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METRIC CONVERSION FACTORS 

Apprnxim11t11 Co1111eriit111s Metric !llleuures "' ;'.l 
App111xim1t1 C11nv1m;io11s from Metric MllHUIH -

"' "' Symbol Whu Knew ""'"lli~ly by To fin~ 
Symbol Wh~n Know ~uitiply ~V fim! Symb@! - ;;; 

0 

"' 
----- mm millimeters 0.04 inches 

~ cm centimeters {).4 inches in 

in inches ·2.5 centimeters cm - m meters 3.3 feet ft 

feet 30 centimeters cm _, ;:: m meters 1.1 yards 

yd yards v • .;;; meters "' 
km kilometers 0.6 miles 

mi miles 1.6 kilometers km - ;::; 

;"; 

"' - square centimeters 0.16 square inches ln2 
square inches 6.5 square centimeters square meters 1.2 square yards "2 square feet 0.09 square meters km2 square ki iorneters 0.4 square miles 
square yards 0.8 square metern ha hectares (10,000 m2) 2.5 acres square miles 2.6 square kilometers km2 -acres 0.4 hectares ha 

C" 

9 grams 0.035 ounces oz oz ounces 28 grams g - kg kilograms 2.2 pounds lb lb pounds kilograms kg 
tonnes (1000 kg) short tons short tons 0.9 tonnes t 

(2000 lbl ... -

tsp teaspoons 5 milliliters ml ml milli!iters 0.03 fluid ounces fl oz -Tbsp tablespoons 15 mi!li!iterc; ml - I liters 2.1 pints 
ii oz fluid ounces 30 milliliters ml w I liters 1.06 quarts qt 

0.24 liters I I liters 0.26 gallons gal c cups - m3 "3 pints 0.47 liters I cubic meters 35 cubic feet pt 
qt quarts 0.95 liters I m3 cubic meters 1.3 cubic yards yd3 
ga! gal !ons 3.8 liters I 
ft3 cubic feet 0,03 cubic meters m3 
yd3 cubic yards 0.76 cubic meters m3 "' 

"c Celsius 9/5 lthen Fahrenheit "F 

te111perature add 321 temperature 
Fahrenheit 5/9 (alter Celsius "c 

temperature subtracting temperature 
"F 

321 OF 32 98.6 212 
"' - -40 

see NBS Misc. Pubi. 286, 3· 
Units of We1ohts and Measures, Pr1c2 s2.25, SO Cat;:ilol! No. C13.10:286. g, -- E 
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His tori 

INTRODUCTION 

, the determination of transverse joint 
concrete has been dictated 

in 
con-

and stresses, and 
friction. The Aviation Administration 

practice of us transverse joint 
of mathematical des 

stresses, in turn 
for slabs made 

Successful utilization of 

of 25 feet has resulted from 
calculations and observance of 

the yea It 
therefore, either the 

or to 
11 of concrete mu.st be limited 

due to 
or stresses). 

to 
before in 

stresses without distress. 
values for residual 

reinforced, thick concrete 
expansive concrete. These residual 
used to determine extended transverse 
expansive concrete. 
of the expansive cement concretes 

the amount and of resistance to the of the 
An expansive cement concrete which resistance is pro-

expansion shows reduced mechanical In 
of the cement , the resistance to expan-

lled "restraint"" Restraint can be either external, as in the 
framework, or internal of steel 

of restraint can also be 
case of rein

the neces
the 

more , 
and the more the induced compression in the concrete. field instal ·· 

of concretes have utilized 
reinforcement for 

Since little or no research had been done expansive concretes in 
reinforced slabs, it was decided to limit the 

thickness to 8, 12, 16, and 20 inches but to include many steel 
reinforcement Test results would then enable 
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Concrete, are 

enable 

To 
ness and s 
utilized as 

1. 12 inches 

a. 8 inches thick 
b. 12 inches 

thick 
20 inches thick 

To simulate full-size 
the 1 all surfaces 

escape of moisture. 
environments. 

Keeton John 
Federal Aviation 
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inches in 

and steel 

1 and 

thick
were 
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June 1975. 



Instrumentation and Measurements 

Both steel and concrete strain were measured with electrical resis-
tance strain gages as soon as after the concrete. 
Steel strains were measured with weldable gages and strain with 
embeddable strain gages. Strain gage 
on an automatic electronic data ' a 
strain Strain test data are in microstrain 

.). On some of the strain is also shown in 

Steel - Smooth, Welded Wire Fabric 

Smooth, welded wire sizes and 
were used as steel in the outlined 
in Table l. the 6 6-inch welded instrumented 

a weldable strain gage is shown in In accordance with 
2), welded wire fabric was at a 

one-fourth of the thickness 1 inch, measured from the 
, for a 16-inch-thick , the steel was at 

.e., 5 inches) from the Welded wire fabric sizes 
the ones available in small 

Embeddable Strain 

concrete strain were an embeddable consist-· 
about 5 inches cast in One of the 

is shown in 3. In all embedded strain gages were 
at one-fourth and three-fourths of the thickness measured from 

For for a 16 inches thick, embeddable gages were 
\ x 16 - or 4 - inches from the and x 16 - or 12 - inches 

from the Later in the also had embeddable gages 
l inch from the and at 

final set, the 1 were cured under wet 
hours, when the sides were sealed with a rubber 

of wet over the surface. The wet 
was then covered with aluminum foil for a total of 

field-slab would be with a 
which would erode away exposure to the 

to traffic. To enable the the concrete 
to emit , it not to 
in this , saturated with water 
of the over the next 27 
action At 28 , the 

shows some of the 

2. Federal Aviation Administration, 
Pavement and Evaluation, 

3 

Circular 
1974, pp. 

com-· 
and 

, Air-





TABLEl. RESEARCHPROGRAM 

Prism Size, in. Welded Wire Fabric 

Plan Thickness 

12 x 12 8 L -50,1-75 

12 x 12 8 R -50,1-75 

12 x 12 12 L -50 

12 x 12 12 L - 50 
-50,1-75 

- 50 

210 x 2/0 - 50 

3/0 x 3/0 0.143L,T 2..:.. 50 

4/0 4/0 0.169L,T 1- 50 

12 x 12 12 R 6x6 No. 2 x No. 2 0.075L,T 1 - 50, 75 

1/0 x 1/0 0.103L,T 1-50,1-75 

3/0 x 3/0 0.143L,T 1 - 50 

12 x 12 16 L None None 0.0 1 - 50 

12 x 12 16 L 6x6 No. 2 x No. 2 0.056L, 1 - 50 

1/0 x 1/0 0.077L,T 1- 50 

3/0 x 3/0 0.107L,T 2 50, l - 75 

510 x 510 0.152L,T 2-50,2-75 

12 x 12 16 R 6x6 1/0 x 110 0.077L,T -50,1-75 

510 x 510 0.152L,T 

12 x 12 20 L None None 0.0 lL - 50 

12 x 12 20 L 6x6 210 x 2/0 0.072L, - 50 

4/0 x 4/0 102L,T 2 50, 1 - 75 

610 x 610 0.139L,T 2 - 50 

12 x 12 20 R 6x6 4/0 x 4/0 0.102L,T 1-50,1-75 

14 x 14 16 L None None 0.0 1- 50 

14 x 14 16 L 6 x 12 No. 2 x No. 1 0.072L, 0.056T l - 50 

14 x 14 16 L 12 x 12 3/0 x 3/0 0.092L,T 1-50,1-75 

14 x 14 16 L 6 x 12 1/0 x 210 0.099L, 0.077T l - 50 

109T 1 - 50, 1 75 
2 - 50 

14 x 14 16 L 12 x 12 -· 50 

14 x 14 16 R 12 x 12 - 50 

14 x 14 16 R 6 x 12 - 50 

14 x 14 20 R 6 x 12 - 50 

aL = crushed limestone coarse aggregate and River sand from Texas. 

and sand from Southern California. 

bwelded wire sizes shown are steel wire gauge 

cSteel percentage= steel wire cross-sectional area divided the total cross-sectional area of the concrete 

100. 

dStorage humidities were 50% and 75% RH, both at 
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embeddable strain gage. 

4. Prismatic cured. 
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the 
and concrete 

which concrete expansion 
were obtained, the 
precompression in 

, for a total 

and beams were made with expansive concretes used in the 
test program to 

's moduli. 

Concrete Mix 

The concrete mix des used in this 
Concrete 3), which utilizes 5. 
and to air entrainment. 

was FAA Class 
of cement per cubic 

as well as 

Two used in this 1) 
crushed limestone coarse 
in construction of Dallas-Fort 
sand from Southern California. 

FAA 3). Maximums 
inches. 

Cements 

The 

cement. 

River sand from 
) river 

to 

lb) 

420 microstrain microstrain 
cements. A new standard for expansion of 

two 
concrete 

has been ASTM ) . 

Concrete 

Flexural of 
750 psi and 

used in this 

3. Federal Aviation Administration Circular 
dards for Construction of , October 24, 19 
4. for and Materials. Standard Test 
Restrained of Cement ASTM 
5. Standard Test Method for Restrained 

Concrete, ASTM C878-78 Vol. 14 1978, pp. 

10, Stan
' p. 332. 
Method for 



Differences in 

modul 
and 5 , 180 and 

As indicated 
and with 
program. 

thicknesses. 
Close examination 

the steel from 

denced 
toward the 

8 

.0 and 

the 14 
at the 

After 1 
tests 

were used in this 

results pre
expansion 

were found to be 

of 
the 

inches 
the 

the 
con-

were 
mass is evi

surface 
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4 inches from the top 
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Least-Squares Lines 

inches from the top 

0 0 0 0 
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15 inches from top 

0 

0 

0.11 

0.10 

0.09 

0.08 

-0.05 

------.'.::'..--.do.06 
Top Surface Obtained by Extrapolation 

~---------~-----~---··--·~-~----··-----···~----------i0.05 

l J_ l 
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6, 8, and 9 

_J l -

.10 .11 .12 

from the 
5. Concrete 

0.08 

0.07 

1000 

900 

800 

700 
0 .01 .02 .03 .04 .05 .06 .07 .08 .09 .10 l .12 .13 .14 .15 .16 .17 

12 and 15 inches from 
strains after 28 davs of 

the top surface. 
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6. strain after 2 as a function of 
surface for selected steel 

surface better conditions thus more expansion. Con-
strains for all steel and 

surface are shown in Table 2. 
In reinforced expansive concrete, compressive stresses induced 

concrete are calculated as follows 6): 

Average stress in concrete ( ) = x x p x 

where -· expansion strain the concrete 

the steel in this as 

6. American Concrete Institute. Recommended Practice for the Use of 
Concrete, ACI Standard 223-77, 1977. 



cross-sectional area steel 

cross-sectional area of concrete 

= p = steel ratio 

For s , it will be assumed the concrete stresses lculated 
with the above are correct at the location or of the 
steel. Since the welded wire fabric in this was at different 

in of different thicknesses and since concrete strains 
were not measured at the of the steel, it was necessary to determine 
the concrete expansion strain at the steel; i.e., 
at 4, 5, and 6 inches from the strains are 
shown in Table 2. 

Since it is the resistance of the steel to the expansion of the 
concrete which induces the concrete compres ion, the value of induced 
concrete must be at the steel and must diminish 
above and below that other hand, for a steel per-

' the stated indicates that as the concrete strain 
increases, so does the concrete stress. Table 2 shows that for any 
steel strains increase in above the 

, 5, or 6 inches. Indiscriminate use of the 
strains would result in 

stresses than at the steel 
shown to be incorrect. 

The solution to this dilemma involves of the fundamentals 
of expansive concretes. If concrete is unrestrained 
tains no steel) and is thus with no restraint, no concrete 
compression is induced. In concrete steel the 
induced concrete is also a function of how much of 
the "free" or unrestrained the steel 
The expansion strains which the steel from can be 
calculated from Table the expansion strains for a 

from the unrestrained expansion strains in the steel 
column headed 0.00. Table 3 is a of these strains. 
, to at the surface 

2, the expansion the steel is 1,190 minus 995 
195 microstra , as shown the 0.10 column in Table 3. 
When the strains in Table 3 are the unrestrained expansion 
strains found in the 0.00 steel column of Table 2, the 

ratio is a measure of the relative effectiveness of the steel 
in the concrete at a from the 

in Table 4. For 
of 4 inches, 

is 340 microstrain, and unrestrained strain 
for a inches is 1,015 microstrain; the ratio, then, 
is 1,015 = 0.33, as shown in Table 

Concrete compressive stresses from 
are shown in Table 5 for 12, 16, and 20 inches thick. 
to Table 5 ) for a 12 inches thick the steel is at a 
inches from the As stated above, ses at the 

of the steel are us x p x 
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x 
, concrete 

lower than those at 
one steel 

steel 
strain 

.0015 

a 
For 

from the 
= 0.31; the 

to 0.33; 
stress at steel of 4 inches is 

of 0. and a of steel of 
then 

calculated for 
to 

to unrestrained 
the concrete stress at the 

of 0. at 
unrestrained 

of steel 
, the concrete 

29 27 compressive stress as indicated in 0.15 
; then 0.31 + 0.33 x 
column, l inch from 

of Table 5 ) . 
Examination of Table 5 reveals that the stresses above and below 

the than the stress at the steel 
but believed to 
be accurate since 
Determination of realistic transverse joint 
the residual concrete stresses after 
occurred. 

Steel 

Measured steel expansion strains, to the 
caused , were rather erratic and varied over 

rather wide ranges. Results are in B. 

Concrete 

and 
transferred to 

or As indicated in Table 1, most of the 
RH because it cause 

thus severe in terms of reduc

As with 
from the 
steel; 

strains, 
surface were not 

the thickness. 

da ta for a steel 
from the 

strain data versus 
affected the 

' 

surface. 

differences among the three steel 

surface, these v-alues in 
8 shows strains versus 

with the expansion strains, 
those shown in 7 
to be determined 

12 

strains in the 
the others near 

surface. As 
such as 

surface 



TABLE 2. - CONCRETE EXPANSION STRAINS AFTER 28 

0.07 0.08 0.10 0.1 3 0. 0. 5 16 7 

0 1 1 995a 965a 910a ssoa 850a 
1 1 

~·~' 920 895 845 1820 5 
950 925 85 835 j 790 770 

I 845 5 800 740 
1725 820 I 780 760 

I 
805 725 705 1665 

I 6 790 5 725 7 
I-' I 7 I 735 
\.;..) 

8 
9 I I I 

1 760 5 I 650 

I 
725 50 620 

3 695a 635 10 
625 

5 I 63oa I 6 0 
-~ 

were 



TABLE 3. - CONCRETE EXPANSION STRAINS PREVENTED BY THE STEEL 

0.06 0.07 0.08 I 0.09 10 0. 1 0.12 0.13 0.14 0.15 I o. I 0.17 
-- --

70 

I 
95 120 

I 175 
170 195 225 255 280 

I :~~ I ;;o I 370 1400 
I 105 150 200 225 250 275 375 405 

' i 

I :l~ 2 125 75 I 290 
3 140 

1170 
190 

I 
2 255 275 295 l I ;;0 I I 85 
235 275 290 I 

I I I 2 s 270 28 300 I I 32s l I 3 

I 75 

I I 

l I 195 I I 

f-' I 150 2 265 275 290 300 3 I 320 330 
~ 7 165 180 2 5 245 27 285 305 

8 130 150 
I 

200 225 245 255 l 27 
9 I 12 140 225 30 

! 

I 125 
I 

I 80 190 195 

95 110 20 I 
I 

5 95 
1 7 95 I 3 

3 70 I 75 I 85 110 
I 

I 35 I 50 5 70 85 
5 30 35 40 45 

aObtained from Table 2 the from the top from the unrestrained 
(steel percentage= 0.0) at the same for a of 4 inches the top, unrestrained = 1,01 

microstrain (Table 2) and for p = 0.15%, the strain= 675 microstrain (Table 2); then the exoansion vrevented bv the 
steel= 1,015 minus 675 = 340 microstrain. 



I-' I lJ1 

2 

4 
5 

6 
7 
8 

9 
10 

11 
12 

3 

a 
Obtained 

TABLE -

0.05 0.06 

0.06 0.08 
0.09 0. 

I 0.11 0.14 
0.13 0.16 
0.14 0. 7 
0.15 17 

0. 0.19 
0.16 18 
0.15 
0.15 

0.16 

0.12 0. 4 

I 0.10 0.12 
0.09 0.10 
o.o5 I 0.01 

the 

OF 

0.07 0.08 0.09 

0. 0 2 0.14 
0. 3 0.15 17 
0. 6 0.18 0.20 
0.18 0.20 0.22 
0. 0.21 0.23 
0.20 0.22 0.24 

0.21 0.23 0.24 
0.20 22 24 

0.21 
0.20 22 

I 0.18 0. 0.20 

0.16 0.17 0.18 
0.13 0. 0.15 
0. 1 0. 3 
0.08 I o.os 0.09 

from top of 4 inches, 

strain= 1,015 microstrain (Table 2), then ratio= 340 divided 

TO UNRESTRAINED 

10 0.11 0.14 0.15 0. 0.17 

0.26 0.29 0.3 0. 
0.20 0.28 3 

I o. 
33 0.35 

0.22 0.30 0. 
0. 32 35 0. 
0.25 0.27 0.29 0. 2 35 0. 
0.26 0.28 0. 0.32 0.33 0. 35 0. 

0.26 0.28 0.29 0.32 0. 3 3 35 
0.27 0.3 0. 34 

0.25 0.28 0.29 0.3 0.32 
0. 0.25 0.27 0.2"3 29 0.31 
0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.28 

0.20 I 0.20 0.22 0.24 0.25 0. 0.26 
0.17 0.17 0. 0.21 0.22 l o.23 I o.23 
0. 0.16 0.17 0.19 0.19 0.20 

I o. o 0.12 0. I 0.14 

unrestrained expansion strain (p = 0.0%) in 2; 



f-' 
0\ 

TABLE 5. - CONCRETE COMPRESSIVE STRESSES DUE TO EXPANSION 

Depth 
From 
Top, 

(psi) for Steel Percentages of 

in. lo.OS 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 o.16 0.17 

0 6 
l 8 
2 10 
3 12 
4 13 
5 14 

6 14 
7 

I 
9 I 14 

10 13 

12 

1 
2 
3 

5 

6 
7 
8 

10 

11 
12 
13 
14 
15 

1 
9 

4 
7 

10 
11 
12 

13 
13 
12 
12 

10 
8 
7 

4 
2 

(a) For prism 12 inches thick with steel 4 inches from top 

7 

10 
12 
14 
15 
15 

17 

16 
5 

15 

9 
12 

16 
17 

18 

19 
18 
18 
17 
1.6 

11 

14 
16 
18 
19 
20 

21 
20 
19 
18 
17 

12 14 17 18 
15 18 20 21 
17 19 21 22 

19 21 23 24 
20 22 24 25 
21 23 25 25 

21 23 25 25 
21 23 24 24 
20 22 23 23 
19 20 22 22 
17 19 20 21 

21 23 
23 24 
24 26 
26 28 
27 28 
27 28 

27 28 
25 
24 25 
24 24 
22 23 

25 
27 
28 
29 
29 
29 

29 
28 
27 

25 
24 

27 
29 
30 
31 
31 
31 

30 
29 
28 
27 
25 

30 
31 
32 
32 
32 
32 

3 
30 
28 
28 
25 

12 15 16 18 18 19 21 23 
20 

23 
20 1 12 13 13 15 5 16 18 19 

(b) For 16 inches with 5 inches from top 

7 

9 
12 
12 

14 

16 
15 
14 
14 
13 

12 

8 

6 
3 

8 
10 

15 

17 
16 
16 
15 

14 

13 

9 
6 
3 

10 
12 
15 16 

17 
17 18 
18 19 

19 19 
18 
17 18 
16 17 
16 16 

14 14 
11 12 

7 7 
4 5 

13 15 
16 17 

19 
19 20 
20 21 
21 22 

21 22 
21 2 

20 20 
19 
18 18 

16 16 
14 13 

11 
8 9 
5 6 

17 19 22 26 29 
20 21 24 26 27 30 
22 23 25 27 28 3 

27 28 29 
24 25 27 28 31 
24 25 27 28 29 

24 25 27 28 
23 23 26 27 27 29 
22 23 24 26 27 28 
22 22 24- 25 25 27 
20 20 22 23 23 24 

18 20 21 22 
16 15 19 19 20 
13 14 16 16 17 
10 10 12 13 13 15 

7 8 8 9 10 1 

(c) For prism 20 inches thick with steel 6 inches from top 

1 
2 

3 
4 
5 

6 
7 

8 
9 

10 

12 
13 

4 
6 
8 

10 
10 

11 
1 
10 
10 
10 

8 
7 

6 
3 

6 

8 
10 
12 
13 

14 
13 
13 

13 

12 

10 
9 

7 
9 

11 
13 
14 
14 

15 

11 
10 

8 
6 

9 
11 

13 
15 
16 
16 

17 
16 
16 

5 
14 

p 

'" 
10 
9 

10 
13 
15 
16 
17 
18 

18 

18 
17 
16 
15 

14 
11 
10 

8 

12 15 17 
15 17 19 
17 19 
18 20 22 
19 21 23 
20 22 23 

20 22 23 
20 21 22 
19 20 21 
18 20 21 
17 18 

15 
3 

11 

16 
13 
11 

9 

17 
15 
13 

7 

were calculated (a) 
obtain the from Table 2 and 

p = 0.15% and steel depth of inches (prism 
strain= (Table 2), then fc = (6 7 5 x 

19 21 
20 23 
22 24 
23 26 
24 26 
24 26 

24 26 
22 
22 24 

23 
19 21 

17 
15 
1 

1 

24 26 29 
25 28 30 

26 29 31 
27 30 31 
27 30 3 
27 30 31 

27 29 30 
28 29 

25 27 27 
24 26 27 
22 24 24 

20 
19 
16 
12 

22 
20 
16 

22 
20 

5 

(29 x obtain stresses for other the steel depth: for 
a given steel percentage, divide the ratio of prevented to unrestrained expansion 
for depths other than the depth (Table 4) by the ratio of prevented t0 

unrestrained expansion for steel depth and multiply by the concrete stress 
at the steel depth calculated under (a) example: for Table 5(a) prism 
12 inches thick with steel 4 inches from the top - at p 0. 5% and for a 
depth of inch from the ratio of prevented to unrestrained expansion 
0.31(Table4), ratio of prevented to unrestrnined expansion at a steel depth 
of 4 inches= 0.3 3 (Table calculated concrete stress at steel depth of 4 inches 
= 29 psi (see (a) above); then concrete stress for p = 0, 5% and depth of 1 inch 

0.31 divided by 0.33 and multiplied by 29 = 27 psi. 



TABLE 6. - SHRINKAGE STRAINS IN 50% RH 

From 
50 365 

Top, 
m. 

0.056 0.107 0.169 0.169 0.056 0.107 0. 

0 130 134 131 167 171 183 180 175 
1 112 117 118 143 144 154 153 153 158 157 157 
2 97 104 107 128 130 136 137 139 140 141 142 
3 86 92 96 112 15 118 121 124 125 127 129 
4 75 82 87 101 103 10 11 114 l 3 115 117 
5 67 74 78 9 9 96 99 101 103 102 104 107 
6 60 66 70 82 84 87 90 91 94 92 94 97 
7 53 58 63 73 75 78 81 82 85 83 85 88 
8 47 51 55 66 67 70 73 74 76 75 77 79 
9 41 45 48 59 60 61 65 66 68 68 69 72 

10 37 39 42 52 52 55 58 58 60 6 61 63 
11 32 33 36 46 45 47 52 50 52 54 53 55 
12 28 29 29 40 39 40 44 44 45 47 
13 24 23 23 34 32 33 39 37 37 41 
14 21 18 17 29 26 26 32 30 30 34 
15 17 13 12 23 20 20 26 24 23 28 

- 20 

<:- - 40 
"§ 
~ - 60 
(.} 

§ - 80 8 

·-v--0-___ . 4 

-HO 

-160 

Total Time (days) 

7. Typical strains in 50% RH with steel 
of 0.056%. 
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Days Shrinkage 50°10 

40 

50 

100 

365 

O -20 AO -60 -80 -100 
(microstrain) 

8. strains versus 50% RH for 
with steel age of 0.056%. 

Residual 
are presented 
Table 8 for 
the stresses at the 
before 
and 6 

for a 
residual strain for 
is microstra 
is 795 microstrain 
from Table 5 ) is 
from the 
22 
Table 
imum 
with 

three 
are not as as in 

stresses as much, 
concrete stresses in 
were about less than 

1 

residual 
in RH 



TABLE 7. - RESIDUAL EXPANSION AFTER SHRINKAGE FOR 5 DAYS IN 50% RH 

Strainsa 

0.05 0.07 0.08 0. I 0.11 0.12 0.13 0.14 0.15 0. 0.17 

I 
0 937 912 887 862 837 812 I 782 752 727 697 637 
1 882 7 812 787 737 612 582 

I 

2 835 810 785 740 71~ _!_) 650 6 585 565 
3 740 720 700 5 615 600 580 560 545 
4 757 732 707 687 627 577 547 5 
5 703 678 658 6 

I 
573 548 533 523 

6 3 3 633 618 583 573 558 I 538 528 518 
I-' I 

I \D I 7 652 637 617 602 572 52 542 532 512 
8 640 620 590 565 555 535 525 510 
9 637 622 602 592 577 55 547 I 537 532 522 5 

10 I 609 594 584 574 5 5 529 5 9 509 

1 611 586 576 57 556 551 541 5 511 511 
2 573 568 558 553 528 518 513 508 

13 594 I 579 
554 554 534 524 519 514 

14 591 581 571 561 556 5 526 521 I 516 
5 ' 582 577 572 557 547 532 527 522 

strains for p = 0.056% in Table 6 from strains in Table 2; 
line in Table 7, the strain of 183 microstrain on the 0 

Table 6 is subtracted from each of the strains in Table 2; for p 0.07%, residual 
(Table 2) minus 183 (Table 6) = 887 microstrain. 
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TABLE 8. - RESIDUAL CONCRETE COMPRESSIVE STRESSES AFTER SHRINKAGE FOR 365 DAYS IN 50% RH 

Depth 
From of 
Top, 

in, 0.14 0.15 0.16 17 

0 

2 

3 

5 

6 

8 

10 

5 
7 
9 

10 
11 
12 

12 

12 
13 
13 
12 

(a) For prism 12 inches thick with steel 4 inches from top 

8 
10 

12 
13 

13 

14 

13 

13 

7 
10 
12 
14 
14 

17 
16 
16 

5 
14 

9 
12 
14 
15 
16 
17 

18 
17 
16 
15 

10 
12 
14 
16 
17 
18 

18 

18 

17 
15 

11 14 14 17 18 20 
15 16 17 19 19 22 
16 17 18 20 21 23 
18 19 20 22 23 24 
19 20 21 22 23 24 
20 21 21 23 24 24 

20 22 22 23 25 

20 21 22 23 
19 20 20 2 22 24 
18 20 20 21 22 
17 18 20 2 

11 10 16 16 17 19 

6 
7 

8 
9 

10 

11 
12 
13 
14 
H 

8 10 11 12 12 14 15 16 17 

12 
11 
11 
10 

9 
7 
7 

4 
2 

(b) prism 16 thick steel 5 inches 

14 

13 
13 

11 
9 
7 

6 
3 

12 
13 

15 

13 

12 
9 
8 
6 
3 

8 

17 
16 
15 

14 

13 
10 

9 
7 
4 

9 
11 

15 
17 

17 

16 
15 

13 

11 
9 
7 
5 

13 16 
15 16 
16 17 19 

18 20 
18 19 20 

21 
18 
18 
17 18 20 
16 18 

15 15 16 
13 12 15 
10 10 12 

8 8 9 
5 6 7 

5 17 
19 

22 23 

23 24 
20 23 23 

21 
20 21 
18 20 21 

14 17 17 
13 13 15 
9 11 12 
8 8 9 

21 23 
23 24 
24 26 
25 26 
25 26 

27 

25 26 
24 

24 25 
22 22 

25 

23 

21 

17 
15 

25 
26 
26 

25 
25 

24 
21 

20 
18 
16 

Depth 
From Stresses" (psi) for Steel Percentages of -
Top 

in. 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.17 

9 
9 

10 

(c) For prism 20 inches thick with steel 6 inches from top 

12 
12 

12 

14 

5 
14 

13 

15 
16 

16 
'/ >O 

15 

14 

16 
17 

17 

17 

16 

18 
19 

19 

18 

16 

19 
20 

20 

18 
19 
17 

15 17 19 20 
16 19 20 22 
18 20 21 23 
19 22 22 25 

22 22 25 
20 22 23 25 

22 23 24 
22 24 
21 22 24 
20 2 23 

17 20 

22 
24 
25 
25 
26 
26 

26 
25 
24 
24 

11 

12 

9 13 14 5 15 18 20 20 

7 
5 

9 9 10 12 18 

9 9 
8 8 

stress the steel depth, 
strain after 50% from Table 7, 

example: p = 0. 15% and steel depth of 4 inches 
residual expansion strain 

microstrain 7); = (562 x 
a given steel 

residual concrete RH 
(Table 7) by the expansion strain (Table 2) and multiply by 

16 
14 

the corresponding expansion stress (Table S); example: for Table 8(a) - prism 
12 inches thick with steel at 4 inches the top - with p = 0.15% at a depth 
of 1 inch from the top, residual expansion strain after shrinkage 50% RH 
63 7 microstrain (Table 7), concrete expansion strain= 79 5 microstrain 
(Table 2), and concrete expansion stress= 27 psi (Table Sa); then 637 divided 
by 795 x 27 = 21.6 or 22 psi. 



Inches From Top Surface 

12 

4 

2 

40 50 60 70 80 90 100 50 200 250 300 365 

Total Time (days) 

9. 

ive concrete 
which involved 

, reinforced as well 

strains in 75% RH. 

, medium, and 
nonreirfforced, 

been conducted at CEL 

ments from RR to RH. These studies revealed is 
volume. From 

used in this 
a function of the ratio to the 

the these studies with 

7. Naval Civil Technical R-333- , 
of 
15 
8. 
Phases 
9. 

10. 

rete, Phase Keeton, Port Hueneme, CA, 

Technical of in Concrete, 
, and 5, John R. Hueneme, CA, 

Technical , and of Reinforced 
Concrete, John R. Keeton, Port Hueneme, CA, Nov 1970. 

Technical Note N- , Cement Concretes for Naval 
Construction, John R. Keeton, Port Hueneme , Nov 1977. 

21 



strains in 20% RH about 30% more than those in 
1.3 ). this ratio to the 

strains p = 0. in Table 6 results in the last 
The rest of the strains in Table 9 were 
strains in last column of the table 
strains in Table 2. For , for a steel 
2 inches from the , expansion strain from Table 2 is 
and RH is 182 microstrain (last column 
then residual strain after for 365 
is minus 182, which is 563 microstrain. 

of Table 9. 
the 

expansion 
of 0.15% at 

745 microstrain 
of Table 9); 

in RH 

Residual concrete compressive stresses after of 
in RH are shown in Table 10 for prisms 12, 16, and 20 inches thick. 
Stresses in Table 10 were calculated in the same manner as those in 
Table 8, the RH strain in Table 9 rather than the 

RH strain in Table 6. Examination of Table 10 reveals 
that after 1 year of in 20% RH, the concrete still retains 
most of its precompression. 

the 
previous studies enables 
humidities from 20% 

data obtained in this 
of 10, strains for 
Since the curves meet at 

RH, should be conservative in the 
from 

is in 

Thermal Studies -

from 
A 

One of the ll• inches square 
pe 
embedded 
from the 
from the 

of 0.092 was instrumented with in addition to 
strain gages. were at 5, 8, and 12 inches 

; embedded strain gages were located 4, 8, and 12 inches 
; steel was the To simulate to some 

effect of a concrete, 3 inches of 
board all four sides of the 

to thermal 
in 

for several 

tests. This 

the chamber was turned on; coo 
about 6 hours. The first data 

differences at 
5 inches from , as , were s than the others, 
but after 72 hours the differences at all three were about the 
same. Cumulative concrete strain differences at 4 inches from the 
were than the others from the of about 
18 hours of , but from then on showed lower differences than the 
others. After about 30 hours of strain differences at 
8 inches from the than the others. After 
about 72 hours of the , the 

22 



cumulative strain differences at each of the three showed 
minor variations; the maximum strain difference was ::V+S micros train at 
the 8-inch The author believes that the inherent variations of 
the coefficient of thermal expansion within the prism account for the 
variations in strain differences at , 8, and 12 inches 
calculated coefficients of 

.4, 5 '7' 
the test. 

Steel strain differences, shown in 11 as 
into the contraction or strain direction 
the 6-hour made a reversal the 
strain zone and remained there until the 
ration of the welded wire fabric is responsible 

The stress 
12-inch square 

distribution in bars, formed 
welds at four , is 

it would be in same conditions. 
concrete have 

considered to be about the same, so in 
steel bar in concrete, one would to see and concrete 
contract about the same when cooled. With the welded wire fabric used 
in this 1 of each bar would be 
the welded restraint the 
in stress distribution 

The 

Thermal 

used 
heat was 

as the 

the heat
an on-off 

summer sun. strain 
tests are shown in 

, the tests started with 
for next 2 hours 

for 2 hours to finish 

showed most dramatic increases 
a maximum about 30 minutes into the 

which indicates the slow rate of heat 
crete. 
were 
for several 

at 8 inches 
but continued to 

slow transfer of heat 
was terminated, also 

the concrete. 
the cumulative differences were about 
the ff 

Concrete strain differences were the 
and also exhibited the in 

strain is in the same direction as 
, this 

resisted since the coefficient of 
steel and concrete are very For 

can be claimed in terms of residual strain 
concrete is heated, such as in this test. 

23 



TABLE 9. - RESIDUAL EXPANSION STRAINS AFTER SHRINKAGE 365 IN 20% RH 

of-
~ 

0.05 0.06 0.07 0.08 10 0. 0.12 0. 3 0.14 O.l 5 0.16 0.17 

0 882 857 832 807 782 757 727 691 612 642 612 582 552 

! 
238 

835 815 790 I 765 740 715 690 665 640 615 590 565 535 205 
2 793 768 743 723 698 I 673 653 628 608 t;;QQ ~", <'A' 523 182 ,JUU JVJ .J'T~ 

I I 
3 753 728 703 683 663 638 618 598 578 563 543 523 508 162 

723 698 673 653 633 613 593 578 558 543 528 513 498 147 
5 692 672 647 627 607 592 572 557 542 532 517 502 492 133 
6 670 645 625 605 590 575 I 555 545 530 520 510 500 490 120 

N I 7 652 627 612 592 577 562 547 542 527 517 507 497 487 108 +:- 8 637 617 597 582 567 552 542 532 522 512 502 492 487 98 
9 617 602 582 572 557 547 537 527 517 512 502 497 487 88 

10 606 591 576 566 556 541 536 526 521 511 501 496 491 79 
11 595 580 570 560 555 540 535 525 520 510 500 495 495 70 
12 589 579 569 559 554 I 544 539 529 524 514 504 499 494 61 
13 582 572 567 557 552 I 542 

542 532 522 512 507 502 53 
14 581 571 566 561 556 551 I 546 536 526 516 511 506 44 
15 574 569 569 564 559 554 549 539 524 519 I 514 36 

strains after 365 in 20% RH, last column in the above 
strain in Table 2; for p 0.15% and 2 inches from the from Table 2 = microstrain 

strain after 365 in 20% RH 182 microstrain column strain= 745 minus 182 = 
563 microstrain. 

strains after 365 20% RH were from referenced to be l. 3 times the shrinkai!e strains 
at 50% RH. 
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TABLE 10. RESIDUAL CONCRETE COMPRESSIVE STRESSES AFTER SHRINKAGE IN 20% RH 

Depth 
From Stresses" (psi) for Steel Percentages of 

Top, 
in. 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.17 

1 
2 

3 
4 
5 

6 
7 

8 
9 

10 

12 

0 

3 

5 

7 

9 

11 

12 
13 

15 

5 
6 
8 

10 

12 

12 
12 
12 
12 
12 

(a) For prism 12 inches thick with steel 4 inches from top 

6 
8 

10 
1 

12 

14 

13 
13 
12 

7 
10 

1 
13 

5 

16 
15 

5 

5 
14 

8 
11 
13 
15 
15 
16 

18 

16 

15 

9 
12 
13 
15 
17 
17 

17 

18 
17 
16 
15 

1 13 13 16 
14 15 16 17 
15 16 17 18 
17 18 19 20 

19 20 21 
19 20 20 22 

19 21 20 22 
19 20 20 21 
19 19 19 20 
17 19 19 
17 17 18 19 

13 14 16 16 17 1 7 

17 18 
18 20 
20 21 

22 22 
22 23 

22 23 

23 23 
22 23 
21 
20 21 
20 21 

8 1 12 12 

3 
6 
7 

10 

10 

10 

9 
7 
6 
4 
2 

(b) prism 16 

5 
7 

12 

13 
13 
12 
12 

11 

9 
7 

6 
3 

6 8 

1 13 
12 

13 

13 

16 
15 
15 

12 14 

12 12 
9 
8 9 
6 6 

8 
10 

14 

15 
16 

16 
16 
15 
15 
14 

12 
11 

9 
6 
5 

15 
16 17 
17 18 

17 
18 18 
17 
16 17 

14 

13 12 
10 10 

7 8 

5 6 

16 
19 

19 2 22 
19 20 2 22 
19 20 22 22 

23 
22 

19 20 22 
19 20 21 

17 17 20 

16 18 
1 17 

12 3 13 14 
9 9 11 12 
7 7 8 

19 

21 
22 
24 
24 

25 

24 
24 
23 
23 
22 

22 
24 
24 
25 

25 

25 
25 

24 
22 

20 20 
18 18 

18 20 
20 22 

23 
24 

23 24 

22 24 

23 
21 23 

20 21 

19 19 

18 
14 15 
12 14 

Depth 
From Stres.-;es" (psi) for Steel Percentages of 

Top, 
in. 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.17 

0 
1 

2 
3 

5 

6 
7 
8 
9 

10 

11 
12 

13 

15 

3 

5 
7 

7 

8 
8 

10 
9 
9 
9 
9 

7 

6 
5 

2 

(c) For prism 20 inches thick with steel 6 inches from top 

5 
6 

10 

1 
1 

11 
1 

11 

5 

7 
9 
1 

12 

13 

12 
12 
12 

1 

7 
9 

10 
12 

13 
13 

13 

12 

8 
10 

12 

14 
15 

15 
15 
14 
14 
1 

9 
12 

3 

15 
16 

17 

17 
16 
16 
15 

11 

13 

15 
16 
17 

18 
18 
17 
17 
16 

13 
15 
16 
17 
18 
19 

18 

18 

14 
15 
17 
18 

19 
19 

20 
18 
19 

16 

15 17 18 20 
17 19 21 22 

18 20 22 23 
20 21 23 24 

20 21 23 24 
21 21 24 24 

21 22 23 24 
21 23 24 

20 21 23 22 
20 20 22 23 
18 19 21 21 

9 10 12 3 14 15 5 18 18 19 

6 9 9 12 12 13 13 
6 

5 

strain 

6 
3 

8 
6 
4 

10 10 12 12 
7 7 8 9 9 

5 6 7 7 7 

20% 
of 

residual 

in Table 5; example: for Table lO(a) 

from the top - with p 0.15% and depth incn rrom the top, 
expansion strain after shrinkage in 20% RH= 590 microstrain 

corresponding expansion strain= microstrain (Table 2), corresponding 
expansion stress= 27 psi (Table then divided by 795 27 = 20 
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0 Temperature Difference 5 inches from top 
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4 5 6 7 8 9 10 

Results of heat tests of 
steel percentage of 0.092%. 

Time (hr) 

14 

0 Temperature Difference 5 inches from top 

Temperature Difference 8 inches from top 

Temperature Difference 12 inches from top 

Concrete Strain Difference 4 inches from top 

Concrete Strain Difference 8 inches from top 

Concrete Strain Difference 12 inches from top 

G Steel Strain Difference 5 inches top 

14 in. sq and 16 in. thick 



TABLE 11. - ONE-YEAR SHRINKAGE AS A FUNCTION OF HUMIDITY 

Depth Shrinkage (microstrain) with Relative 
From Top, 

in. lOa 20 30 40 50 60 70 

0 251 238 222 203 183 159 131 
1 216 205 192 176 158 137 113 
2 191 182 171 157 140 121 100 
3 170 162 151 139 125 108 89 
4 154 147 137 126 113 97 80 
5 141 133 124 113 102 88 73 

6 127 120 112 103 92 80 66 
7 114 108 101 93 83 72 59 
8 104 98 92 84 75 54 
9 93 88 83 76 68 49 

10 83 79 74 68 61 43 

11 74 70 65 60 54 39 
. 12 65 61 57 52 47 34 

13 56 53 50 45 41 29 
14 47 44 41 38 34 25 
15 39 36 34 31 28 21 

strains obtained by extrapolation. 

Table 12 shows the stress differences 
strain at each of the 
were calculated the strain 

the strain in 2 and 

(%)of -

the maximum 
tests. Stresses 

12, for 

the concrete stress in None of the stresses in Table 12 is 

Steel strain differences in 12 showed an 
in the direction for 2 hours into 
but thereafter exhibited a dramatic reversal into the 
traction zone and remained there the remainder of 

Table 13 shows how much of the 
sion stresses would remain if a 
were ected to the 
l year, and sustained cold conditions as 
with a maximum strain contraction of microstrain for the whole mass 
of the concrete. Stresses at the steel in Table 13 were obtained 

the contraction strain of 
the residual strain in Table 9 and then the 
Stresses at other were obtained 
tion strain of microstrain from the residual strains in Table 9, 

this difference the expansion strain in 
Table 2, and 
stress in Table in 

remains at all 

29 

com
ra ther severe condi-
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TABLE 12. - MAXIMUM CONCRETE STRAIN AND STRESS 

DUE TO HEATING 

~ 

12 in. 

.5 

I 
53 .5 

I 
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Time 
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TABLE 13. RESIDUAL CONCRETE COMPRESSiVE STRESSES AFTER SHRINKAGE AT 20% RH 
AND AFTER TO EXTENDED COOLING 

Depth 
From Stresses" (psi) for Steel Percentages of -

Top, 
in. 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.17 

0 
1 

2 
3 
4 
5 

6 
7 

8 
9 

10 

11 

12 

0 

2 

3 

4 
5 

6 
7 

8 
9 

10 

12 

13 

3 
4 
5 
5 
5 
6 

6 
6 
6 
5 
5 

4 
3 

2 

3 
4 

5 

5 
5 
5 
5 

4 

3 

(a) For prism 12 inches thick with steel 4 inches from top 

3 
5 

5 

6 
6 
6 

7 

6 
6 
6 
5 

4 
4 

4 
5 

6 
7 

7 
7 

7 

7 
7 

6 
6 

5 

4 

5 

6 
7 

7 
7 
7 

8 
7 
7 

6 
6 

5 
4 

5 
6 
7 

7 
8 
7 

7 

7 

7 
6 
6 

5 
4 

6 
7 
7 

8 
8 
8 

8 
7 

7 

6 
6 

6 
5 

7 
8 
8 
8 
8 
8 

8 
7 
7 

7 

6 

6 
5 

7 

8 
8 

8 
8 
8 

8 
7 
7 
7 

6 

6 
5 

8 

8 
8 
8 
8 
8 

8 
7 
7 
7 

6 

6 
5 

8 

8 
8 
8 
8 
8 

8 
7 

7 
7 

6 

6 
5 

9 

8 
8 
8 
8 
8 

8 
7 
7 

7 

6 

6 
5 

(b) For prism inches thick with steel 5 inches from top 

3 

5 

6 
6 

5 
5 

2 

1 

4 
6 
6 
6 

6 
6 
6 
5 
5 

5 
4 
3 
2 

1 

4 
5 

6 
6 

7 

7 

6 

6 
5 

5 
4 
3 
2 

5 
5 

6 
7 

7 

7 

7 

6 
6 
6 
5 

5 

2 

2 

6 
7 
7 

7 

7 

7 

6 
6 
6 

5 
5 

4 

6 
7 

7 

7 
7 

7 

7 

6 

6 
6 

5 

4 

6 
7 

8 
8 

8 
7 

7 

7 
7 
7 

6 

5 

5 

4 

7 
7 

8 

8 
8 

7 

7 
7 

7 

6 

5 
4 

7 

8 
8 
8 

8 
8 

7 

7 
7 

6 

6 

5 

8 

8 

8 
8 

7 

7 

7 
7 

6 

6 
5 
5 

8 
8 
8 
8 

8 
8 

8 
7 
7 

7 
7 

6 
6 

8 

8 
8 
8 
7 

7 

7 
7 

7 

6 
6 

6 
5 

8 
8 
8 
8 
8 
8 

7 

7 

7 
7 

6 

6 
5 

8 
8 
8 
8 

7 
7 

7 
7 

7 

7 

6 

6 
5 
5 

Depth 
From (psi) for Steel Percentages of -

Top, 
in. 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.17 

(c) For prism 20 inches thick with steel 6 inches from top 

0 2 3 3 4 4 5 6 6 7 7 s 8 
1 3 4 4 5 5 6 7 7 7 8 8 8 

2 4 4 5 5 6 7 7 7 7 8 8- 8 

3 4 5 5 6 6 7 7 7 7 8 8 8 

4 4 5 6 6 6 7 7 7 7 7 7 7 
5 4 5 5 6 6 7 7 7 7 7 7 7 

6 5 5 6 6 6 7 7 7 7 7 7 7 
7 4 5 5 6 6 6 6 7 6 7 7 7 
8 4 5 5 6 6 6 6 6 6 7 7 7 

9 4 5 5 5 5 6 6 6 6 6 6 7 
10 4 4 5 5 5 5 6 6 6 6 6 6 

11 3 4 4 4 5 5 5 5 5 6 5 6 
12 3 3 4 3 4 4 5 5 5 5 6 

13 2 3 3 3 3 4 4 4 4 4 5 5 

14 1 2 2 2 3 3 3 3 3 3 4 4 

15 1 1 1 1 2 2 2 3 3 3 

were calculated as follows: (a) For concrete stresses at the steel depth, 
subtract the cooling contraction strain of 345 microstrain from the steel-depth 

8 
8 
8 
8 
7 
7 

7 
7 
7 
7 

6 

6 
5 
5 
4 
3 

residual strain in Table 9, then x p x example: for Table 3(a) above -
prism 12 inches thick with from the top - and with p = 0. !-5%, 

residua! strain in Table 9 at depth of = 528 microstrain; 528 minus 
183 microstrain; then = (183 x x (0.0015) x 8 psi; (b) 
obtain stresses for other than the steel depth: subtract contraction 
of 345 microstrain from the corresponding residual 

corresponding expansion strain in Table 2, multiply by correspond-
ing concrete stress in Table 5; example: Table 3(a) above, prism 12 inches 
thick with steel inches from the top, at a depth of from the top with 

= 0.15%, residual strain in Table 9 = 590 microstrain, corresponding expansion 
strain in Table 2 795 microstrain, corresponding expansion stress in Table 5(a) 
27 psi; then 590 minus 345 245 divided by 795 x 27 = 8 psi. 



GENERAL 

transverse joint 
feet for slabs thicker 

than inches. Transverse joint the Dallas-Fort Worth air-
(conventional cement concrete) were 50 feet, 

with at each joinL When intermediate was observed, 
joints were sawed at , the effective transverse joint 

25 feet. Pavement thicknesses were 15, 16, and 17 inches. The 
Dallas-Fort Worth for joint of 50 feet rather 

recommended feet that Reference 2 
is intended of j ~~,... ... ~u 

was 

,n Klein 

research in terms of residual 
should be observed that 

were assumed to be the 
taken to be the value after 
severe·since ambient humid

In addition 
resisted; i.e. 

to stresses caused 
should 
lower 

concrete 
Field in Dallas Tex., in 

25-foot lanes) and 14 inches thick 
in which the trans-

of Pavement 
1975, pp. 81-125, 

Jr.' Cement 

Concrete Institute, 1973 pp. 



verse joints were 125 feet 
welded wire fabric cons 

Reinforcement was 6 x 12 
centers 

and transverse no. 3 wires on 12-inch centers, 
ages of 0.13 and 0.03 transverse. three transverse 
cracks have the 125-foot joints in the mile- taxi-
way after several years traffic. The K 
used in construction of 
who the 
above, this cement 
other. 
Field 1 the joint 

. 62 = 202 feet. 
in the Love Field 
age range used 

The 

as the 
been used in Love 

could have been 
0. 

the steel 

concrete in an 
With a 1-mile 

section with transverse joint of 200 feet, there would be 
joints; if at 25 feet, there would be 212 joints. A considerable 

would be realized when the slab is built not to 
about 185 joints, not to 
life of the In 

mention maintenance of 
1979, the incremental 

those 

L 

) cement over 
the above 

cement is 
are considered as well as 

1 the extra cost seems justified. 

CONCLUSIONS 

Based on research data obtained in , expansive concre 
available 

reinforced thick slabs can induce 
sufficient to accommodate 

used in 
concrete compressive stresses of 

tensile stresses caused 
or 

2. these 
at Love Field, Dallas, it that a transverse joint spac-

in excess of 125 feet is and feasible. A of 200 
feet over a of l mile would mean construction and maintenance 

27 joints instead of 212 with 25-foot The cost 
per ton for ) cement seems 

justified. 

RECOMMENDATIONS 

To concrete in a mass and to evaluate per-
of instrumentation, it is recommended that a slab 20 feet wide, 

, and 16 inches thick be constructed at CEL with 
cement a minimum mortar bar ion of 0.05 to 

0.06 The slab will be reinforced with 6 12-inch welded 
wire fabric. 
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A 

PHASE 3: CEMENT 
IN FIBROUS CONCRETES 

Phase 3 involves an of the pra us 
cement in fibrous concrete air-

EXPERIMENTAL PROGRAM 

To some research data on which to base a 
ceed with a full-scale research the 
were used. 

Water-cement ratio . .0.5 

Cement ash .9' and .7 cu 

Fiber content . 1- volume of mix 

River inch maximum size 

size in .12 12 inches 

thickness .6 inches 

Number of .One for each variable total) 

environments and RH 

made with same mix II 
cement 
before 
coated 

was done in the same manner as 
sealed with aluminum foil sides 

PRELIMINARY TEST RESULTS 

test results are shown 
6 inches thick made with cement 

At 1 year of age both 
strain Calculation 

stresses must await determination of the 
which the various fiber 
in A-1 1 use of 
struction of 

A-2 

in A-1 for two 
ash contents of 7. 

sizeable amounts of 
concrete 

for con-

concretes made 
cements. 
flexural 



RECOMMENDATIONS 

To determine the 
content and fiber content for 
to be used in , the 

concretes 
are recommended for the 

research program. 

Fiber contents 

Cement content 

thickness 

environment 

Total number of 

1-1 

6.0, 8.0, 10.0 

4, 6, 8 inches 

50 

162 

RH 

cu 

Research data obtained in this research program will 
for technical for fibrous concrete 

concretes with fewer transverse joints. 
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Figure A-1. Preliminary expansion-shrinkage data for two 1-ft sq 
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A-2. Flexural st 
of fibrous concretes 
with 7.9 and 10.7 
of cement per cubic 

?ft' 



Appendix B 

STEEL EXPANSION STRAINS 

Steel expansion strains are in Figure B-1 for the steel 
used in this A least-squares line is shown, al 

the data are somewhat erratic. The author believes that the welding of 
the bars into fai rigid affects the 
strain (and stress) distribution and makes correlation with concrete 
strains difficult, if not sible. Since concrete strains 
are of primary in this study, the steel strains were not 
included in the of this report. 

Least-Squares Line 

260 

240 -

220 
['.] 

c ['.] 
'@ 200 ['.] 
"' 0 
t: 
g 180 qs c 
0 

·:r. 
c () " 160 Cl-
x -

HO 

120 

() 

0 4 inches from top 

[J 5 inches from top 

/;:,, 6 inches from top 

100'--~---'-~~~·~~-'--~~---'-~~-'--~~-'-~~-'--~~-"----~--'-~~""-----~"----~'--~-~ 
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Steel (%) 

Figure B-1. Steel expansion strains after 28 days of curing. 








