; to insure optimum
results, specifications were written covering every detail of the operation. These
concrete pavement repairs, within the areas designated, consisted of removal of the
existing pavement, restoration of the continuity of the longitudinal reinforcing steel,
and replacement of the pavement with high early strength cement concrete. All work
was done in accordance with the requirements of the paving section of the Department's
Specifications, Form 408, with additional special requirements.

2 paved 1n October.
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Hourly changes in crack widths.

Figure 6.
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Figure 8.

Typical wide crack.

Gap

in reinforcing bars.
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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. Steel bars lapped 8 in.
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Figure 10. ILocation of cracks, Hamburg project.
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The areas of concrete to be removed in making the pavement repairs werea 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
joint was quite irregular below the 2-in. saw cut and provided good aggregate interlock
with the new concrete.

Special subgrade 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

! m‘

Figure 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 7z-in. bead, on one side only, for a length of

5 in., using General Electric W-616-A %.-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 gatch were painted with an epoxy
resin adhesive. The concrete mix was designed at 1/:-in. 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 for replacing concrete.
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Figure 13. Completed patch.

developed to 615 psi for patches placed in the westbound lanes and to 700 psi for patches
in the eastbound lanes. All traffic was excluded from the patches for the full curing
period.

A wide contrast existed between the separate lanes with respect to variations in
air temperatures. While the westbound lanes were being placed and cured, tempera-
tures were mild and fluctuated within a range of 10 to 15 deg. As a result, an excellent
repair was made and after two months of observation no cracks had developed. There
were, however, microscopic, superficial cracks at the joints where the mortar was
brushed onto the old pavement. During the placing of the concrete in the eastbound
lanes greater variations in temperatures occurred, the maximum approaching 35 deg.
This had a definite influence on the patches being placed, as evidenced by the formation
of longitudinal cracks at Sta. 201 + 79 2% hr after being placed. These were on the
outside edge and were immediately above the steel bars. This portion of the patch was
removed down to the steel and replaced again, after which no further longitudinal
cracking appeared. The wide variation in temperatures further affected the eastbound
lane patches by introducing a transverse crack in the center of each patch. Cracks
which developed in the patches placed in the afternoon are not as obvious as those in the
patches placed in the morning. It is evident that as the temperature differential dimin-
ished the magnitude of the crack also lessened.

Microscope readings of the tiny cracks at the joints of the patches on the westbound
lanes indicated a range of from 0.002 to 0.012 in. The transverse cracks appearing
in all four patches in the eastbound lanes ranged from 0. 020 in. at Sta. 201 + 79 down
to 0.008 in. at Sta. 255 + 09.

Careful workmanship and close observance of the specifications written for this
work resulted in neat patches blending into the existing pavement with 2 minimum of
contrast. Use of the epoxy resin adhesive helped to some extent in bonding the con-
crete. It was encouraging to note the absence of any cracks in patches placed under
favorable weather conditions. The cracks that did occur were expected, and are cer-
tainly a tremendous improvement over the previous ones. They are within the range
of the other normal cracking on the project, and should offer no further trouble. It
appears that areas of failure on a continuously-reinforced pavement have been repaired
successfully.

SUMMARY

The two continuous pavements placed in Pennsylvania under different weather con-
ditions in opposite seasons of the year reacted quite differently with respect to crack
patterns.

The distance between cracks is somewhat greater than that experienced in other
continuous pavements at the same age. Average crack widths at York are slightly
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greater than those obtained at Hamburg; correspondingly, the York pavement has the
greater crack spacing.

The crack pattern is formed early in the pavement life by concrete shrinkage and
stresses caused by the steel. Traffic has apparently had little effect in causing ad-
ditional cracks to form on these two projects.

Data from the Hamburg project indicate that when the percentage of steel is kept
constant there is a slight decrease in cracking as the pavement thickness varies from
7to 9 in. An increase in the depth of subbase material did not actually reduce the
number of cracks in the Hamburg pavement,
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Discussion

BENGT F. FRIBERG, Consulting Engineer, St. Louis, Missouri — The four experi-
mental continuously-reinforced 24-ft pavements in Pennsylvania (two on the York pro-
ject each 11, 559 ft long, paved September-October 1956, and two on the Hamburg
project ea.ch 10, 806 ft long paved during May and June 1957, except for one gap of
1,795 ft which was paved in October 1957) are an interesting and informative addition
to earlier experimental projects of the type. The substantial mileage and varied sea-
sonal construction conditions, from May to October, give fairly representative sea-
sonal fluctuation to the data for 0.5 percent longitudinal steel. The close relation be-
tween construction air temperature and transverse cracking during the first year is
clearly illustrated. The frequency at one year varied from a low of 5 cracks per 100
ft for pavement placed between 48 and 56 F, to more than 15 cracks per 100 ft for con-
struction above 85 F, air temperature. Considering both the York and Hamburg pro-
jects, the cracking per 100 ft at one year age averaged 5 to 6 cracks in pavement
placed below 60 F, about 10 cracks for 70 F, and about 14 cracks for over 80 F con-
struction air temperature.

The authors should be complimented on their careful comparison of crack width
measurements with microscope and with invar gage. The microscope apparently in-
cluded a glass with etched scale showing 1-mm (0. 04-in.) divisions, read to Yo di-
vision; the invar gage was a direct-reading d1a1 -equipped gage, read in Y1000 in. The
average difference in reading 0.004 in., or %o division on the microscope, shows good
agreement under the circumstances, with the invar gage reading by far the more accu-
rate measurement. Given a sufficiently close reading microscope, such instruments
should give usable measurements, as stated by the authors.

The particular stretch on the Hamburg project (Table 4) with invar gage plugs placed
at time of construction was built in October 1957 at an approximate air temperature of
50 to 60 F. After the concrete cracks, some warping should normally develop at the
cracks, especlally at early age in drying concrete. The invar gage measured changes
of a 10-in. length % in. below the concrete surface. The measurements include an
increment of width due to slopes of the warped concrete. Referring to measurements
of crack widths (Table 4) for the eastbound outside lane, in which all cracks from Sta.
241 to 242 were apparently measured, the average crack width at 1 month of 0. 011 in.
at 54 F air temperature is probably to a substantial extent warping, with the crack
width at the bottom much smaller. In late fall warping would normally decrease, ap-
parent as an incremental decrease in crack widths measured at the surface, but crack
widening is probably not obscured by compression restraint across the cracks. During
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that season between 1- and 3-month age the total crack width per 100 ft (Table 4)
changed from 0.089 in. at 54 F to 0,133 in. at 42 F. Lacking concrete temperatures,
no close comparison can be made between observed and theoretical crack width; how-
ever, if the air temperatures are considered equal to concrete temperatures, the ob-
served changes in crack width are about 75 percent of the theoretical contraction. Most
of the observed contraction took place at one or two of eight cracks observed. The
measurements in Table 4 at 6 months 71 F, and 1 year 78 F, undoubtedly were made
when the pavement was in compressive restraint. The data show that cracks do widen
during the cold season.

The foregoing observations are in accord with theoretical studies ', which show (for
0.5 percent reinforcement, n = 7) that a crack width 75 percent of theoretical would
correspond to about 0. 09 ratio between active bond length and crack spacing, or about
13 in. on each side of the 8 cracks at 3 months, which (Fig. 11 of the reference) would
correspond to a steel stress increment of about 1, 300 psi per deg temperature drop,
and a concrete stress of 6 psi per deg some 16, 000 and 70 psi, respectively, for the
temperature drop from 54 to 42 F,

Exceptionally predominant changes in width of some cracks are possibly more indica-
tive of actual tension restraints than average crack widths, given in Tables 5, 6, and
7. Frictional subgrade drag between cracks is very small; forces at adjacent cracks
therefore must balance each other substantially. A wide crack indicates a low rate of
bond development with slip, and possibly bond failure, at that crack; adjacent effective-
ly tied cracks could then not be expected to change appreciably in width because of the
relatively low restraint force necessary at those cracks. That large variations have
occurred is indicated in the text, and by the reports of failed cracks. The average
crack widths in Table 7 for the York project, placed in September-October, have been
measured at or above construction temperatures, with the pavement undoubtedly in
compressive restraint except near the ends. Under compressive restraint average
crack widths would not be expected to show substantial width variation, except as con-
nected with changes in warping.

The authors' gage measurements of crack widths during a 24-hr period of sunny
April weather on the 7-in. westbound lanes (Fig. 6) throw interesting light on pave-
ment restraint conditions. The station covered is far from any end, but an open crack
had been discovered in the outside lane 94 ft east of the end of the outside lane station.
In the inside lane 11 cracks were measured out of 13 to 15 cracks; in the outside lane,
11 of 12 cracks indicated in Figure 4. In Figure 14 the measured changes in crack
width totaled for the 100 ft of each lane are plotted in relation to time, as is the con-
crete temperature. The cracks show no significant change in surface width from 9:30
a.m. at 55 F internal (assumed to be average) temperature to 10 p.m. at 65 F. From
that time till 6:00 a. m. the surface width increases at a fairly even rate, less in the
outside than inside lane. Figure 15 shows the measured fluctuation in width of individual
cracks. Near the west end measured changes are nearly alike in both lanes; the dif-
ference between the lanes is the result of decreasing change in width of cracks toward
the east end of the outside lane, about 100 ft from the crack at which steel bond ap-
parently had failed.

For sunny April weather normal temperature gradients could be expected to reach
3 F per in. depth during the forenoon, maximum near noon, and reversed 1 F per in.
during the evening hours. Approximate values of top and bottom temperatures ac-
cordingly are estimated to have been at 9:30 a. m. about 62 and 48 F, at 10 p. m. 62
and 70 F, respectively. The period during which no change in crack surface width was
observed accordingly corresponded to above 62 F approximate surface temperature,
both at 9:30 a.m. and 10 p.m. Above about 62 F surface temperature apparently the
surface of the pavement was in compressive restraint across the cracks, and obviously
without measurable change in crack width. The concrete surface probably reached a
temperature near 80 F, and the concrete restraint compression at the surface may

* Friberg, B.F., "Frictional Resistance under Concrete Pavements and Restraint
Stresses in Long Reinforced Slabs." HRB Proc., 33:167 (1954).



21

y 8
)
Ve
X
g:
§:
3

—
—
—

—
—
p=

S
™
L/

/77
) v Lnferrra/ ferge £
0
% 3
N

IDEIDF LANE |/ Griacks / \

.’)\
2 §+.0/ / ‘
N 4 \
%ﬁsl-w. I\\{T’ L1 /l‘l\— 1 /T/l L1 [ [ (|
A A 1 T 1 1 T 1 1 T 1
§§*’ ol PUTSIDE LAME| // cF/vo(:i/ -~

X

%E—,O/l ] L1 1 L 1 Ll 1 L1 JIN| 11 L)
SN w9 2 3 ¢ 9 My 3 ¢ 9An

Figure 14. Concrete temperature and surface-width fluctuation of cracks in 100 ft of
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Figure 15. Total fluctuation in surface width of each crack between Stas. 185 and 186
during the 2k-hr period. A wide crack existed in the outside lane at Sta. 186+9k,

well have exceeded 300 psi. During the hours of restraint the compression stress
strain compensated for most expansion due to temperature gradient through the slab,
probably without noticeable curling.

During the night, from 10 p. m. with 62 F at the surface and nearly 70 F at the bot-
tom, to 6 a.m. with slightly under 50 F at the top and about 55 F at the bottom, crack
widening obviously could occur at the surface; however, near the bottom compressive
restraint could have persisted much later than 10 p. m. The surface widening mea-
sured after 10 p.m., during the early part of the night period at least, could be due
to slope change incident to curling, rather than to uniform crack widening. The crack
widening measured between 3 and 6 2. m. seems to have occurred at a greater rate
of change in the inside lane, not much less than that corresponding to unrestrained
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contraction, or about 0. 005 in. per degree. The explanation could be that after 3 a.m.
there was no compressive restraint left anywhere across the cracks (concrete tem-
perature at bottom 60 F or less); crack widening in the fully restrained inside lane
followed normal development, with steel in tengion strain at cracks elongating nearly
equal to the temperature contraction.

In the outside lane, on the other hand, relatively free movement at a wide crack
100 ft away prevented full restraint because tension was limited to that caused by fric-
tional subgrade drag under slab portions to the wide crack, and as a result slab dis-
placement could have occurred near the east end in that lane as contraction toward the
west rather than as crack widening. Near the west end, more than 170 ft from the
wide crack, tension restraint conditions were apparently nearly alike in both lanes,
as is indicated by equal changes in individual crack widths in the two lanes. The inte-
grated differences in movement between the two lanes is only about 0. 015 in. (Fig. 15).
The friction forces, accordingly, could not be very large, just as the tension restraint
forces in the steel at cracks probably would not be large for the modest temperature
drop.

The measurements between 6 and 9 a. m. show fairly well that curling had a major
influence on width measurements. The temperatures probably changed from about
50 F top and 55 F bottom at 6 a.m. to about 60 F top and 50 F bottom at 9 a.m., with
little change in average temperature, yet the crack measurements changed from maxi-
mum width to nearly the constant value indicating restraint at the surface in that short
interval. Although the foregoing explanation is hypothetical on many points, it is not
contradicted by the measurements, and provides explanation for observations which
might not otherwise be explained.

This discussion is intended to show deductions which can be suggested from the
careful research done by the authors. The authors should be complimented highly for
their enterprising and objective pursuit of observations, which can be expected ulti-
mately to explain adequately the behavior of continuously-reinforced pavements. It
is hoped that the representative daily cycles of crack measurements may be extended
to lower temperatures, and to include measurements of temperature gradients and
curling slope changes at the cracks.



Observations on the Behavior of Continuously-

Reinforced Concrete Pavements in Pennsylvania

1.J. TAYLOR and W.J. ENEY, Fritz Engineering Laboratory,
Lehigh University, Bethlehem, Pa.

This paper summarizes the results of three years of spon-
sored research on continuously-reinforced concrete pave-
ments as conducted by the Fritz Engineering Laboratory
of Lehigh University.

Test data and conclusions based on instrumentation,
physical measurements, and observations of two current
pavement projects are reviewed, and a general pattern of
behavior for continuous pavements is established.

Some of the weaknesses found in existing pavements are
described and given consideration in suggestions for design
and construction improvements in continuous pavements.

@ THE FIRST continuously-reinforced concrete pavement in Pennsylvania was con-
structed in October 1956, and a second pavement was completed in July 1957. The
construction details, instrument installations, and early behavior of these test pave-
ments have been described in earlier reports (1, 2).

Through the joint efforts of the Testing Laboratory of the Pennsylvania Department
of Highways and the Fritz Engineering Laboratory of Lehigh University, a considerable
amount of information has been obtained from these projects. Much of this is in the
form of data collected periodically by physical measurements at the pavement surface,
and electronic instrument readings taken from transducers within the concrete, the
granular base course, and the supporting soil.

At regular 30-day intervals during the 26 months from October 1956 to November
1958, gage data have been collected from a single instrumented test section in the
pavement constructed in 1956. The same schedule of data collection has been main-
tained for 16 months on the second pavement, where four instrumented test sections
are under observation. With each test section providing 40 gage readings, approxi-
mately 3, 600 separate measurements have been obtained from these five gaged sections
in the two test pavements.

In addition to the gage readings at the instrumented sections, a series of other
measurements has been made in order to provide a record of the behavior of both
pavements throughout their entire 2-mi length, Crack surveys, end movement mea-
surements, surface roughness recordings and other informative data have been col-
lected.

Several tests on continuously-reinforced pavements and similar concrete structures
had been conducted prior to the test program in Pennsylvania. The information avail-
able from these tests was studied in order to anticipate pavement behavior and to plan
a practical measurement scheme which would provide the greatest amount of informa-
tion with a reasonable number of installed gages and limited field testing personnel.

It is believed that a complete history of the phenonema associated with the forma-
tion and behavior of transverse cracks would allow a much better understanding of re-
inforced pavements and possibly provide specific design information. For this reason,
a concentration of instrumentation was installed at a structurally weakened section in
the pavement where a transverse crack would occur.

Shortly after the first pavement was constructed it was apparent that the measure-
ment scheme selected was satisfactory and could add materially to the existing know-
ledge on continuous pavements. Some of the first results of the investigation seemed
to be contrary to the generally accepted theories, but it was found that these results
were not unreasonable and, instead, established an excellent quantitative relationship
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between reactions within the pavement, surface measurements, and general pavement
behavior.

The results from the second pavement project and a series of closely controlled
laboratory tests have added sufficient evidence to support these earlier findings.

Rather than presenting detailed test data from individual gage measurements, this
report deals primarily with the general behavior of the pavements under test and the
more conclusive information that is required for the establishment of design criteria
for all continuous pavements.

In presenting this information, the authors do not wish to imply that additional in-
vestigation of such pavements is unnecessary. The refinements required for optimum
design can be developed only by continued field testing and laboratory research.

PAVEMENT BEHAVIOR

There are five major force-producing and potentially damaging influences which
act on all concrete pavements regardless of their design. The ultimate success of a
pavement constructed to a particular design may be judged by its ability to resist or
respond to these controlling influences with a minimum of distress and deterioration.

A better understanding of the mechanics, magnitude, and relationship of these in-
fluences in a continuously-reinforced concrete pavement will result if, at first, each
of the five is considered as an individual occurrence.

Shrinkage

During the process of curing the concrete decreases in volume and increases in
strength while bond develops between the concrete and the reinforcement. What is
believed to be the result of this combined action is shown in Figure 1, where a single
longitudinal reinforcing bar and the concrete within its effective influence area are
considered.

Some shrinkage occurs in all of the concrete, but the volume reduction is not uni-
form throughout the entire mass. In shrinking, the concrete flows along the path of
least resistance from areas of low tensile strength toward those of higher tensile
strength. Some of the weaker areas may result from poorly mixed concrete, but more
often they originate where minimum bond with the reinforcement offers the least re-
sistance to shrinkage flow.

Shrinkage reduces the transverse cross-sectional area of the beam without develop-
ing any significant tensile stresses in the concrete. Because of this, a major portion
of the total shrinkage occurs in this plane.

Longitudinal shrinkage of the beam is opposed by the base friction, end anchorage,
tensile strength of the concrete, and any strain resistance of the reinforcement that
may be transferred to the concrete through the developing bond.

Bond strength is not constant along the reinforcement but develops in a fairly regular
pattern, reaching maximum and minimum strength at space intervals dictated by the
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combined influence of the concrete mixture, reinforcement perimeter, rate of curing,
and base friction.

In areas where bonding with the reinforcement occurs, the tensile strength of the
cross-section is increased in proportion to the bond strength. As the concrete con-
tinues to cure, shrinkage flow is toward these bonded areas and away from areas
where the bond is less effective. This subjects the concrete between the better bonded
areas to a pulling force which may exceed the tensile strength of the concrete and cause
it to rupture.

Even if the tensile stresses do not develop sufficiently to cause rupture, the cured
concrete within each affected area will contain a residual stress concentration main-
tained by the final bond with the reinforcement.

If the full width of a pavement is considered, the developed stress pattern becomes
more complex. When several reinforcements are placed parallel in a pavement, a
stress pattern similar to that shown in Figure 2 will result.

The spacing and magnitude of the residual stress concentrations along each indi-
vidual reinforcement will vary, due to normally encountered minor inconsistencies in
materials and construction procedures. Because each stress concentration originates
independently, it is only when the increasing magnitude of the stress enlarges the area
of influence that the stress pattern in an adjacent parallel reinforcement is affected.

A shrinkage crack will occur where the random coincidence of longitudinal stress con-
centrations develops a transverse plane of weakness in the pavement and the combined
tension forces exceed the tensile strength of the concrete at this plane.

Many of the numerous shrinkage-induced stress concentrations developed in a pave-
ment lack the required force and/or the longitudinal coincidence of occurrence to cause
transverse cracking. They remain as areas of constantly changing force potential,
where cracks may occur if the pavement is subjected to the additional tension neces-
sary to exceed the balance relationship between the concrete and the reinforcement.

Temperature

Temperature is the most formidable force to which continuously-reinforced pave-
ments are subjected. It is responsible for constantly changing the conditions of stress
and strain during construction and throughout the useful life of the pavement.

Because the pavement develops anchorage near each end, the center portion has no
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opportunity for over-all longitudinal movement. A sudden decrease in temperature
produces tensile strains which may exceed the elastic range and creep response rate
of the concrete. When this occurs, a crack will develop along a transverse plane of
weakness in the pavement. This crack will increase in width until the tensile force
developed in the reinforcement at the crack exceeds the tensile strength of the con-
crete at another plane, and a new crack is formed.

As a crack pattern develops in the pavement, each individual section between exist-
ing cracks will respond as a single isolated unit with fixed ends. New transverse
cracks will open in highly stressed areas and the number of separated units will be
increased. This process will continue until the force of contraction is insufficient to
cause further rupture of the concrete.

Under sustained stress, such as that resulting from the mean seasonal temperature,
the concrete will creep. This reduces the possibility of new cracks and tends to trans-
fer some of the stress from the concrete to the reinforcement.

When rising temperature causes the pavement to expand, compressive forces de-
veloped between the end anchorages may become very high. Most of this expansion is
absorbed by creep and elastic straining of the reinforced concrete, but under extreme
conditions the ends of the pavement may lose effective anchorage and be pushed out-
ward. The extent of this pavement elongation, or "growth," is dependent upon several
factors, and probably may be controlled by alterations in future pavement design.

Moisture

The initial water-cement ratio of the concrete affects the strength and durability of
the pavement. Proper proportioning of ingredients can regulate and control these ef-
fects.

Free water or excessive capillary moisture beneath the pavement may result in
heaving during very cold weather, causing extensive damage, but proper drainage and
subgrade design can minimize this danger.

In addition to these more obvious and controllable effects of moisture, there are
other subtle influences which are environmental in nature, significant in effect, and
practically impossible to control.

Concrete is pervious to water, and will increase in volume when moisture is ab-
sorbed. Inversely, when moisture is removed, the volume of the concrete will de-
crease. This phenomenon will continue to influence the behavior of the concrete
throughout the life of a pavement, and is independent of the initial shrinkage associated
with curing.

In addition to its general influence upon the total longitudinal stress development
in a continuous pavement, this moisture-induced volume change may, under some con-
ditions, produce additional localized influences.

The bottom of the pavement, in direct contact with the subbase, is subjected to
the constant moisture of the earth, whereas the top surface is intermittently subjected
to rain and high humidity, or the drying effects of the sun and wind. Surface dryness
causes an uneven distribution of moisture in the concrete, and results in a tendency
for the pavement sections to warp and lift up at the cracked ends. Increased tension
in the reinforcement and traffic wheel loads oppose the upward movement and tend to
restrain the pavement in its original position. Because the pavement lacks base sup-
port at the warped ends, this increased tension may cause additional cracks to occur.

Warping may account for the occasional occurrence of a second crack near the
end of an older cracked section. This second crack will occur near a point where bond
has been sufficiently retained to resist further straining of the unbonded reinforcement
across the original crack.

The uneven distribution of moisture in a pavement is evident in the gradual increase
in the width of cracks as they extend upward from the subbase to the surface. Exami-
nation of cores cut from the pavement indicates that many cracks which have a con-
siderable surface width may be entirely closed below the level of the reinforcement.
When this condition exists, infiltration of small particles of foreign matter may com-
pletely fill the crack and assist in its eventual stabilization.
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Serious damage to the pavement does not result when water freezes in transverse
cracks if these cracks do not exceed 1/33 in. in width. The small expansion incurred in
the freezing of such a thin layer of water is elastically absorbed by the adjacent con-
crete with very little increase of strain in the reinforcement.

Foundation

A highway foundation should furnish adequate support for the static weight of the
pavement structure and the normal dynamic loads imposed by traffic. This support
should remain sound under all weather conditions and for the life of the pavement.

Much has been accomplished toward improving highway foundations, but for many
practical and economic reasons, pavements are constructed on foundations which are
certainly not ideal.

Although poor foundations are not recommended, continuous pavements are inher-
ently less susceptible than other concrete pavements to many of the damaging influences
associated with foundation weakness. The shorter spaced cracked sections permit
greater longitudinal flexibility of the total pavement, and the continuous reinforcement
allows slight pavement settlement without resulting in pumping or vertical offset be-
tween the individual cracked sections.

Friction opposes any movement between the pavement and its foundation (Fig. 3).
Near the free ends of a continuous pavement this friction develops to the extent that
an effective anchorage is established. The pavement extending from the point of an-
chorage to the free end will continue to change length with changing environmental
conditions, but the pavement inside the anchorage must maintain a fixed length unless
the anchorage is destroyed. Over a long period of time, sustained high compression
within the pavement may cause a gradual increase in its total length, but this slight
movement has a relatively insignificant effect on the general strain pattern.

When complete anchorage establishes fixed points near each end of a pavement,
most stresses and strains which develop between these points are controlled in the
vicinity of their origin.

The stress in the steel and the concrete at comparable points is normally about
equal in magnitude throughout the fixed length of the pavement, and is dependent on
localized straining to maintain this equality. In effect, each individual cracked section
has fixed ends maintained by the reinforcement, and this section expands and con-
tracts about its own geometric center. This enables the pavement to respond to chang-
ing conditions of stress and strain as a localized function. It also reduces the absolute
movement of cracked sections and resultant base friction to practical insignificance.

Wheel Loads

All pavements are subjected to the forces of dynamic loading imposed upon them
by moving traffic. Flexible pavements are designed to respond to these forces and
rigid pavements to resist them, but under heavy wheel loads and adverse environ-
mental conditions both pavement types may suffer some degree of damage. When a
local failure occurs in a pavement surface the constant pounding of traffic usually
brings about rapid deterioration and repairs are necessary.

Continuous pavements, although falling in the general classification of rigid pave-
ments, incorporate some of the more desirable design features of both types. The
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short segmented concrete sections allow some deflection of the pavement from sur-
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.

In theory, if these several influences could be correctly correlated in all 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 encountered 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.

In 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 1/m 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 Y6 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 Y. 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 cri-
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 length 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 Y-in. travel range during the annual temperature cycles and have indicated a gradual
pavement elongation of Ys in. during 2% 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, Pa., 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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DAYS FROM CONSTRUCTION
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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 edges, are visible by close inspection, the
motorist is unable 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 unexpected 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. FRIBERG, 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 remforced 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 Cracks per 100 ft
21 days 1

1 month 2

6 month 7
1&@ yr 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 in observed crack width at ages shown, from O to 700

days. Comparative unrestrained length change for 7 and 8 cracks per 100 ft is indica-
ted for equal concrete temperatures.

! Progress Report on Continuously Reinforced Concrete Pavements in Pennsylvania,
F.C. Witkoski, and 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 slightly less
than what would be the unrestrained crack widening for 7 cracks per 100 ft. Most,
if not all, 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 all 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, dominate 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 under 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.
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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 tle 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, Pa., 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 tkat 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 that is required for the establishment of design criteria for all
continuous pavements."

On the basis 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 /sz 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 perlaps 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 agair 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,

LJ. TAYLOR and W.J. ENEY, 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 autlLors.
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 erack 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 cracking, 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 sz 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. thic)k 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. GUTZWILLER 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. Thefinaltechniques asusedin the laboratory
are presented.

The specimens chosen were 28 ft long by 3 ft wide by
8 in. thick. Thereinforcement 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 portableform in which the
amount of steel, the location of the steel, andthe depth of
slab couldbe varied. Eachof 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 inthe 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 inthefabric. Verticaldeflections
of the slabs were obtained by use of Federaldial indicators,
and crack widths or surface strains in the concrete were
obtained by use of a Whittemore strain gage.

@ RECENT 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 criteriafor such slabs. Reinforcedconcrete 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 understood. At the 1958 Highway
Research Board Annual Meeting, various papers pertaining to continuously reinforced
pavements werepresented (1, 2, 3, 4). In previous sessions the condition of the experi-
mental section of continuously Teinforced highway in Indiana has been reported (5). 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. Ineachcase, 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 Reinforcement Research. 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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in which some of the variables could be isolated, controlled, and studied. C.A. Willson,
Research Engineer for the American Iron and Steel Institute, the late Wayne Woolley,
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 ina 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 OF RESEARCH
The objectives of this research were to determine by 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 sim-
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.

EXPERIMENTAL 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 concreteslabswere 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 contact surface for application of the vertical loads and permitted lateral distri-
bution of the loads. The lengthof slabwas limited to 28 ft 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 reinforcedpave-
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% in.

3. Slump 2 to 4in.

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-%, 6x12-00000/0, 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 pci. 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 in.
by 1in. 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, sucha laid-upsubgrade3 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 amount 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 longrest-
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.

%M%“

.

Figure 1. Central area of form showing method of preforming cracks.
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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. Full-length 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,

Figure 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 Widths

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.

Figure L. Lowering of slab onto rubber
base.

Determination of Stresses in Welded Wire Fabric

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
aresistance of 120 ohms and a gage factor of 1.9% were used.



45

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
ahydraulic jack. Its magnitude was deter-
mined witha proving ring placed between the
the jack and the longitudinal beam. Three
loading magnitudes of 5,000, 10,000, and
15,000 1b were applied. The largest of
these loads compares closely to a wheel

Figure 5. Vertical deflection and vertical
loading apparatus.

i,

loading for the H20-S16-44 loading which
is the present standard for design for
bridges and larger than the wheel loadfor
highway pavements. It was estimated
that a 15, 000-1b 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, 000-1b wheel loads on a 12-ft pavement
slab. The 5,000-1b 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, 000-1b
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, 000-1b dual
wheel loads as given in Concrete Pavement
Design (9). Figure 6. Measurements of surface strains
= 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 threaded wires
approximately %7 of the ultimate strength of unthreadedwires. Thus, inthe caseof 6x12
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 for vertical 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 nutswere
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 Figure 8. Longitudinal load jack and cell.
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
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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, 000-1b 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 included in
other papers (12, 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 de_ﬂections 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 (1) 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.
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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, 5). Pavement deflections and crack widths must be the basis for
important de51gn cr1ter1a. 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.

TABLE 1

SPECIMEN CHARACTERISTICS

1 Position of Reinforcement* Concrete
5lab Reinforcement Percent. Reinforcement Ultimate Compressive

140e Reinforcement below top Strength, psi Strength, psi
1 WWF 6 x 12 0/3 0,154 4 inches 93,400 5360

2 WaF 6 x 12 00000/0 0.300 4 inches 80,400 4720

3 WWF 4 X 12 00000/0 0.450 4 inches 80,400 4620

L WWF 4 x 12 00000/0 0u4s50 5-1/2 inches 80,400 4320

5 WWF 4 x 12 00000/0 0.450 2=1/2 inches 80,400 4450

'WWF is abbreviation for welded wire fabric.

*Section 4(a) of ASTM Specification A82-34 for Cold Drawn Steel Wire for Concrete Reinforcement speci-
fies y1eld stress to be 0.8 ultimate tensile strength. Section 4(d) states that "the yield 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 in the gage is observed until final rupture occurs, the test shall be construed as meeting
the requirement for yield point in Paragraph (a)." Thus, while the wire reinforcement had no definite
yield point, 1t satisfied the specification. Specification A82-34 has been in effect during the entire time
of this project.
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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 (1), 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 1b 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.

T

i

|

i

fo

5
]

8 SPACED AT /8"« |33?\‘\‘

Il

28'-0"
SLABS | AND 2 VERTICAL LOAD POSITIONS
VERTICAL DEFLECTION
STATIONS
o 1o g g 26" -9
14*—+——++————+——+—:|
— ¥ 7 ="
= e (0-0-00— -G - —— — =%
— 5 1 I %
— —o—-o—o—o—o-—o—o———o—o———— .
1 5.0" 5'-0"

le__8 SPAGED AT I.8":13-4"
SLABS 3,4 AND 5

Figure 1. Position of vertical loadings and measurements of vertical deflections.
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3. The horizontal load was increased 1n increments and step 2 was repeated for
each increment. In general, 10, 000-1b 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, 000-1b 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 a2 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 =a LAt (1a).
or e
At = L (1b)
in which

elongation (inches) of central test region
length (inches) of central test region
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 deflections
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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Figure 3. Vertical deflection of slab due to combined loading at a crack.
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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,
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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,
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Figure 8. Influence of temperature drop
and percentage of reinforcement on upper
surface crack widths.

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, with 0, 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. Good 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 § .. The upper surface crack width (8 . + §.) was
also measured. It was assumed that the increase in crack width both above and below
the reinforcement was linear. Thus the crack width § ob at the bottom surface due to

temperature alone was b
80b=8r+si§ (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, §4 , due to the
angle changes induced by the wheel loading. Thus, the total bottom surface crack
width, 8§, due to temperature change and wheel loading is (Fig. 10b)

Bp=8 g+ 8g=8,+8;2+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.
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In continuous concrete pavements re- P oo L, \ ]
inforced with welded wire fabric, the lon- w i 1 134
gitudinal wires are subjected primarily to o | ] —
uniaxial tensile or compressive stresses. E oos | pd )’ ol
Although this longitudinal steel does trans- § | ,’ | o
fer a portion of the loads across cracks < 17 ZLAB 4-TOP @
in the concrete, its primary contribution Quno04 ;1 BOTTOM ¢ - =%
is made by holding the cracks tightly 5% 7 _ _4 7/
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tween cracks to determine the role of the
reinforcement in unbroken segments of
the concrfate. Strain gage rea_dmgs were Figure 11. Influence of temperature drop
taken during the experiments in the same and position of reinforcement on maximum
sequence as the deflection and crack width  gurface crack widths due to 15-kip wheel
measurements. Strains were multiplied loads.
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directly by the modulus of elasticity to ob-
; 2| tain the steel stresses.

REINFORGEMENT Na Significant differences were obtained

AT MID-DEPTH / / between the steel stresses at cracks and

— 0154 % A those farther away than one transverse

2 0300 % wire from the cracks; the latter were al-

3 0450% 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,

vl 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
T // strain gage waterproofing and normal vari-
2 A ations in anchorage furnished by the welded
,( / transverse wires, Furthermore, the ir-
v 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.
Figure 12. Influence of temperature drop ObViOUSIY, exact values of either maximum
and percentege of reinforcement on stress oOr average stresses in the wires at cracks
in steel at center crack. cannot be predicted; however, it is prac-
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 — SEAB RSTSZOR.,,CESE)N_BEPTH —
drops and, except for slab 1 in which the L 4 0450 .; 11" BELOW M 7
adjacent cracks semi-yielded, show a e ]
trend in favor of an increase in percent- — 5 0450 % 15" ABOVE M
age of reinforcement for temperature
drops greater than 35 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 35 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 Val
temperature drop is apparent. o

Wheel loads contribute significantly to O 10 20 30 40 50 60 70 80 90 100
the stresses in the reinforcement of con- TEMPERATURE DROP-DEGREES F
tinuously-reinforced pavements. Figure Figure 13. Influence of temperature drop
14 shows the combined effect of 15-kip and position of reinforcement on stress in
wheel loads and temperature decreases steel at center crack.
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Figure 14. Influence of temperature drop Figure 15. Influence of temperature drop
and percentage of reinforcement on stress and position of reinforcement on stress
in steel &t center crack due to 15-kip in steel &t center crack due to 15-kip
wheel loads. wheel loads.

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 pavemeént 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
experiments 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 (16) experimental 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 experiments. 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 (17) 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 cri-
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 experiments, 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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TABLE 2

SPECIMEN RATINGS

Rating# - According to Criteria

8lab Ioig.:.znd:nal Position of 1. Vertical 2. Crack 3. Steel 4. Crack
No. Reinforcement Reinforcement Movement width Stress 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
L 0.450 1-1/2 in. below M. B B B L
5 0.450 1-1/2 in. above M. A D c K

# Rating Definitions: A ~ satisfies criterion completely.

B - satisfies criterion nearly campletely

in comparison with other specimens.,
C - satisfies criterion partially -~ less

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. Anincrease 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-Reinf orced 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 ft 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 all 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.

@ 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

since the spacing and configuration of the cracks in continuously reinforced pavements
64
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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 will 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 strong 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 first 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 first 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
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TABLE 1
DESCRIPTION OF SLAB SPECIMENS
) 2 Position of Reinrorcanent3 Reinforcement Concrete
Slab ieinforceuent Percent Reinforcement Yield Point Ultimate Compressive
loe Reinforcement below top Stress, psi Strength, psi Strength, psi
1 DeBe #4 at 9" 0.Ce 0,278 J, inches 575300 94,600 4800
2 DeB. #5 at 9" 0.C. 0.430 4 inches 56,300 97,500 5200
3 C.B. #5 &t 7" 0.Ce 0,533 4 inches 56,300 97,500 1270
L DeB. #6 at 7" 0.Ce 0.768 4, inches 55,800 97,600 4730
5 DeB. #5 at 7" 0.C, 0.533 6 inches 69,500 104,400 5690
6 DeB. #5 at 7" 0.C. 0.533 5 inches 69,500 104,400 3500
7 uwiF 6 x 12 0/3 0,154 4, inches — 93,400 5360
8 AF 6 x 12 00000/0 0.303 4 inches -— 80,400 4720
9 WF 4 x 12 00000/0 0,450 4 inches -— 80,400 4620
10 WWF 4 x 12 00000/0 00450 5-1/2 inches — 80,400 4230
n W 4 x 12 00000/0 0.450 2-1/2 inches -_— 80,400 44,50
2

D.B. 1s abbreviation for deformed bars; WWF stands for welded wire fabric.

3 Section f(a) of ASTM Specification A82-34 for Cold Drawn Steel Wire for Concrete
Reinforcement specifies yield stress to be 0.8 ultimate tensile strength. Section
4(a) states that "the yleld point shall be determined 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 in
the gage is observed umtil final rupture occurs, the test shall be construed as meeting
the requirement for yield point in Paragraph (as." Thus, while the wire reinforcement
had no definite yield point, it satisfied the specification. Specification AB2-34 has
been in 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
will 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 ft wide, and 28 ft 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-
tude and position of simulated wheel loading. 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 summarizedin Table 1. The subgrade
modulus was maintained constant at 160 pci through the use of a rubber subgrade.

After each slab was cured, it was lowered onto the rubber subgrade and cracked
through at each of the three weakened planes by slight non-uniform 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 1b through bearing plates and rubber
pads 12, 18, and 18 in. in diameter, respectively.
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SLAB DETAILS
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Figure 1. Crack formation - Slab 1.
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Figure 2. Crack formation - Slab 1.
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CONCRETE -8" THICK
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Figure 3. Crack formation =~ Slab 3.
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Figure 4. Crack formation — Slab L.



69

SLAB DETAILS
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Figure 5. Crack formation — Slab 5.
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Figure 6. Crack formation == Slab 6.
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SLAB DETAILS

¢ OF 15" LAP ¢ OF 16" LAP CONCRETE - 8 THICK
OF WIRE FABRIG g 4.3 o g 99 OF WIRE FABRIC o\ oo o MENT
| | MID-DEPTH
— N 7 —  WELDED WIRE FABRIC
- [—  (6x12,0/3)
= (D? @ 6 ©|® — 0154 9% STEEL
— — SUBGRADE MODULUS
5.0° 5L 0" 155 PSI PER INCH
POSITIONS OF VERTICAL LOADS
/FEET FROM END
2 4 6 8 10 12 14 16 18 20 22 24 26 28
L AL U O T O e | I
— g — CRACK NUMBER IN
— | > 3 ORDER OF OGGURRENGE
K K K HORIZONTAL LOAD AND
0 ) 0 POSITION OF VERTICAL
o o o LOAD CAUSING GCRAGCK
TEMPERATURE DROP
CRACK FORMATION— SLAB 7 (DEGREES FAHRENHEIT)
SIMULATED BY
HORIZONTAL LOAD
Figure 7., Crack formation — Slab 7.
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SLAB DETAILS
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Figure 9. Crack formation - Slab 9.
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Figure 10. Crack formation - Slab 10.
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SLAB DETAILS
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Figure 11. Crack formation - Slab 11.

In general, horizontal (longitudinal) loads were applied to each slab in increasing
10, 000-1b increments, although 5, 000-1b 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
foliows:

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

2, 10,000-1b longitudinal load — vertical load sequence repeated.

3. 20,000-1b 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, 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 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 full restrain against
longitudinal movement in a continuously reinforced slab away from the end regions was
assumed.

e = aLAt
or
_ e
At = —
where
e elongation (inches) of central test region

length (inches) of central test region
coefficient of linear contraction — assumed to be 0.000006 in./in./deg F for
both steel and concrete

At = temperature drop (deg F)

ar
nowon

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 tothe 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 ft (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 ft (average crack
spacing about 2 ft) 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 ft 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 % ft) 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 ft 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
under a 5, 000-1b vertical load and would break completely through under the 10, 000-
or 15, 000-1b vertical load. During the late stages of testing each of these slabs, severa
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.

Comparison of the cracking of slabs 3, 5, and 6 having 0. 533 percent deformedbar rein-
forcement at mid-depth, 2 in. below mid-depth, and 1 inbelow mid-depth, respectively,
shows the influence of position of steel on the crack pattern. Slab 5differed 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 ft 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% ft. 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
T 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 ft from one of the outermost preformed
cracks and 4 ft 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% ft 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 pci).

Slab 10 was also reinforced with 4 x 12 00000/0 fabric but had its reinforcement
placed 1% 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 first cracks
to appear. Crack 7 appeared at the end of the 2 ft 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 ft 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 ft for slabs having 0. 45
percent or more longitudinal reinforcement and up to 5 ft 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 will 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 all 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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increasing longitudinal forces (temperature decrease), in combination with live (wheel)
loads tend to cause additional cracks to form rather than to cause excessive opening of
existing cracks. If this criterion were to be applied to choose slabs adequately rein-
forced at mid-depth from 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. Likewise, 0.30 percent welded wire fabric longitudinal re-
inforcement would be inadequate while 0. 45 percent welded wire longitudinal reinforce-
ment would be judged adequate. Within the limitations of the properties of the materials
used in these experiments one could conclude from the research data that 0. 450 percent
longitudinal reinforcement, either in the form of deformed bars or welded wire fabric,
would satisfy this one criterion for an 8-in. continuously reinforced concrete pavement
slab resting on a subgrade having a modulus of 160 pci.

While the design criterion discussed above appears to be fundamental, one should
expect that other criteria will come out of the study of stresses and deflections in con-
tinuously reinforced concrete pavements. Such other criteria may be more severe
than this one, thus making this one automatically satisfied. Too little data now exist
to determine what alterations to this design criterion should be made in order to judge
the adequacy of eccentrically placed reinforcement. This question will receive atten-
tion in the laboratory experiments which are continuing.

CONCLUSIONS

As a result of this study of the formation of cracks in continuously reinforced pave-
ments, and within the limitations imposed by the range of variables studied, the follow-
ing conclusions are draw:

1. The effects of concrete shrinkage, temperature changes, and wheel loads on the
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 continuously 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 under-
estimated 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. A minimum average crack spacing of about 2 ft may be expected
in a slab having 0. 768 percent longitudinal steel in the form of deformed bars.

4. The position of 0.533 percent deformed bar reinforcement in an 8-in. slab has a
marked difference on the crack pattern. With the steel 2 in. below mid-depth, tempera-
ture decreases and vertical loads cause many cracks to start in the lower part of the
slab but only a few to break completely through. Five feet seems to be about the mini-
mum spacing between complete cracks in a slab thus reinforced. With the same amount
of steel 1 in. below mid-depth, the spacing of complete cracks decreases to about 2 %
to 3 ft, and less partial cracks appear.

5. Welded wire fabric reinforcement of 0. 450 percent longitudinal steel placed 1%
in. below mid-depth in the slab produces a crack pattern only slightly different from
that produced by the same steel placed at mid-depth. However, slightly greater temper-
ature drops are required to cause the first cracks to appear at the surface of the slab
having the lowered reinforcement.

6. It is generally agreed that a continuously reinforced pavement slab must be re-
inforced with longitudinal steel in sufficient amount to maintain all transverse cracks
in a tightly closed condition without adverse effect on the concrete. For mid-depth
reinforcement this condition is met when increasing longitudinal forces caused by tem-
perature drops, in combination with live loads, tend to cause additional cracks to form
rather than to cause excessive opening of existing cracks. This standard is suggested
as one criterion (among others) for the design of continuously reinforced pavements.

7. The single design criterion stated in conclusion number 6 is satisfied in these
laboratory tests for an 8-in. pavement slab resting on a subgrade having a modulus of
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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.
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Bond and Transflexural Anchorage Behavior

of Welded Wire Fabric

WILLIAM ZUK, Associate Professor of Civil Engineering, University of Virginia,
and Highway Research Engineer, Virginia Council of Highway Investigation and
Research, Charlottesville.

In this paper, mathematical theories are developed to pre-
dict the interactive bond-anchorage behavior of welded wire
fabric when subject to a pull-out action, simulating the be-
havior of welded wire fabric in continuously reinforced con-
crete pavements. The theories are predicated on the concepts
that the bond between the smooth longitudinal wires and the
concrete is a function of minute movement between the steel
and the concrete and that the anchorage of the transverse
wires is achieved through the restrained flexural action of the
transverse wires.

A summary of various general experimental techniques
that other investigators have developed to measure bond is
also presented as a background to the author’'s method, not
hitherto used on small bars, in which electrical resistance
strain gages are 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 pre-
sented. The tests are of a pull-out nature encompassing
bond-anchorage behavior at first loading and after repeated
cyclic loading.

A comparison of the theory and experiments shows general
agreement.

@ THE PRESENT 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) certain bond assumptions had to be made in
the theory to predict the amount of crack opening and required wire steel. The only
information available on this subject was some experimental work performed by
Anderson (2). Although Anderson's findings are of value to the designer, the findings
are lacking in certain needed areas for theoretical and research use. Through the
cooperation of T. E. Shelburne of the Virginia Council of Highway Investigation and
Research and Henry Aaron of the Wire Reinforcement Institute, facilities were made
available to determine the basic information needed.

The first section of this work is theoretical; where equations are derived explaining
the fundamental nature of the bond and anchorage action of a wire mesh in the region
of a crack in a continuously reinforced pavement. The action at a crack is identical
with pull-out action of a mesh embedded in a concrete slab, since at a crack the entire
force is transmitted through the longitudinal wires. Exactly how this wire force is
transmitted to the surrounding concrete is the essence of the problem at hand.

THEORY

For convenience of analysis only a single longitudinal wire is studied, as it is as-
sumed that, at a crack, all the longitudinal wires act in the same manner. It is as-
sumed that the steel and concrete remain elastic, that there is no creep effect, that
the welds between the wires remain unbroken, that the stresses and strains in the mass
concrete are very small, and that under certain conditions the adhesive bond between
the steel and the concrete is negligibly small., In connection with the last assumption,
elaboration is necessary.
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First of all, bond is considered that restraining force acting like frictional shear
only in the region of the surface of the longitudinal wire, as contradistinet to trans-
flexural anchorage which is the restraint offered by the transverse wires. Although
tLe effects are interactive, their basic behavior is different, Thus, for clarity of
under:tanding as well as for other practical reasons, it will be initially assumed that
no bond exists on the longitudinal wires. Once thkis transflexural anchorage betavior
is explained, the bond belavior will then be separately analyzed. However, there are
certain engineering bases for neglecting bond because of its unreliable and uncertain
nature. Such things as the presence of grease or dirt on the wires, repeated loads
causing agitation and erosion of the concrete around the wires, and reduction of wire
diameter caused by Poisson's effect all tend to reduce bond. Only that form of bond
created by bearing action (as in deformed bars) is reliable in all situations.

Figure 1 is a general plan view of the bar fabric in place in a .'racked continuously
reinforced concrete pavement. For information on the values of Pi see (1).

Figure 2 is a skeleton view of one strand of wire fabric embedded in concrete with
a crack formed at the right end. The force P in the wire is distributed along the
length of the wire with decreasing value away from the crack. It is assumed that at
the end of five transverse wire ancl.orages, this force Ps is so small that it may be
neglected.
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The transverse wires act as flexural beams, restrained from bending by the com-
pression of the surrounding concrete. (This condition is similar to that assumed by
Friberg (14).) This situation is entirely analogous to the well known theory of beams
on elastic foundations where the elastic support modulus is Ec (modulus of elasticity

in compression of concrete) and the load is the unbalanced concentrated load across
each joint (3). Interaction effect from adjacent longitudinal wires is negligibly small.
Thus the deflection §, is

_(P,-Pa)B
8, _T

where

and Es is the modulus o4f elasticity of the steel and It is the moment of inertia of the

< d
transverse wire = t

64

(P2 - Ps) B

Likewise: 82 5 E
c

5. = (Ps - P,) B
8- 2E
c

8, = —(Pa-Pa)f
2E,

b - —B

2E
c

However, the longitudinal wire stretches as it is subjected to load. From elemen-
tary theory

§1-082= ia E
17s rd.?
where A1 is the area of the longitudinal steel = )
Likewise: . Py L
82 - 53 W
17s
R
17s
Ps L
-8 = E
17s

Assuming Pi is known, there are nine unknown quantities Pz, Ps, Ps, Ps, 81, 83,
83, 84, 85, and nine independent equations in P and § as just presented. By standard
elimination methods of simultaneous solutions, the following results for P may be ob-
tained.
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To simplify these results it is observed that the fraction of longitudinal wire force
R transmitted across each transverse wire is constant, and will be called the transfer
ratio,

m+1 ~ _Y¥¢'-2¥'¢ ~ X
R ——— -~ pgn (1)
P Y e - 3V )
The simple ratio - is accurate to about 3 percent and the other longer expression

in Eq. 1 is accurate to less than 1 percent.
Thus it is seen that the force in the longitudinal wire progressively diminishes away
from the crack.

Example
L =10 in.
E, =3x 10° psi
E_ =30x 10°psi

Transverse wire size No. 1 (dt = 0. 283 in.)
Longitudinal wire size No. 5/0 (d1 = 0.431 in.)

P1 = 8150 1b (limit value based on 56, 000-psi stress)

Based on the preceding calculations, Figure 3 shows the distribution of force.

The force in the longitudinal wire diminishes very rapidly. Should bond exist, the
longitudinal wire force would diminish even more rapidly, and the force in the longi-
tudinal wire beyond the third transverse wire would essentially vanish as both Ander-
son's (2) and the author's tests show.

Bond

Since some force in the longitudinal wires is known to exist, strains must also exist.
The steel must therefore move with respect to the concrete. The order of magnitude
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this movement is very small and cannot easily be measured. This movement may

be due to actual slip or to a tkin 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_2) also
found that this working hypothesis was very satisfactory for his studies of bond as used

in

a different application.
The first panel adjacent to the crack in Figure 2, is now assumed to have bond

forces acting on the longitudinal wire. If the displacement of any element in the X
direction as shown in Figure 4 is defined as u, then the unit surface bond stress is

T= Ku+§)

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

which from equilibrium must equal

<2

In terms of the displacement the force in the wire at any position is
du
dx A1 Es

X
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°
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Figure 4. Bond forces on wire element.
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Thus, the equation is formed as follows

X
g: AIES=P1'+K1rd1/ (u+5) dx (2
0

The solution to Eq. 2 which satisfies the boundary conditions is in the form of

u=Qe%*-q (3)

where aand Q are undetermined parameters. By substituting Eq. 3 into Eq. 2 and
equating like terms, a and Q may be obtained as follows:

/ Kwd
a= __1_
A E
]

1

Thus the solution to Eq. 2 is

u=ge 17s -§ (4)

With the displacement u known, the force in the wire at any position may be obtained
from the equilibrium equation below:

X
P (x) = P; +K1rdl/ (u+§) dx

o
K1rd18 K1rd18

= p. ax
Px)=P: + m + r e
Since 1
Pi- Py 7‘ Twd, dx
o
the expression for P (x) may also be expressed in terms of P; as follows:
Kwd, 8
P@=P-—1— (% -e%% (5)
A typical plot of this equation is shown in Figure 5.
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Figure 5. Wire force variation. Figure 6. Bond force variation.
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The bond force variation q may also be plotted from the equation
q = Kwd (w+8) = Kwd 5e®* (6)

as shown in Figure 6.

Both the wire force and bond force have the same general exponential shape. Ex-
perimental evidence to be cited later will show that this theory does agree with experi-
ments.

EXPERIMENTAL METHODS FOR MEASURING BOND

A survey of existing literature on the subject of experimental methods for measuring
the actual bond stress and its variation on plain and deformed bars reveals nine different
techniques used by previous investigators. These nine methods will be discussed brief-
ly here as background to the author's method. This survey and discussion of techniques
may also be of benefit to other investigators faced with instrumenting for bond measure-
ments.

Two simple methods (4) use extensometers to measure the strains in the steel at
intervals. The steel bar may be made accessible for measurement in either of two
ways. One method is to leave access holes in the concrete to the steel. The disadvan-
tage here is that these holes may create stress irregularities as well as reduce the
bond area. Also the gage length cannot practically be less than about 2 in., 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 bars. The
second alternative is to weld stubs on at intervals along the steel bar, protruding
through access holes to the surface of the concrete. Here again the access holes must
be carefully preformed such that the stubs will at all times be free of contact. Again
accuracy is lost in that the stubs physically cannot be too close together. Loss of bond
area and stress concentrations also play a detrimental role,

In another direction, much has been done with electrical resistance strain gages
such as the SR-4 type. There are four techniques in this category. The first attempts
were made by merely bonding the gages to the surface of the bar. Waterproofing and
shielding of leads are important in this technique., Anderson (2) and McHenry and
Walker (5) used this method. Some disadvantages of this method are: much bond area
is lost (especially by the waterproofing application), wedging action of the protruding
gage and the concrete takes place, and waterproofing is difficult.

To overcome some of these objections, Mains (6) split a reinforcing bar for its en-
tire length and milled a small groove along the axis of the bar on the inner face. After
attaching and waterproofing SR-4 gages on this inner slot, the two halves of the bar
were spot welded back together. The leads of the gages all extended out the ends of
the bar and no bond area 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 milling such bars; but in addition, such a hollow bar cannot be
loaded to the same failure force as a normal bar, which means that information at
normal failure loads cannot be obtained.

Bernander (7), using large diameter bars, inserted electrical resistance strain
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 line. The slots were filled with resin for moisture proofing. These slots
were easy to form and waterproof and little bond area was lost. However, because
the slots did not extend completely through the bar some bending or eccentric stresses
were caused in the bar, even where direct tension was exerted at the ends.

Janney (8), using SR-4 gages, obtained bond information on very small diameter
wire by a clever indirect method. The wires to be studied were cast in concrete
prisms, with the ends of the wires extending beyond the prisms. SR-4 gages were then
cemented to the exterior surface of the concrete along the axis of the prism in the
direction of the wire. When the ends of the wire were pulled, the variation of the con-
crete strains could be measured and related to the wire strains. Certain weaknesses
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are inherent in this method, such as the shear lag between the wire strains and the
concrete surface strains, possible concrete cracking and the difficulty of relating
non-linear concrete strains to steel stresses. However, for small diameter wires,
no gaging could be attached to the wire itself, and so this method was used.

X-Ray techniques have been used in England to obtain bond stresses. Evans and
Robinson (9) embed thin strips of platinum or lead in slots in the steel and X-Ray
photograph the concrete and encased steel bars as load is applied to the steel. Images
cast by the markers are thus recorded on film without disturbing the steel or con-
crete. By use of microscopes these filmed images may be studied and information
on strains, stresses and bond may thus be obtained.

At the State Institute for Technical Research in Helsinki, a unique method was
used for bond study (10). The steel stresses in the concrete were obtained without
physically disturbing the steel or concrete in any way by a magneto-strictive method.
This method is based on the principle that an alternating current passing through a
steel bar creates a magnetic field, perpendicular to the longitudinal axis of the bar,
which in conjunction with the resistance determines the electrical impedance of the
steel. If the bar is subjected to tension while a constant current is applied, the im-
pedance will be altered by magneto-striction. If the relation between the change in
impedance and the stress in the steel is known (by pre-calibration), the average stress
over a small given distance can be determined by measuring the voltage difference
over this distance. Thus, inthis way the bond variation may be obtained. The techni-
que is not yet fully perfected as shrinkage, moisture and cracks influence the results.

Finally, 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 wire molded
in photoelastic bakelite to determine bond stresses between the wire and the model,
simulating reinforcing steel in concrete.

The method that served best for this particular study of bond of wire mesh was a
variation of Bernander's method, in which the slot was extended all the way through
the bar to eliminate the undesirable effects of unsymmetrical straining. Figure 7
shows how the slots were made and how the small SR-4 gages were attached. Minimum
bond area was lost and successful waterproofing was easily accomplished by filling
the slots with melted Petrosene wax. Extended water immersion tests showed that
this method was quite satisfactory for the purpose intended. However, due to the
removal of metal, the slotted wires had to be precalibrated to determine the relation
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of the stress at the gage to the stress in the normal unslotted wire. This relation
proved to be linear up to the yield stress of 62, 000 psi.

TESTS

To determine the actual bond stress and its variation in welded wire mesh embedded
in concrete, several tests were performed. Two mesh configurations were studied.
These are 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 wires are extended on which the pull out force is applied. Figure 8 also shows
the locations of the SR-4 gages as positioned along the center longitudinal wires. At
the time of pouring, test cylinders were made in order to obtain the concrete properties.
The eye bolts shown are simply for the purpose of handling. After curing and hardening
of the concrete for four weeks, the test panels were placed in a Universal Testing Ma-
chine and loaded (Fig. 10).

The center wire freely 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 first loading cycle
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and at the 60th loading cycle. Cyclic readings did not go beyond 60 cycles as the Uni-
versal Testing Machine used is awkward and time consuming to cycle. As the results
of cyclic 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
Ib. It is perhaps well to note that total loads on the wires were imposed to the extent
of 80 percent of the yield stress load at the slot. At the range of load imposed, there

Figure 9. Test panels before pouring concrete.

did not seem to be any particular devia-
tion from the same variation of wire

force.

COMPARISON OF THEORY
AND TESTS

The shape of the wire force curves
between transverse wires compares well
with the theory. That is, theoretical
curves in Figures 5 and 6 correspond to
experimental curves in Figures 11 and
12 between transverse wires. In addi-
tion, experimental curves found by Mains
(6) in his Figure Ta of the pull-out force
variation in a hooked plain bar also show
good agreement with the theoretical cur-
ves. The anchorage action of a single
hook is much the same as the trans-
flexural 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 Eq. 5 and the data in the
curves of Figures 11 and 12, the empi-
rical bond value of K was determined as
49.8 x 10" Ib per sq in. wire surface per
in. slip. This value of K looks astro-
nomically large, but the so-called slip
is in the order of magnitude of less than
one thousandth of an inch. Should large
slips occur, entirely different bond-fric-
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tion action would take place, invalidating the theory. Bond behavior becomes very
irregular at large slip values as pointed out by Mains (6) and Mylrea (13).

Figures 11 and 12 show that no wire and bond forces exist beyond the second trans-
verse wire. If such forces did exist, the strain gage readings were so small that they
did not register. This information seems to verify Anderson's (2) observations on his
own static tests that only the first two transverse wires are effective, even up to rup-
ture of the steel. However, the full effects of cycling of stress many thousand times
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
steel may well play an influential role in bond behavior under actual service conditions.
It was noticed in these tests that the bond value of K was reduced from the first loading
cycle to the 60th cycle, indicating a general trend in that direction. Future work using
a special fatigue apparatus is thought to be necessary in this connection.

The computed values of the transfer ratio R of the wire force across the first trans-
verse wire show agreement with theory regarding the effects of transverse wire size
and spacing. Smaller values of —k— mean less longitudinal wire stretching, and thin

1
transverse wires mean less transflexural anchorage; resulting in more force being

transmitted across the anchor points (larger values of R). Panel A has both a smaller
715— ratio and smaller transverse wire size than panel B, resulting in a higher value
1

of R (Figs. 11 and 12).
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Figure 11. Wire and bond force variation—"A" panel after 60 cycles.
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The theoretical value for the transfer ratio R for panels where both bond and trans-
flexural anchorage exist may be obtained from the theory given at the beginning of this
report. To do this, Eq. 5 is written for the first two spaces from the end as

Kuwd, §:

1 ea.L

a

and K'Irdl 52

a

P = P; - eaL

Two transilexural beam equations are also needed, written as

6. = (P;-EPZ)E

Cc

and '
b: = —2 B

2E
c

In addition, a final equation of distortion, Eq. 4 for the second space is written as

81 = SaeaL

By solving these five equations simultaneously, the transfer ratio R for the combined
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Figure 12. Wire and bond force variation- "B" panel after 60 cycles.
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case of bond and anchorage is obtained as

N

R= N+2eE_caL

in which oL
N=2aE_ +Kwd, Be
c 1

Using Eq. 7, R is 0.48 for panel A and 0. 46 for panel B. The difference is in the
correct direction but higher than experimental values indicate. The explanation for
this probably lies in the adhesion of the transverse wires, which effect is not consider-
ed in the theory. Adhesion of the transverse wires would tend to reduce the transfer
ratio.

CONCLUSIONS

The technique of using slotted holes employed in this set of tests seems to incor-
porate many advantages of simplicity, ease of fabricating, east of waterproofing, con-
venience when tested with standard equipment and good accuracy. Several disadvan-
tages should also be noted. The slots must be milled exactly and the gages set exact-
ly, otherwise the calibration of the stress concentration factor is difficult and unreli-
able. Special care must also be taken in bonding the gage to the wire under pressure.
This is a little awkward in so narrow a slot (% in. wide). An occasional gage in this
set of tests did act erratically, due to poor adhesion of the gage. A final objection is
that the force exerted on the wire had to be limited to about 60 percent of the rupture
force on the normal bar to prevent yielding at the slot. This 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 wires or welded wire fabric is a
direct function of shear "slip" (at small values of slip) and that anchorage is primarily
due to the restrained bending of the transverse wires. The theory and tests show that
two distinct actions take place between the steel and the concrete to disperse the load
in the longitudinal wires. The shearing boundary layer action between the longitudinal
steel and the concrete is the one action called bond, and the restrained bending action
of the transverse wire is the other action called transflexural anchorage. The theory
developed shows the distinction and the relation between these two actions.

Further research is still necessary 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. WALING, School of Civil Engineering, Purdue University — Professor Zuk has
undertaken an analysis 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 several assump-
tions which must be made in the theoretical analysis. The writer's questions and dis-
cussion will pertain primarily to these assumptions and will be considered not in the
order of importance but in the order in which the material is presented in the paper by
Professor Zuk.

The author states that "The action at a crack is identical with pull-out action of a
mesh embedded in a concrete slab, since at a crack the entire force is transmitted
through the longitudinal wires.”" This should be questioned since forces large enough
to initiate a crack could also break the bond between the longitudinal wires of the fab-
ric and concrete. Thus, the bondresistanceavailable in the two cases may not be
identical.

In stating the analogy of the action of the transverse wire to that of a beam on an
elastic foundation, the author states that ". ., .the elastic support modulus is Ec. ——

In the theory of beams on elastic foundations, the support modulus (usually denoted by
K) is a measure of the support resistance in force per unit length of beam per unit de-
flection of the beam. It can be shown that
=E ¥
k= Ec 3
in which

w = effective width of the beam support, and
d = effective depth of compressed supporting material.

It is not clear to the writer that the ratio w/d can be taken as unity. Nor is it clear
that this ratio can be reliably approximated by theory alone.

The author stated the equation for unit surface bond stress as T=K (u + §). How-
ever, if he means that T = K times the movement of the longitudinal wire relative to the
adjacent concrete, then the expression should be T= Ku, for the adjacent concrete is
compressed by the transverse wire an amount equal to §, at least in a region near
x = 0. Near x = L the relationship of u to the bond shearing strain seems undetermined,
since the author appears not to have considered concrete deformations near the crack.

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

solution stated as Eq. 4 satisfies Eq. 2 only if P; = K-;-rd1 % . This seems to have es-

caped the attention of the author during the process of equating like terms after the
substitution of Eq. 3 into Eq. 2.
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If on the other hand one assumes that 7= Ku, which would appear to be closer to
reality over a greater length of the longitudinal wire, one can derive the following:

- P aeax
K1rd1

P(x) = P1 X
and ,
q=P1 aet¥

where
_‘/del of 4K
C=YA E "Ya E
s 17s

1

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 Ib 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 + 8) and 7= Ku. 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 = Q;e““x - Q2 , resulting in Eq. 4 as
Pia

K1fd1

ax
e -3
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P(x) would then be P; or& X an "q" would be Py ae™*
e°‘L

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

2aL,
K1rd1 Be

aL
Zc.Ec +Kwd, Be

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.



Mechanics of Continuously-Reinforced
Concrete Pavements

M. M. MILLER, JR., Instructor in Civil Engineering, and
M.J. GUTZWILLER, Associate Professor of Civil Engineering, Purdue Umversity

This investigation 1s 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 1s based on the common assumptions used

1n 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 1n the first class
are: (a) The deflection at a point some distance from the trans-
verse load is zero, and (b) the subgrade modulus 1s constant
throughout the full range of deflection. The assumptions pecul-
1ar 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 erack 1s 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 1s in progress to evaluate C for a series of
pavement types.

@ THE 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 1s 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 (1).

Most of Westergaard's work on pavement slabs followed the pattern described earlie:
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 equatmns 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

o
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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 1n 1947 by W. R. Woolley 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:

A1 =L¢g
Ag = Ay + £(dg+dq) = L2y +b4)
Ay=Ag+Lg+dy+dg) = LBdg+24; + ) 1)

Ap=2ngg+ (n-1)$ g+ (n-2) gy +... +¢n_1)
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. Figure 1. Typical deflected pavement.
The equations

Ag=0; An =0 (2)
satisfy the requirements of agssumption 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, 4. The resultant force is:

Fj = /2 (Aj+Aj 4 1k @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 Egs. 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 Egs. 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:

Ag=0

A1=12%g

Ag=22ép+91)

Ag =43¢y +2¢y + ¢9) (4) F, . Yiol
Ag =240+ 31 +2¢3 + $3) i '%;Z('{o‘.'-’i’.'u- ).

Ag =12(8%g + TPy + 63 + 5¢3 i :al)ul'l

()

+ 44’4 + 3¢5 * 24’6 * ¢7) or Figure 2. Forces on a typical segment.
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Aa = 2(84’0 + 84’1 + 84’2 + 84’3 + 4¢4)

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

V1 = V0 +lkA1/2

Vo =Vp+Lk(Ag +A9/2) (5)
V3=Vp+Lk (Ay +Ag +A3/2)

Va=Vg+ Lk (Ay +Ay +Aq +A4/2)

The equilibrium of each segment taken individually yields the following equations:
M1+V0£+F1r1—MO-NA1=0
M2+V1£ +F2r2-M1 —N(Az‘A1)=O (6')
M, + VZ.Z + F3r3 - M, - N(A3 -Az) =0
My + V3£ + Fyry - Mg - N(A4 -A3) =0
The form of the final equations is somewhat simplified if the following approximation
is made. By substituting Vj, = V' - NlAn into Egs. 6, they become:
Ml + V'01+ F1r1 - MO - NA]. =0
M2+V'1£+F2r2 -Ml ‘NA2=0 (6)
M3 + V'gg + F3rg - M, - NA3 =0
M, + V'3£ + Fyry - Mg - NA4 =0

The values for V;, may be calculated when the solution for the deflections is obtained.

In Egs. 5, setting V4 = P/2 and solving for Vv, vields:
Vo=P/2 - 2k (Aq +Ag +Ag +A,/2) (N

Substitution of Eqs. 7 and 4 into the remaining Eqs. 5 and 6 yields the following ex-
pressions in terms of the ¢ 's alone:
(47/647% + N+ C/2)ég+ (4.5L°% - C/2 )¢ + L%k 29 + 0. 5¢g) = P/2

(41/6£% + 2N)b 5 + (13/32% + N + C/2 )é, + (2£% - C/¢ Y, + 0. 5z’k¢3

= P/2
(29/6 2%k + 3N)¢0 + (10/32%k + 2N)¢1 +(11/62%k + N+ C/2¢ )¢2 +
(0.52% - C/2 )¢5 = P/2 (8)

(11/6.L% + 4N)¢O + (4/38% + 3N, + (5/6 2% + 2N)¢2 +
(£%/3 + N+ C/2 )5 = P/2
In Eqs. 4, setting A8 = 0 yields:

¢0+¢1+¢2+¢3+0.5¢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 o 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,
Vg 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, V, and Vn' 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:

=P (10)

| Vj (right) ‘ +

Vj (left)

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, £, 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 1b per in, and £ equals 30 in,

The six combinations are used for each of the four siab lengths: namely, 84, 122,
162, and 204, giving a total of 24 different solutions.

The curves in Figures 3 through 8 show the results of a slab of length 82 . Figures
9 and 10 show partial results for a slab of length 20£. 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 anc
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 TABLE 1

true generally: namely, that only a small

number of crack intervals need be con- Combnation C-nch-lbs/ N-lbs/ k-1bs/
sidered in the solution. The use of a num- No. neh/rad. 1nch cubic wnch
ber of crack intervals larger than, for ex- > s 1 o0 b
ample, 10 to 20, depending possibly on the 3 2.5x 107 0 150
length of the crack interval, will yield no : 2.5x10 000 b
additional information, although it will in- 6 0 1,000 440
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DEFLECTION, SHEAR, AND MOMENT DIAGRAMS—SLAB OF LENGTH 8¢
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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, Sucha 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 numbe
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for other values of £, By the use of the Purdue University Digital Computer a large
number of solutions may be easily worked out. The solutions may be programed 1in
such a maaner as to provide the final values of moments, shears, deflections, and
stresses. With such a computer available 1t 1s possible to consider in a relatively
short time the large range of parameters necessary to answer these questions.

In this 1nvestigation 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, whle 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 1n the final design procedure.

The effect of repeated loads on the pavement design can be investigated in the lab-
oratory. Repeated application of loads 1n 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 1n the final design of the
pavement,

The answer to the last question 1s 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-
1stence of an answer to this question 1mplies the existence of a design procedure which
can account for all of the variables in the problem. It 1s 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, 1s one which utilizes the results of verified mathematical solutions, The results
may be presented 1n 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 124, 16£, and 20£, respectively, are as follows:

L =122
(207/68% + N + C/2)o_ + (12.58K - ¢/2)ey +
Fi(8g, + LaS0y * 28, + 0.50;) = P/2
(101/6!21: + 2N)¢° + (37/312k + N+ C/z),al + (Slzk - C/z)¢2 +
fk(l..5¢3 + 29, + 0.5%;) = P/2
(89/6£7k + 3M)p, + GL/3 5% + 2wy + (L7/66% + N + C/£)oy +
(4.55% - ¢/)ey + fk(zol+ + 0.58,) = P/2
(71/6£% + 1N)8_ + (28/3F% + 3i)p) + (41/6F% + 2M)g, +
(13/38% + N + ¢/ )y + (2% - c/2)), * 0.51214;55 = p/2
W1/68% + sW)p, + (19/35% + K)oy + (29/6£% + 3N}, +
(10/3£% + 210)9y + (11/66% + N + c/8)s, + (0.56% - c/2)os = P/:
(17/6£% + 63, + (7/3F% + Mgy + (11/6£% + 1N)s, +
(L/38% + 3M)y + (5/64% + 2m)g, + (0.54% + N + c/2)8s = #/2

¢°*¢1"'¢2*¢3*¢h"¢5*0-5¢6‘0

L = 16

(191/6!2k + N+ C/£)¢° + (21..512‘« - C/£)¢l + lzk(lBg,.‘)z + 12.5;:33 +
89, *+ heSPs * 20, ¥ 0.58,) = P/2

(185/68% + 20)p, + (1B/3F% + 1l + /Dy + (8L - c/ D)8,
+ fk(m.s% + 33, + heSg + 295+ 0.5,) = P/2
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(A73/68% + 3N)3, + (10/3£% + Mgy + 107/6k + N + ¢/2), +
(12.5:2k - c//:)¢3 + tzk(s',:h + 4.5;55 + 2‘“6 + o,5¢7) = pP/2

(155/68% + N)g_ + (64/3F% + Mgy + (WL/6Lk + M), + (37/3Pk +
N+ C/25) + (82 - ¢/2)9, + tzk(h.5¢5 * 28, + 0.50,) = P/2

(1L2/68% + 5M)g, + (55/3F% + W)p, + (89/6F% + W), +
(31/312k + 2N)¢3 + (L7/o12k + N+ c/z)¢ + (Le 521: - c/e)a
zzk(2¢6 + 0.50,) = B/2

(10122k B+ (13/35% + N)o, + (71/6£% + W)e, +
(28/3 8% + 3M)p, (L1/65Kk + 2M)3, + (13/3F4k + I + ¢/ )0,
(2L% - c/2)@, + 0. 512k¢ = p/2

(65/68K + Tg + (26/38% + 6M)y + (47/65K + 511)5,
(10/3.5% + W)z, + (29/6°K + 31)p,, + (10/35% + 2Nyt +
(L1/68% + N + c/2)8g + (0.56% - ¢/ e, = B/2

(23/6£“K + 8N)8_ + (10/3F% + M3y + (17/65k + 6N)a, +
(1/36% + M)y + (/65K + 1W)g, + (1/3Fx + e +
(5/6L% + 2M)g, + (C. 5% + 1 + c/2)e, = B/2

¢°+¢1+¢2+¢3+¢h+¢5+¢6+;§7+0,5¢8=

L = 204

(299/6L% + N + c/2)e, + (4C. 5% - c/2)v, + Zk(32¢2 * 259, ¢
13¢L + 12.5¢5 + 8¢6 + a.5¢7 * 23 4 o.5¢9) = p/2

(293/6L% + 2N)p, + (121/35% + N + c/£)2, + (326% - c/2)e, +

L2580, + 189, + 12,555 + 8, + husay + 204 + 058) = P/2
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(281/6!2k + 3M)e, + (118/312k + 208 + (191/6tzk + N+ c/z)as2 +
(21, 58% - o/ + Ax (189, + 12.50, + 189, + heSoy +
204 + o.5¢9) = p/2

(263/68% + Li)g_ + (112/35% + 3N)e, + (185/6£% + 2N)g, +
(13/38P% + N + ¢/2)py + (8L - ¢/2)e +
£2k(l2.5¢5 + 8o + L/50, + 2g + 0.5) = P/2

(239/68% + S)w, + (103/34% + ey + (113/68% + 3N)a, +
(70/3121( + 2N)¢3 + (107/612k + N+ C/t)¢h + (12.51?1: - c/z)¢5 +
Pr(Boy + haSoy + 205 + 0.50g) = F/2

(209/68% + EN)p + (91/3£% + SM)ay + (155/66% + WN)o, +
(6u/3 8% + 3M)py + (01/65% + 2z + (33/38% + N + /D)o +
(8:21{ - c/z)¢6 + fk(usa,] + 2¢4 + O, 5a9) = p/2

73/68% + Mo, + (76/3F% + 6N)p, + (LL1/68% + SN)a, +
(55/3£K + L)ay + (39/68% + 3M)z, + Gu/3 8% + 2N)pg +
W7/68% + N + C/a)og + (458K = C/£)gy + (284 * 0.580) = F/2

(3168 + 8)a + (58/34% + Mgy + (W1/67% + G)g, + UB/3E% + Moy
+ (M/6d + )9, + (28/3F% + 3M)ag + (WL/6F% + W)y +
(13/321« + N+ c/z)¢7 + (2/2k - C/£)¢8 + o.sfkysg = p/2

(83/68% + )g, + B13LK + 81)py + (65/6£% + TN)@, +
(28/38% + N)ay + (57.68% + 503 + (19/38% + 1)ag +
(29/68% + 3Ny + (10/35% + 21, + (11/64% + N + C/2)pg +
(0.54% - c/£)¢g = B/2

(29/6£% + 10N)g, + (13/3F% + Moy + (23/6F% + 8@, +
(10385 + Moy + (17/68% + eW)g, + (1/36% + Mg +
(11/64% + )2, + (W/38% + 3W)ay, + (5/68% + 2M)gy +
(0.58% + N + c/2)8y = P/2

¢°+¢l+¢2+¢3+¢h+¢5*¢6+¢7+¢8+¢9+0.5¢10=0 HRB:OR-291
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