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INTRODUCTION

Historically, the determination of transverse joint spacing in
portland cement concrete airport pavements has been dictated by .con-
gidevation for shrinkage, température, warping and curling stresses; and
subgrade friction. The present Federal Aviation Administration (FAA)
practice of using transverse joint spacing of 25 feet has resulted from
a combination of mathematical design calculations and obgervance of
field performances of several joint sgpacings through the vyears. It is
well known that councrete is weak in tension; therefore, either the
concrete must be rveinforced toé hold cracks together or to provide
flexural beam strength, or the "pieces’ of concrete must be limited to
size or length to preclude formation of severe cracks due to . shrinkage
or temperature changes (which cause curling or warping stresses).

The purpose of using expansive concrete in airport pavements is to
induce sufficient compression into the concrete before it is placed in
seéyvice Lo enable it to undergo the expected stresses without distress.
This research was undertaken to provide quantitative values for residual
concrete compressive stresses in lightly reinforced, thick, concrete
slabs using shrinkage-~compensating expansive. concrete. These residual
compressive stresses; in turn, are used to determine extended transverse
joint spacings for slabs made with expansive coicrete.

Succegsful utilization of any of the expansive cement concretes
depends upon the amount and type of resistance to the expansion of the
concrete. An expansive cement concrete in which no resistance is pro-
vided to the expansion shows greatly reduced mechanical properties.  In
the language of the expansive cement industry, the registance Lo expan-
sion is called "restraint." Restraint can be either external, as in the
case of rigid framework, or internal, in the form of reinforcing steel
or mesh.  Some degree of restraint can also be. provided by such forces
as subgrade friction and by abutting structures. In the case of rein~
forcing steel br mesh,; the developing boad strength provides the neces=-
sary restraint to expansion. Expansion of the concrete, resisted by the
steel, places the steel in tension. This, im turn; places the concrete
in compression, much as in prestressed concrete; generally speaking, the
more the restraint (percent of reinforcement), the less the expansion
and the more the induced compression in the concrete. Most field instal-
lations of shrinkage-compensating concretes have utilized successfully
the amount, kind, and position of reinforcement required for the given
structure.

Since little or no research had been done on expansive concretes .in
thick, lightly reinforced slabs, it was decided to limit the prismatic
specimen thickness to 8, 12, 16, and 20 inches but to include many steel
reinforcement percentages. Test results would then enable development



of a usable relationship between residual compressive stresses and steel
peércentage -for pavement slabs up To 20 inches thick.

BACKGROUND

The FAA outlined an engineering and develcopment need to determine
the suitability and practicability of utilizing expansive cement con~
cretes in construction of civil ailrport pavements. The benefits antici-
pated from the use of expansive cemenl concretes include: rediced number
of joints and increased strength and durability. The Engineering Require-
ment divided the program into two paris: Phase 1, Evaluation of Past and
Current Investigation; to include plaus for asccomplishing needed research;
and Phase 2, Laberatory Experiments and Analvses.  The stated objectives
include material specifications for expansive cement concretes and rela~
tionships between joint spacings and all factors influencing the spacing.
The Civil Engineering Laboratory (CEL)}, Port Hueneme, Calif., contracted
to accomplish the research. “Results of the Phase 1 ipvestigation were
presented in Reference 1. Preliminary results and recommendations for
future research on Phase 3, Shrinkage Compensating Cement in Fibrous
Concrete, are presented inm Appendix A.

EXPERIMENTAL PROGRAM ~ PHASE 2

The experimental program utilized to furnish reseavch data to
enable accomplishment of the objectives is summarized in Table 1 and
outliined below. , ,

Slab-type Prismatic Specimeus
To' provide basic research data which incorporate the unique thick-

ness and mass of airport pavements, slab-type prismatic specimens were
utilized as follows.

1. 12 by 12 inches in plan 2.0 1 by 14 odinches in plan
a. & dinches thick a. 16 dinches thick
b.. 12 inches thick ‘ b. 20 inches thick
¢, 316 dnches thick
d. . 20 inches thick

o

To simulate & full-size concrete slab exposed to the elements only at
the top, all surfaces except the top were sealéed with a butyl coating to
prevent escape of moisture. Figure 1 shows some of the prisms in one of
the drving environments.

1. Keeton,; John R., “ShrinkégEWC@mpemsating Cement for Airport Pavement,"
Federal Aviation Administration Report No. FAA-RB-75-89, June '1975.



Instrumentation and Measurements

Both steel and concrete strain were measured with electrical resis-
tance strain gages as soon as practicable after casting of the concrete.
Steel strains were measured with weldable gages and concrete strain with
embeddable strain gages. Strain gage readings were recorded initially
on an automatic electronic data logger and, subsequently, on a portable
strain indicator. Strain test data are reported in microstrain (i.e.,
Hin./in.). On 'some of the figures, strain is alsoc shown in percent.

¢ Reinforcing Steel - Smooth, Welded Wire Fabric

Smooth, welded wire fabric in several typical sizes and grid spacings
were used as reinforcing steel in the experimental prisms, as outlined
in Table 1. One of the 6 by 6-inch welded wire fabric pieces instrumented
with a weldable strain gage is shown in Figure 2. Imn accordance with
FAA procedures (Ref 2)9 welded wire fabric was placed in each prism at a
depth equal to one-fourth of the thickness plus 1 inch, measured from the
top. For example, for a 16-inch-thick prism, the steel was placed at
(% x 16) + 1 (i.e., 5 inches) from the top. Welded wire fabric sizes
used in the study were the only ones available in small quantities.

Embeddable Strain Gages

Gages for measuring concrete strain were an embeddable type consist-
ing of a single wire about 5 inches long, cast in plastic. One of the
gages is ‘shown in Figure 3. 'In all prisms, embedded strain gages were
placed at one-fourth and three~fourths of the thickness, measured from
the top. For example, for a prism 16 inches thick, embeddable gages were.
placed ¥ x 16 ~ or 4 - inches from the top and 3/4 x 16 - or 12 - inches
from the top. Later in the study, some prisms also had embeddable gages
1 inch from the top and at mid=depth.

Curlng

Following final set, the experimental prisms were cured under wet
burlap for 24 hours, when the sides were sealed with a butyl rubber
coating and 4 piece of wet burlap placed over the top surface. The wet
burlap was then covered with sluminum foil for a total curing period of
28 days. Typical field-slab curing would probably be with a curing com-
pound which would erode away gradually by exposure to the elements and
to tratfic. To enable the top surface of the concrete prisms to be free
to emit malsture (shrink), it was decided not to use a curing compound
in this study. The burlap, saturated with water when placed on the top
of the prism, gradually dried over the next 27 days, simulating the
action of a curing compound. At 28 days, the prisms were placed in a
drying environment. Figure &4 shows some of the prisms during the
curing period. ' : ' E

2. Federal Aviation Administration, Advisory Circular 150/5320-6B; Air-
port Pavement Design and Evsluation, May 28, 1974, pp. 73, 74.
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“igure 2. Typical 6 by 6-inch welded wire fabric instrumented
with weldable strain gage o ‘
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TABLE 1. RESEARCH PROGRAM

Prism Size, in.

Welded kWir’e Fabric

Aggregate Steel Number of Prisms in
Plan Thickness Typea Section; in: Wire Size? Percentage® Fach Storage Humidityd

12x12 8 L 6x6 No. 3 x No. 0.098L,T 1-56,1-75

12x 12 8 R 6 %6 No. 3 x No. 0.098L,T 1-50,1-75

12x12 12 L None None 0.0 1 =50

12 x12 12 L 65%6 Nor3 x NG 7 0.065LT =50

No. 2x No. 0.075L.T 1=50,1-75

o x /0 0.103L,F =50
2/0:x2/0 0119178 1~50
3/0x3/0 i 0343017 250
4/0'x4/0 01691, =50

12x 12 12 R 6x6 No: 2w No. 0.075LF ' P=50,1~75"
1/0x 170 0.103L,T 1=50,1~-75
3/0 x3/0 0443 T 1-50 :

12x12 16 L None . None 9.0 150

12x12 16 L 6X6 No: 2 x No. 0.056L,T 1 =50
1/0x1/07 007701 1-50
370x3/0 G 1071 2 =50, 1~=75
5/0%5/0 0.152L,T 2-50,2-75

12x 12 16 R 66X 6 170x:1/0 0:.077L,T 1-50,1-75
5/0 % 5/0 0.152L,T i~50

12x12 20 L None MNone 6.0 1.=50

12 x12 20 L 6%6 2{0% 2/0 0.07251,T 1=~50 ;

40 % 410 0.102L.T 2=50,1=75

5/0 x 6/0 0.139L,T 2-50

12 x:12 20 R 6 X6 4/0 x4/ 010251, 1'~'50, 1.=75

14 %14 16 L None None 0.0 1-50

14 x:14 16 L 6x12 No: 2 x No: 0.072L,0.056T - 1~50

14 x 14 16 L 12x12 3/0x 3/0 0.092LT | 1-50,1-75

14 x 14 16 L 6x12 1/0%2/0 0.099L, 0.077T 1-50
/0 X470 0.099L,; 0.1097T 1=50,1~75
370 x4/0 0.138L,/0.109T 2:=50

14 x 14 16 L 12 x12 710X 710 G.169LT 1-50

14 x 14 16 R 12 x12 3/0x 3/0 0.0921.,T 1=50

14 x 14 16 R 6x 12 T/ x 470 0.099L,0:109T 1~50

14 x 14 20 R 6x:12 2/0 x 470 0.098L,.0.087T 1=50

“1. = Bridgeport crushed limestone coarse aggregite and Trinity River'sand from Texas.
R = tiver gravel and sand from Southern California.

bWelded wire sizes shown are steel wire gauge designations.

“Steel percentage = stec] wire cross-sectional area divided by the total cross-sectional area of the concrete

multiplied by 100,

dStorage humidities were 50% and 75% RH, both at 73°F.




Figure 3. Typical embeddable strain gage.

Figure 4. Prismatic slab=type. speciméns being cured.



Shrinkage Environments

Following the 2B8~day curing period during which concrete expansion
and concrete precompression due to steel restraint were o¢btained, the
prisms were exposed to drying shrinkage and loss of precompression in
either 50% relative humidity (RH) or 75% RH, both at 73°F, for a total
period of 365 days.

Strength Properties

Cylinders and beams were made with expansive concretes used in the
test program to establish compressive and flexural strengths as well as

Young's meduli.

Concrete Mix Design

The concrete mix design used in this study was FAA Class A Paving
Concrete (Ref 3), which utilizes 5.8 bags of cement per cubic yard (545 1b)
and 5% to 7% air entrainment:

Aggregates

Two high quality agpregatés were used in' this study: (1) Brldgepert
crushed limestone coarse aggregate and Trinity River sand from Texas used
in construction of Dallas-Fort Worth Airport, and (2) river gravel and
sand from Southern California. ~All-aggregates conformed to gradations
specified by FAA (Ref 3). Maximum size of coarse aggregate was 1-1/2
inches.

Cements

The shrinkage-compensating cements used in this study were. ChemComp®
(ACI Designated Type K), made by two of ‘the five companies licensed to
produce the cement.  Mortar bar expansions {(Ref 4) after 7 days averaged
420 microstrain (0.042%) and 590 microestrain (0.059%) for these two
cements. A new standard for expansion of shrinkage-compensating concrete
has recently been adopted by ASTM {(Ref 5}.

Concrete Strengths

Flexural strengths of shrinkage-compensating concretes used in: this
study averaged 750 psi and 800 psi for 28~ and 90~day ages, respectively;

3. Federal Aviation Administration Advisory Circular 150/5370-10, Stan-
dards for Specifying Counstruction of Airports, October 24, 1974, p. 332.
4. American Society for Testing and Materials. @ Standard Test Method for
Restrained Expansion of Expansive Cement Mortar, ASTM C806-75.

5. . Standard Test Method for Restrained Expansion of Shrinkage-
Compensating Concrete, ASTM C878-78, Vol° 14, 1978, pp. 547-550.
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corresponding Young's moduli-and compressive strength were 4.0 x 10 and
4.2 x 107 psi and 5,180 and 6,030 psi, respectively.

Temperature Effects

In-addition te being instrumented with strain gages, one of the 14
by l4-inch prisms 16 inches thick contained thermocouples placed at the.
following depths, measured from the top: -5, 8y and 12 inches. After 1
year of shrinkage in 50% RH, this prism was subjected to heating teésts
and to cooling tests to determine these thermal effects upon residual
concrete Compressive straing.

TEST RESULTS
Concyete Expansion

As indicated above, two different Type K cements were used in this
study.  One of the two cements provided an average of 38% more expansion
during the curing period than did the other. Since, ordinarily, higher
expansion means higheyr induced compressive stresses; the results pre-
sented below are those with the cement having the higher expansion only.
Differences in shrinkage strains of the two concretes were found to be
ingignificant:

As dindicated in Table 1, 53 prisms of four different thicknesses
and with geveral different levels of reinforcement were involved in' the
program. At the outset, it was decided to have many different steel
percentages rather than to have multiple prisms at just a few steel
percentages. In only a few cases were twoe prisms constructed with the
same parameters. Four prisms were made with no steel reinforcing in
order to establish the unrestrained expansions for the four different
prism thicknesses. ,

Close examination of all expansion data revealed that the depth of
the steel from the top-did pot significantly affect the magpitude of the
concrete expansion strains at any given depth from the top: . In other
words, for a given steel percentage; whether the steel was at 4 inches
from the top (as in a prism 12 inches thick) or & inches from the top
(as in a prism 20 inches thick), the concrete expansion strains at the
measured depths had the same order of magnitude. ‘For this reason; Ccon-
crete expansion strains at several depths frowm the top, shown in Figure
5, ‘apply irrespective of ‘the prism thickness (or depth of steel).
Least~squares lines were ‘calculated for each depth from the top surface.
Least~squares expansion strains from Figure 5 'were nsed to establish the
strain~depth relationships shown in Figure 6. Curves similar to those
in Figure & were constructed for all of the steel percentages at 0.01%
intervals: between 0.05% and 0. 17% as well as for 0%.  As-indicated in
Figure 5(d); expansion strains for the top surface of the prisms were
obtained by extrapelation.  The influence of the concrete mass ig evi-
denced by the decrease in expansion strains from the free top surface
toward the bottom.  Anctheyr contributing factor to higher expansion
strains in the top porticn is that the wet burlap applied to the top
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depth from top surface for selected steel percentages.

surface provided better curing conditions, thus more expansion. - Con-
crete expansion strains for all pertinent steel percentages and depths
from the top surface are shown in Table 2.

In reinforced expansive concrete, compressive stresses induced by
concrete expansion are calculated as follows (Ref 6):

A
s

Average stress in concrete (f R SN Sl o U = &K x E

g : ( c) C AC s C p s

where €. = expansion-strain in the concrete

E

< Young's, modulus of the steel (taken in this report as

29 x 10" psi)

6. ~American Concrete Institute. Recommended Practice for the Use of
Shrinkage-Compensating Concrete,; ACI Standard 223~77, 1977.
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AS = cross—sectional area of steel
Ac = cross=sectional area of concrete
AS/AC = p = steel ratio

For simplicity,; it will be assumed that the concrete stresses calculated
with the above equation are correct only at the location or depth of the
steel. ~Since the welded wire fabric in this study was at different
depths in prisms of different thicknesses, and since concrete strains
were not measured at the depth of the steel, it was necessary to determine
the concrete expansion strain at the appropriate depths of steel; i.e.,
at ‘4, 5, and 6 inchés from the top surface. These expansion strains are
shown in Table 2.

Since it is the resistance of the steel to Lhe expansion of the
concrete which induces theée concrete compression, the wvalue of induced
concrete compression must be highest at the steel depth and must diminish
above and below that depth. On the other hand, for a given steel per-
centage; the stated equation indicates that as the concrete strain
increases, so does the concrete stress. Table 2 shows that for any
steel percentage, the expansion strains increase in magnitude above the
steel depths of éither 4, 5, or 6 inches. Indiscriminate use of the
equation with these higher strains would result in higher compressive
stresses at the top than at the steel depth, which has already been
shown to be incorrect.

The solution to this dilemma involves ‘application of the fundamentals
of expansive concretes. If an expansive concrete is unrestrained (con=
tains no steel) and is thus free to expand with no restraint, no concrete
compression is induced.  In an expansive concrete containing steel; the
induced concrete compressive stress is also a function of how much of
the "free' or unrestrained expansion the steel prevented from occurring.
The- expansiocn strains which the steel prevented from occurring can be
calculated from Table 2 by subtracting the expansion strains for a given
steel percentage from the unrestrained expansion strains in the steel
percentage column headed 0.00. Table 3 is a compilation of these strains.
For example, referring to'a steel percentage 6f 0:10% at the top surface
in Table 2, the expansion prevented by the steel is 1,190 minus 995 (or
165 ‘microstrain), as shown at the top of the 0.10 column.in Table 3.

When the strains in Table 3 are divided by the unrestrained expansion
strains found in the 0.00 steel percentage column of Table 2, the
resulting ratio 1 a measure of the relative effectiveness of the steel
to induce compression in the concrete at a given depth from the top.
These ratios are presented in Table 4. For example, for steel percentage
of 0.15% and a depth from the top of & inches, prevented expansion

strain (Table 3) is8 340 microstrain, and unrestrained expansion §train
for a depth ¢f 4 inches (Table 2} is 1,015 microstrain; the ratio, them,
is 340 <+ 1,015 = 0.33, a¢ shown in Table &.

Concrete compressive stresses resulting from expansion (induced)
are shown in Table 5 for prisms 12, 16, and 20 inches thick. Referring
to Table 5(a) for a prism 12 inches thick, the steel is at a depth of &
inches from the top. As stated above, the concrete stresses at the
depth of the steel are computed by using the equation fc =E xXpR Es'

11



For ewample, with a steel percentage of 0.15 and a depth of steel of

4 inches, expggsi@n strain from Table % is 675 microstrain; then

£ = (675.x 10 ) % (0.0015) x (29 %x-167) =29 psi. By the reasoning
presented, concrete stresses above and below the steel depth should be
lower than those at the steel depth. These stresses are calculated for
one steel percentage at a time by dividing the ratioc of prevented to
unrestrained expansion strain (Table 4) for depths from the top other
than the steel depth by the ratio of prevented to unrestrazined expansion
strain at the steel depth and multiplying by the concrete stress at the
steel depth (Table 5). For example,. for a steel percentage of 0.15% at
a depth of. 1 inch from the top, the ratic of prevented to unrestrained
expansion {Teble 4) = §.31; the corresponding ratio at a depth of steel
of 4 inches is equal to 0.33; according to Table 5(a), the concrete
stress ‘at steel depth of 4 inches is equal to 29 psi; then 0.31 + 0.33 x
29 = 27 psi compressive stress as indicated in 0.15 column, 1 inch from
top, of -Table 5(a). : '

Examination of Table 5 reveals that the stresses above and below
the steel depth are not always lower than the stress at the steel depth,
but the analysis and reasoning behind the computations are believed to
be sufficiently accurate since the quantitative variations.are slight.
Determination of realistic transverse joint spacing is dependent upon
the residual concrete expansive stresses after all expected losses have
occurred.

Steel Expansion

Measured steel expansion strains; due to: the unique rectangularb
rigid shape caused by welding, were rather erratic and varied over
rather wide ranges. Results are presented in Appendix B.

Concrete Shrinkage

Following the 28~-day curing period, the foil and burlap were removed
from the top of each prism and the prism was transferred to a drying
environment, either 50% or 75% RH. As indicated in Table 1, most of the
prisms were placed in 50% RH because it would cause higher shrinkage
strains: than the 75% RH and thus would be more severe in terms of reduc-
tion of expansion stréesses. Typical shrinkage data for a steel pércentage
of 0.056% are shown in Figure 7 at selected depths from the top surface.
As with the expansion strains, the shrinkage strain data versus depth
from:the top surface were not significantly affected by the depth of the
steel; i.es; by the prism thickness. Table 6 is a compilation of the
shrinkage straing for prisms with steel percentages of 0.056%; 0.107%,
and 0.169%; the quantitative strain differences among the three steel
percentages are very slight. Bince the shrinkage strains din the prisms
with steel percentage of 0.056% are slightly higher than the others near
the top surface, these values are used in subsequent calculations.

Figure 8 shows shrinkage strains versus depth from the top surface. As
with the expansion:strains) thege curves, together with curves such: as
those shown in Figure 7, permit the shrinkage strains at the top surface
to be determined by extrapolation.

12
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TABLE 2. - CONCRETE EXPANSION STRAINS AFTER 28 DAYS OF CURING

Depth Strains (microstrain) for Steel Percentages of —
From Top, - :

. 0.00 0.05 0.06 0.07 0.08 0.09 1010 | 611 | 012 | G.13 | 0.14 | 0.15 | 0,16 | 0.17
0 1,190% | 1,1207 | 1,0957 | 1,0707 | 1,045% | 1,0207 | 9957 | 965% | 935% | 910° | 880% | 850° | 820° | 79¢°
1 1,145 | 1,040 11,020 995 1..970 .| 945 1920 895 1870 |845 820 |795 |770% | 740°
2 1,100 975 950 925 905 . 880 | 855 | 835 | 810 790 [770 |[745 |725% | 705¢
3 1,055 915 890 865 845 825 | 800 | 780 | 760 740 725 |705 |685% | 670°
4 1,015 870 845 820 800 780 1760 | 740 | 725 | 705 1690 |675 |660° | 645¢
5 975 825 805 780 760 |0 740 | 725 1705 1690 675 665 [650 |633% | 6257
6 940 790 765 745 725 710 | 695 675 | 665 1650 640 |630 |620° | 610°
7 900 760 735 720 700 685 | 670 655 | 650 1635 625 |615 |605% | 5957
8 865 735 715 695 680 665 | 650 | 640 | 630 |620 |610 [600 | 590 | 5857
9 830 705 690 670 660 645 1 635 625 615 1605 1600 |590 | 585" | 575°
10 795 685 670 655 645 635 | 620 615 605 1600 590 580 |575% | 5707
11 760 665 650 640 630 625 1610 | 605 | 595 590 580 |570 | 5657|5657
12 725 650 640 630 620 615 1605 [ 600 | 590 585 |575 |565 |3560% |555°
13 695° 635 625 620 610 605 1 595 | 595 | 585 580 |575 1365 |560% | 555¢
14 660° | 625 615 610 605 600 1595 | 590 | 580 |575 570 560 |555% | 550°
15 6307 610 605 605 600 595 1590 1585 | 575 570 570 [560 |555% | 550¢

“These expansion strains were obtained by extrapolation.




TABLE 3. — CONCRETE EXPANSION STRAINS PREVENTED BY THE STEEL

Depth Strains® (microstrain) for Steel Percentages of —
From Top;

(in.) 0.05 0.086 0.07 .08 0.09 0.10 0.11 G121 4.13 G.14 0.15 0.16 0.17
0 70 95 120 145 170 195 225 255 280 =310 340 370 409
1 105 125 150 175 206 225 250 275 300 325 350 375 405
2 125 150 175 195 220 245 265 290 330 330 355 375 395
3 140 165 190 216 230 255 275 295 315 330 350 370 385
4 145 170 195 215 235 255 275 290 310 325 340 355 370
5 150 i70 195 215 235 250 270 285 300 316 325 340 35¢
i & 150 175 195 215 230 245 265 275 290 300 310 320 330
= 7 140 1653 180 200 215 230 245 250 265 275 285 295 305
3 130 15¢ 176 185 200 215 225 235 245 255 265 275 280
9 125 140 160 170 185 195 205 215 225 230 2490 245 255
10 110 125 146 i50 160 175 180 150 195 205 215 220 225
11 95 110 1261 130 135 150 155 165 176 180 180 199 195
12 75 a5 95 105 110 126 125 135 140 150 160 165 17G
13 60 70 75 |~ 85 90 106 100 110 115 120 130 135 140
14 35 45 50 55 60 65 70 30 a5 90 100 105 110
15 20 25 25 30 35 40 45 55 60 60 70 75 80

“Obtained from Table 2 by subtracting the expansion strains for a given steel percentage and depth from the top from the unrestrained

expansion (steel percentage = 0.0) at the same depth; example: fora depthof 4 inches from the top, unrestrained expansion =-1,015

microstrain (Table 2) and for p = 0.15%, the expansion strain = 675 microstrain (Table 2); then the expansion prevented by the

steel = 1,015 minus 675 = 340 microstrain:




TABLE 4. -RATIO OF PREVENTED EXPANSION TO UNRESTRAINED EXPANSION

Depth Ratios® for Steel Percentages of —
From Top,

in. 0.05 1 0.06 | 007 | 008 | 009 | 0.10 | 011 J 012 | 013 | 0614 | 015 | 0.16 | 0.17
e 0.66 | 6.08 | 010 1012 | 0.14 |} 0.16 | 019 | 021 | 024 | 0.26 | 029 | 031 | 0.34
1 0.09 | 011 1013 {015 {617 {020 022 | 024 | 026 | 028 {031 | 033 | 035
2 011 1 014 | 616 | 0.18 | 020 | 022 | 024 | 026 | 028 | 030 | 032 | 034 | 036
3 0.13 1 016 1018 | 020 {022 | 024 | 026 | 028 | 030 | 032 | 033 035 | 036
4 6.14 1 017 1019 1021 1023 1025 027 029 | 031 | 032 [ 033|035 | 0.36
5

0.15 1 0.17 1 0.20 | 0.22 | 0.24 | 0.26 | 028 | 029 | 0.31 0.32 1 0.33 0.35 0.36

W & 0.16 | 0.19 |-G.21 0.23 0.24 | 0.26 | 0.28 | 0.29 | 0.31 .32 1 033 | 0.34 | 0.35
7 0.16 | 0.18 {020 | 022 |024 | 026 027 |028 | 0291 031 032 1 0:33 0.34

8 0.15 1 017 1020 1 0.21 0.23 | 025 1026 | 027 | 028 { 029 | 0.31 0.32. 1 0.32

g 0.15 | 617 [ 019 1020 1022 | 0.23 0.25 | 0.26 | 0.27 | 028 | 0.29 | 0.30 | 0.31

10 .14 | 016 [ 0.18 | 0.19 | 020 [ 0.22 023 6.24 |- 025 | 026 | 0.27 | 0.28 | 0.28

11 0.12 { 0.14 | 016 {017 |0.18 | 020 020 | 022 | 022 | 024 | 025 .26 | 0.26

12 010 1012 10613 | 014 [ 015 | 017 {017 [ 019 [ 019 | 021 {022 | 0.23 0:23

13 0.09 010 {01 1012 013 | 014 | 014 016 | 017 | 017 1 019 | 0.19 | 0.20

14 0.05 1007 1008 | 008 009 |010 {011 {012 | 013 | 0.14 | 015 016 1 0.17

15 0.03 0.04 1004 | 005 1006 {006 007 1009 0101 010 | 011 0.12-1.6.13

a ) .
Cbtained by dividing the prevented expansion strain in Table 3 by the corresponding unrestrained expansion strain (p = 0.0%) in Table 2:
example: for p = 0.15% and depth from top of 4 inches, prevented expansion strain = 340 microstrain (Table 3), unrestrained expansion
strain =-1,015 microstrain (Table 2), then ratio = 340 divided by 1,015 = (.33,
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TABLE 5.

- CONCRETE COMPRLESSIVE STRESSES DUE TO EXPANSION

Depth Depth
From Stresses” (psi) for Steel Percentages of — From Stresses” {psi) for Steel Percentages of —
Top, - Top, -
i 10,05 6.06 0.07 0.08 0.09 0.10°6:11 0.12 013 G.14 015 0.16 . 0.17 “in. {0.05.0.06 0.07 0.68 0.09 0.10 G.11 0.12 G.13 0.14 0.15 0.16 .17
{a} For prism 12 inches thick with steel 4 inches from top (c) For prism, 20 inches thick with steel § inches from top
o 6 7 9 1triZc 14017 0 1800210230025 0 27 0030 o 4 [ 7 910 1z 15 1719 21 2400 2600 29
1 81100 12 1415 18 .20 21223 24 227 29 0731 1 & 8 9 113 15 17 o019 2000230025028 30
2416 12 14 16 17190 21 22 24 -26. 28 30 32 2 g: 1011 13 15 01719 2% 222426, 29 31
3oyviz 14 16 18019 210 23 240 0260 28 0 2931 32 3 9. 12013 15 16 18- 2000220 23 0260 270300 31
4113 15 17 19920 22024 25 27 28029 31 32 40100 13 14 0160 17 19 21 00230 24 00260 2700 300 031
5ol14. 15 18 20- 21 23 .25 25 27 28 129 31 32 5 110 14 16 18 20 22, 23 24 26 .27 30 31
6 14 17 19 2102y 2325 25. .27 2829 306 31 5 11 14015 =17 0 18. -2 22 23 242026 27 - 29 30
7 14 16~ 18 20 21 23..24 24..25 .27 8 .29 .30 7 11314 16 1 2000 21 .22 22 .25, 26028 29
2] 4. 15 & 19 20 22 23 .23 . 24 25 .27 28B. 18 8 10 13 14 16 17 .19 20 2% 22 024 25 27 27
¢ pi4 15 17 180019 200 122 22024024 25 27028 9110 13014 150 16180 20 210 210230 2402627
1601137 14+ 16 1717 19220 2122 023 024 25725 10: 16 1200033 - 3400 15007+ 18 0019 192021022024 24
1111y 120 14 1516 18018 190019 0 ZELZ2 0 23023 11 8 100 11 130 14 15 1617 170200 2000 220 2%
12 9. 1ie 12 13013 1515 16 - 1718 0 19 2067 20 12 7 9 10 10 11 13 13- 15 %15 17192020
13 & 7 8 910 1t 11 1301314 160160 17
(bY For prism 16 inches thick with steel 5 inches from top 14 3 5 & 6 2 8 G100 10 1 120 1 s
15 2 3 3 4 4 5 6 7 8 b 910 11
0 4 7 8. 10011 1315 17190220025 - 260029
1 7 9. 10320 13 16 17 020 21 024026 - 27 0 30 “Stresses were caleulated as follows: (a).For concrete strgss at-the steel depth,
2 9. 12 13 15 16 18 .19 22 23 25027 .28 31 obtain the expansion strain from Table'2 and then = ¢, x p x E_; example:
3ojlo 1z 14 160017 190020 23 024 27 0 28 290 31 for p=0.15% and 'steel depth of 4 inches (prism 12 m«.hps thick), expansxon
4 1% 14 15 17 18 20 21 .24 25027 .28 29 . 31 strain = 675 microstrain {Table 2), then f ={6F5% 10_6) X {00015 x
5412 14 16 18 19 21 22 24 (2527 © 28 29 31 (29 x 108) = 29 psi; (b) To obtain stresses for other than the steel’depth: for
6 13- 16 17 719 °19 21 22 24 °.25 27 28 28 30 a given steel percentage, divide the ratio of prevented to unrestiained expansien
7 137718 16 18719 210021 9230023 026 na7 0 200 for depths other than the steel depth (Table 4) by the ratic of prevented to
8. 112 14 16 17 18 202022 23 . 24 26 27 28 unrestrained expansion for the steel depth and multiply by the concrete stress
¢ 112 1415 1l 17 019 200 2223 24 35 25 5% at-the steel depth calculated under (a) above; example: for Table 5(a)~ prism
10 11100713914 18 16 - 18 18200 200 22023 23 04 12 inches thick with steet at 4 inches from the top - at p = 0.15% and fora
i1 61 G e 16 e e ~21 5355 gespith of-1 inch frc?m the'top, ratic of prevenfed to unresFramed expansion =
” .31 (Table 4), ratio of prevented to unrestrained expansion at a steel depth
12 87100 10,711 - 120,714~ 15 16 15 187 19,71 20 f 4 inches = 0.33 (Table 4); calculated concrete stress at steel-depth of 4 inches
13 |7 8 9 1o 10 11 11 13 14 14 16 16 17 o Coootens 2 pra.o ‘
9 psi(see(2) above); then concrete stress for p'="0:15% and depm of 1inch
14 {4 6 -6 7708 910 100 12013 1300 =0.31 divided by 0.33 and multiplied by 29 = 27 psi.
15 Z 3 3 4 5 5 6 7 8 g 9 - 10 - 11




TABLE 6. - SHRINKAGE STRAINS IN 50% RH

percentage of 0.0567.

17

Shrinkage Strains (microstrain) for —
Depth
' From 50 Days 100 Days 200 Days 365 Days
’I;OP’ With Steel Percentages of —
n. ] ‘
0.056 1 0.107 1 0.169 | 0.056 | 0.107 | 0:169 | 0:056 | 0.107 1 0:169 1 0.056 1 0:107 0:169
0 130 134 131 167 165 161 179 175 171 183 180 175
1 112 117 118 143 144 144 154 153 153 158 157 157
2 97 104 107 126 128 130 136 137 139 140 1411142
3 86 92 96 112 115 118 121 124 126 125 127 129
4 75 82 87 101 103 107 110 111 114 113 115 117
5 67 74 78 91 93 96 99 101 103 102 104 107
6 60 66 76 82 84 87 90 91 94 92 94 97
7 53 58 63 73 75 78 81 82 55 33 85 38
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 61 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 46 47
13 24 23 23 34 32 33 39 37 37 41’ 39 4G
14 21 18 17 29 26 26 32 30 30 34 33 32
15 17 13 12 23 20 26 26 24 23 28 26 25
T T T A
o Inches From Top Sutface
=201 5 o
T - 40 7
2. 6o .
] bl g ]
g =~ 80
£ 100 .
E 4
& 1200 =
<140 i L 7
L i
1607
N AUESSRS IESNEN CRNPS Lt DED T | R R
2830 . 40 . 50607080 90:100-- 150 200250 300 365
Total Time (days) &
Figure 7. Typical shrinkage strains in 50% RH with stee]
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Figure ‘8. Shrinkage strains versus depth in 507 RH for prisms
with steel percentage of 0.056%.

Residual expansion straing aftev shrinkage for 365 days in 50% RH
are presented in Table 7. Residual compressive stresses are shown in
Table 8 for prism thicknesses of 12, 16, and 20 inches. Computation of
the stresses at the steéel depth is by the eguation £ = ¢ x p xE |, as
before; the residual strains shown in Table 7 at steél degths of @f 5,
and 6 inches are used to calculate the corresponding stresses at the
steel depth for Table 8(a), (b}, and {c). Stresses at depths other than
steel depth are obtained by multiplying the residual stress at the steel
depth by the ratio of the residual strain after shrinkage to the expan-
sion strain at corresponding depths and steel percentages. For example,
for a prism 12 inches thick with steel 4t &4 inches from the toyp, the
residual strain for a steel pevcentage of 0.15% and 1 inch from the top
ig 637 microstrain (Table 7); the corresponding concrete expansive.strain
is 795 microstrain {Table 2); corresponding concrete expansive stress
from Table 5(a) is 27 psi; then residual compressive stress at 1 inch
from the - top surface with steel percentage of 0.15% dis 637 + 795 x 27 =
22 psi, as shown in Table 8{a). Conparisons of stresses in Table 5 and
Table 8 indicate that shrinkage after 36% days in 50% RH causes 2 max-
imum concrete compressive stress loss of only 7 psi at the top surface
with a steel percentage of 0.17%; most other losses ave less than 7 psi.

Typical shrinkage data obtained in 75% RH are shown in Figure 9 for
three different depths from the top. Since shrinkage strains in 75% RH
are not as high as in 50% RH and, therefore, would not réduce the induced
compressive stresses as much, né attempt was made to calculate residual
concrete stresses in 75% RH. On the average, shrinkage strains in 75% RH

were about:37% less than those in 50% RH (S?% = 0.63 SSQ),
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TABLE 7. - RESIDUAL EXPANSION STRAINS AFTER SHRINKAGE FOR 365 DAYS IN 50% RH

6T

Depth Strains® (microstrain) for Steel Percentages of —
From Top,

in. 0.G5 0.06 Q.07 0.@8 .09 0.10 0.11 0.12 0:13 0.14 0.15 0:16 0.17
] 937 912 887 862 837 812 782 752 727 697 667 637 607
1 882 862 837 812 787 762 737 712 687 662 6371612 582
2 235 810 | 785 765 740 715 695 670 550 630 605 585 5635
3 79G 765 740 720 700 675 655 635 615 600 580 560 545
4 757 732 707 687 667 647 627 612 592 577 562 547 532
5 723 703 678 658 638 | 623 603 588 573 563 548 533 523
6 698 673 653 633 618 603 583 573 558 548 538 528 518
7 677 652 637 617 602 587 572 567 552 542 532 522 512
8 660 640 620 605 590 575 | 565 555 545 535 525 515 510
g 637 622 | 602 592 577 567 557 547 537 532 522 517 507
16 624 609 594 584 574 559 554 544 539 529 519 514 509
11 611 596 586 576 1 571 556 551 541 536 526 516 511 511
12 603 593 583 573 568 558 553 543 | 538 528 518 513 508
13 594 584 579 569 564 554 554 544 539 534 524 519 514
14 591 581 576 571 566 561 556 546 541 536 526 521 1:516
15 582 577 577 572 567 562 557 547 542 542 532 527 522

“Obtained by subtracting 365-day shrinkage strains for p = 0.056% in Table 6 from corresponding expansion strains in Table 2;
example: for the 0 depth-from-top line in Table 7, the 365-day shrinkage strain of 183 ' microstrain on the O depthline in
Table 6.is subtracted from each of the O-depth expansion strains in Table 2; for p = 0.07%, residual expansion strain'=1,070
(Table 2) minus 183 (Table 6) = 887 microstrain.




TABLE 8. - RESIDUAL CONCRETE COMPRESSIVE STRESSES AFTER SHRINKAGE FOR 365 DAYS IN 50% RH

0T

Depth ; Depth
From Stresses” (psi) for Steel Percentages of = From Stresses” (psi) for Steel Percentages of —
Top, ‘ Top
in, [ 0.05°0.06 0.07 0.08'0.09°0,10 01170327 0.1370.14°0:15 0,16 0:17 ing 10.05-0.06:0.07 0,08 0.09. 0,10 0:11 :12:0.13-0.14 0.15 0.16 0.17
(a) For prism 12 inches thick with steel 4 inches from top {¢) For prism 20 inches thick with steel'6 inches from top
g 5 & 7 9 16 11 14 1417 18 260 21 23 0 3 5 & 7 8 16 12 14 15- 1719 20 222
1 7 810 1212 15 16017019 19 220 230 24 1 5 7 g 9 1112 01400160 160019 206002200024
2 9 .16 120 1400140 1600170 1800200 2% 00 23 24026 2 7 9 9 -kt 13014 160017 01802002 23 25
3 100012 - 14 15 16 1819 20.-22° 23 2 2526 3 2100 1% 13 1415 1718 19 222 2525
401y 13 - 140 16 17 19 200 0210 220 23 240 2% 26 4 9 i1 12 14 1s500le 1800190 200002200 2200025 0 26
5 12013 16 017 180 200721 2057230 24 24 26 27 5 911 12014 160017 1900200 200022 0 23002500 26
6 1215 17 .18 18 ° 20 22 22 ° 23 24 25 26. 26 ) 10 201315 16 017 190200021 - 220 23 24026
701712 14 16 18008 200020 21 22 3o 240 250 26 7 100912 12 0340 160048 180 019 922 280024 0 25
g1 13 13 16 170180 190026 2000021 0220 240 240024 8 G 01200012 .34 15 17 18 18 019 2 22000240 24
9 13- 14 157161718 . 20, 20:. 21 - 21 2270 .24, 25 9 912 13013 1418 180 19 19 2000 210230 24
19 1213 14015015 17218 1920 2121 22 22 10 9ot 1213 i s 160017 0 17 019 20002100 2
11 1091013 1415 16 160 vy 1900200 210 21 It 7 9101z 13 40150015 0150018 0 180026020
12 8010 110 12000120 140014 1S 16 T 1T 1818 12 4] g GG g L2 2 A s e 1s 17 180018
- 13 6 7 7 g 910 10 12120013 15 2 150016
(b).For prism 16 inches thick with steel 5.inches from top 14 3 5 6 & 8 8 g g o iAo 130 14
- 15 2 ks 3 4 4 508 7 ) 8 9 9010
3067 8 9 1t 1z 1401517 02020 22 :
6 8 80016 1L 330014 160007 19 2121 24 “Stresses were éalculated a5 foliows: (a) For concrete stress at the steel depth,
.10 1%t 13 .13 015 16 18 19 200 22 23 25 obtain the residual expansion strain afrer shrinkage in 50% RH from Table 7,
9 100120714 14 716 17 19 02002270 23002400 25 then £, = e % p x B ; example: for p = 0:15% and steel depth of 4 inches
1213 150015 P78 2000 200 23023 00240 26

(prism 12 inches thick), residual expansion strain after shrinkage in 50% RH =

1912 14 1517 18 =19 .20 22 .23 . 24 2526 562 microstrain (Table 7); then, £, = (562 x 107%) x (0.0015) % (29 x 10%) =

GO DN e B e (D)
-
=

11 1415 17 171819 721 . 2% 23 24 24 - 3% 24 psi; (b) To obrain stresses for other than the steel depth: for a given steel
12013 147 1617 18 1820 .20 22 33 23 9% percentage, divide the residual concrete strain after shrinkage in 50% RH
117137140 1516 18 18 1920 31 g3 i 2a s ga (Table 7) by the corresponding expansion strain (Table 23 and multiply: by

O LT3 e 15 LT AR 200 20031 8323 24 the corresponding expansion stress (Table 5); exampler for Table 8(a)~ prism
16 110912 13 14 14 16 16 18 18 2021 21 . 21 12 inches thick with steel at 4 inches from the top =~ with p ='0.15% at a depth
of 1 inch from the top, residual expansion strain after shrinkage in 50% RH =
it S A2 135,130,150 150,16 16,718 19, .20, 20 637 microstrain (Table 7), concrete expansion strain.= 795 microstrain

12 7 ? 910 11013, 12°°15 .14 17 17° 17 18 (Table 2), and concrete expansion stress = 27 psi (Table 5a); then 637 divided

13 7 7 8 9 9 10 10 12 13 - 13 15 15 16 by 795 x 27= 21.6. 01 22 psi.

14 4 6 6 7 7 88 9 G E 12 120 14 : :

i3 2 3 3 4 5 5 6 7 8 8 9 9 10
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Figure 9, Typical shrinkage strains in 757 RH,

Comprehensive concrete shrinkage studies have been conducted at CEL
(Ref 7-10) which dinvélved large, medium, and small specimens of various
shapes, reinforced as well as nonreinforced, exposed in drying environ-
ments from 20% RH to 100% RH. These studies revealed that shrinkage is
a function of the ratio of the exposed surface area to the volume. From
these previcus studies, with prismatic specimens of the type used in this

7. Naval Civil Engineering Laboratory. Technical Report R-333-1, Study
of Creep in Q@ncretey’Phase 1y by John R. Keeton, Port Hueneme, CA,
15 Jan 11965,

8. . Technical Report R~333-111; Study of Creep in Concrete;
Phases 3, 4, and 5, by John R. Keeton; Port Hueneme, CA, May 1965.

3. o Technlcal Report R~704, Creep and Shrlnkage of Reinforced
Thin-Shell Concrete,; by John R. Keeton, Port Hueneme; CA, Nov 1970.

10. . Technlcal Note N-1504, Expansivekﬁement Concretes for Naval

Construction, by Joha R. Keeton, Port Hueneme, CA, Nov 1977.
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study, shrinkage strains in 20% RH averaged about 30% more than those in
50% RH (S, = 1.3 S§..). “Applving this ratio to the 365-day shrinkage
strains for p = OhOgg% in Table 6 results in the last colunn of Table 9.
The rest of the strains in Table 9 were calculated by subtracting the
strains in the last column of the table from the corresponding expansion
strains in Table 2. For example, for a steel percentage of 0.15% at

2 inches from the top, expansion strain from Table 2 is 745 microstrain
and shrinkage in 20% RH is 182 microstrain (last column of Table 6);
then residual expansion strain after shrinkage for 365 days in 20% RH

is 745 minus 182, which is 563 microstrain. :

Regidual concrete compressive strésses after 365 days of shrinkage
in 20% 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, using the 20% RH shrinkage strain in Table 9 rather than the
50% RH shrinkage strain in Tabie 6. -Examination of Table 10 reveals
that after 1:vear of shrinkage in 20% RH, the c¢oncrete still retains
most of its precompression.

Combining the shrinkage data obtained in this study with those of
previocus studies enables construction of Figure 10, shrinkage strains for
humidities from 20% through 100% RH. Since ‘the curves meet at zero for
100% RH, they should be recognized as conservative in the humidity range
from-75% to 100% RH, because the swellage (absorption) from 96% through
160% RH actuslly lowers the curves slightly in that aré€a. A compilation
of shrinkage versus humidity is shown in Table 11.

Thermal Studies - Cooling

One of the prisms 14 inches square and: 16 inches thick with steel
percentage of 0.092 was instrumented with thermocouples in addition to
embedded strain gages. Thermocouples were placed at 5; 8, and 12 inches
from . the top; embedded strain gages were located 4, 8, and 12 inches
~from the top; steel was 5 inches from the top.  To simulate to some
degree the effect of a large mass of.adjoining concrete, 3 inches of
polyurethane foam board stock was placed on all four sides of the prism,
leaving the top exposed to subsequent cooling and heating tests. This
prism had been in 50% RH for over 1 year prior to thermal tésting.

Results of the cooling tests are presented in Figure 11.  The prism;
stabilized at ambient indoor temperatures for several days, was placed
in the CEL cold chamber before the chamber was turned onj cooling to the
set temperature of 10°F requivred about 6 hours. The first data points
shown in Figure 11 are 6-hour readings.

At the beginning of cooling, cumulative temperature differences.at
5 sinches from the top, as expected, were slightly higher than the others,
but after 72 hours the differences at all three depths were about the
same. Cumulative concrete strain differences at 4 inches from the top
were higher than the others from the beginning of cooling through about
18 hours of cooling, but from then on showed lower differences than the
others. After about 30 hours of cooling, the strain differences at
& ‘inches from the top were consistently higher than the others. After
about 72 hours of cooling and continuing through the cocling period; the
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cumalative strain differences at.each of the three depths showed only
minor variations; the maximum strain difference was 345 microstrain at
the 8-inch depth. The author believes that the inherent variations of
the coefficient of thermal expansion within the prism account for the
variations in strain differences at 4, 8, and 12 inches from the top;
calculated average coefficients of thermal expansion in 10 strain per
9F for the three depths are 5.4, 5.7, and 5.5, respectively, through the
cooling portion of the test.

Steel strain differences, shown in. Figure 11 as sguares; started
into the contraction ¢y negative strain direction as expected, but.after
the 6~hour reading they made a reversal into the expansion or positive
strain zone and remained there until the end ¢of the test. ' The configu-
ration of the welded wire fabric most likely is responsible for this
anomaly. The stress (and strain) distribution in the bars, fermed into
a 12 by 12~inch square by welds at four points, is much different than
it-would be in a3 straight bar under the same conditions. For many yvears
the coefficients of thermal expansion of steel and concrete have been
considered to be about the same; sb in the case of a plain straight
steel bar in concrete; one would expect to see both steel and concrete
contract aboutl the same when cooled. With the welded wire fabric used
in this study, length change of each bar segment would be resisted by
the welded restraint provided: by the bar at 90 degrees from it, resulting
in stress distribution quite different from a straight bar.

Thermal Studies - Heating

The same prism used in the cooling tests was also used in the heat-
ing tests, in which heat was applied with infrared lamps using an on-cff
cycle to simulate daily exposure to g hot summer sun. Average ‘strain
and temperature differences for the heating tests are shown in Figure
12. To simulate the increasing heat ¢f the sun, the tests started with
two heat lamps for the first hour, three lamps f@r the next 2 hours
(hottest part of the day), and flnally two lamps for 2 hours to finish
the ‘heating cycle.

In:Figure 12, as expected, the temperature differences closest to
the top showed the most dramatic increases through the heating periecd,
reaching a maximum of 43°%F. about 30 minutes into the cooling~off period,
which indicates the slow rate of heat transfer downward through the con-
crete. Temperature differences at 8§ inches and 12 inches from the top
were relatively low during the heating period but continued to increase
for several hours aftevr the heating was terminated, also manifesting the
slow transfer of heat downward through the concrete. Generally speaklrg,
the cumnlative temperature differences were about ‘equal at the end of
the cooling~off period.

Concrete strain differences were hlgher toward the top during the
heating period and also exhibited the most rapid decrease in the cooling-
off period. Although the concrete strain is in the same direction as
the expansion strain {(i.e.,; 'in the posgitive direction), this expansiocn
has not been effectively resisted by the steel, since the coefficient of
thermal expansion for steel and concrete -are very nearly equal. TFor
this reason, no advantage can be claimed in terms of residual strain (or
stress) when the concrete is heated, such as in this test.
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TABLE 9. - RESIDUAL EXPANSION STRAINS AFTER SHRINKAGE FOR 365 DAVS IN 26% RH

Bepth Strain® (microstrain) for Steel Percentages of = Shrinkage
From Top, After 365 Days
ifi. 0.05 0.06 .07 0.08 0.09 G.10 0.11 0.12 0.13 0.14 0:15 0.16 g.17 in 20% RHb
0 882 857 832 807 782 757 727 697 6572 642 612 582 552 238
1 835 815 790 765 740 7151690 | 665 640 615 1590 565 535 205
2 793 768 743 723 698 673 653 628 608 588 563 543 523 182
3 753 728 703 683 663 638 618 598 578 563 543 523 508 162
4 723 698 673 653 633 613 593 578 558 543 528 513 498 147
5 692 672 647 627 607 592 572 557 542 532 517 502 492 133
6 670 645 G625 605 590 [ 575 555 545 530 520 510 500 490 120
7 652 627 612 592 577 562 547 542 527 517 507 497 487 108
g 637 617 597 582 567 552 542 532 522 512 502 49201 1487 98
9 617 602 582 572 557 547 537 527 517 512 502 497 487 88
10 506 591 576 566 556 541 536 526 521 511 501 496 491 79
11 595 580 570 560 555 540 535 525 520 510 500 495 495 70
12 589 579 569 559 554 544 539 529 524 514 504 499 494 61
13 582 5727 1567 557 552 542 542 532 527 522 512 507 1502 53
14 581 571 566 561 556 551 546 536 531 526 516 511 506 44
15 574 569 569 564 559 554 549 539 534 534 524 519 514 36

#Residual strains were calculated by subtracting the shrinkage strains after 365 days in 20% RH, last column in the above table, from
the corresponding expansion strainiin Table 2; example: for p = 0.15% and 2 inches from the top, expansion from Table 2 = 745 microstrain
and:shrinkage strain after 365 days in 20% Rl = 182 microstrain (last column above); then residual expansion strain = 745 minus 182 =
563 microstrain.

bShrinkage strains {microstrain} after 365 days'in 20% RH were estimated, from referénced work, to be

1.3 times the shrinkage strains
at 50% RH. ‘




TABLE 10. - RESIDUAL CONCRETE COMPRESSIVE STRESSES AFTER SHRINKAGE IN 20% RH

ST

Depth : Depth
From Stresses” (psi) for Steel Percentages of — From Stresses” (psi) for Steel Percentages of —
Top, Top; -
in. 10.05 0.06 0.07 0.08 0.09: 0.10 0.11 0.12 06.13 0.14 0.15 0.16 0.17 in.© .05 0.66 0.07.0.08 0.09 C.10 011 6:12:0:13:0.14 0.15 0.16-0.17
(a) For prism 12 inches thick with steel 4 inches from top (c) For prism 20 inches thick with steel 6 inches from top
a 5 6 7 8 g 11 13 13 16 17 .18 19 21 0 3 5 5 7 8 St 13140 015 170 18 - 20
1 & 8 10 11t .12 14 15 16 17 i8- 200 21 .22 1 5 ) 7 9 100120013 150015 217 1% 21 22
2 8 10 11 13 1315 16 17 18 20 21 22 .24 2 7 8 9 10712 13 15 wle 17 180 200 22 - 23
3 10 11 13 15 - 15 17 18 1% 26 22 - 22 24 24 3 7010001 12 13 14 .16 1718 20 ¢ 21723 24
4 10 12 14 15 17 18 19 20 . 2% 22 23 2425 4 g1 ot 1314 15170180 1900200 21 - 23 24
5§12 13 15 16 17 19 20 20 22 22 23 25.-125 5 B0t 12 130 15 16 0 1800190 19 221 0 21 24 724
<] 12 14 15 ig 17~ 1% 21 20, 22 - 23 23 24 25 & 10011 13 14715 1700180019 02028 - 220 23 24
7 {12 14 15 17 918, 19 20, 20 2% 22 23 24 25 7 LARENN B SRR I 150 1701818 18210 210 23 24
8 12 13 15 16 17 19 18 19 20 21 23 23 23 8. 9 11 12 14 14016 017 18 19 20 2% 23 22
9 12 13 15 16 16 17 19 1 200 20 21 2324 9 9 1 12413 4716 1718 18 20620 22 23
10 12 12 14 15 5. 17 17 18 19 20- 21 22 22 10 9 i1 11 12 13 1516 17 16 18 1% 21 21
11 16 11 12 13 14 16 16 17 17 18- 19 20 20 11 7 910 12 1213 t4° 15 15 18 18 19 19
12 8 1o 11t 12 12 13 13 14 15 16 17 18 18 12 6 6 9 9100 120 12 0 13 130015 17 18 18
i3 5 6 7 8 9 10 1000120 120013 14 14 15
(b) For prism 16 inches thick with steel 5 inchies from top 14 3 s & [ 7 7 3 g 9 16 11 1% 14
15 2 3 3 4 4 5.6 7 7 7 8 9. 10
¢] 3 5 6 g g 10 11 13 14 16 18- 1B 20
1 6 7 3 9 1012 13 13 16 18 19207 22 “Stresses were calculited as follows: (a) For concrete stress at the steel depth,
2 7 16 10 12 1314 15 17 18 1% 206.0 21023 obtain the residual expansion strain after shrinkage in 20% RH from Table 9,
3 8 10 1t - 13014015 16 18 19 21 22. 22 24 ther f ="e. % p x B ; example: for p = 0:15% and steel depth of 4 inches
4 g 12 12 14.-15 ‘16 17 19 26 21022 23 .24 {prism 12 iniches thick), residual expansion strain after shrinkage in 20% RH =
5 (10 12 13 15 16 170 18 19 20022 22 23- 24 ¢ 528 microstrain (Table 9), then £.=(528x 1076y % (0.0015)x (29 % 106y &
4 11 13 14, 16716 17 18 20 20 22 23 3 24 23 psi; (b) To obtain stresses for other than the steel depth: divide the residual
7 i1 13 14 15 16- 18 18 . 19 19 22 122 2224 expansion strain after shrinkage in 20% RH (Table 9) by the corresponding
2 100 12 14 15 150 17 17 19 19 20 0220 23 23 expansion strain in Table 2 and multipiy by the corresponding expansion stress
g l1g 12 13 14 U155 167 17 19 - 19 200 21 2123 in Table:5; example: for Table 10(a) = prism 12 inches thick with steel 4 inches
16 L1011 12 14 14 16 16 17 17 19 : 20 206 21 from the top ~ with p = 0.15% and depth of 1 inch from the top, residual
expansion strain after shrinkage in 20% R = 590 microstrain (Table 9),
11 9 1112 12 12014 14 16 16 18 18: 19 19 corresponding expansion strain = 795 microstrain (Table 2); corresponding
12 7 9 9 10 11 13 iz 14 13 16 17 1718 expansion stress = 27 psi {(Table 5a), then 590 divided by 795 x 27 = 20 psi.
13 6 7. 8 9 9. 16 1¢ 12 13 13 141415
14 4 6 6 6 6 7 8 9 9111z 120014
15 p 3 3 4 5 5 13 7 7 7 8 g .10
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Figure 10. . One-year shrinkage strains versus humidity.
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TABLE 11. - ONE-YEAR SHRINKAGE AS A FUNCTION OF HUMIDITY

Depth Shrinkage {microstrain) with Relative Humidity (%) of —
From Top,

in. 10? 20 30 40 50 60 70 75 8o 20"
0 251 238 222 203 1 183 159 131 115 {99 58
1 216 205 192 176 158 137 113 100 86 51
2 191 182 171 157 140 121 100 88 75 45
3 170 162 151 139 125 108 89 79 67 40
4 154 147 137 126 113 97 80 71 60 35
5 141 133 124 113 102 88 73 64 55 31
6 127 120 112 | 103 92 80 66 58 49 28
7 114 108 101 93 83 72 59 52 44 25
8 104 98 92 84 75 65 54 47 40 22
9 93 38 83 76 68 59 49 43 36 20
10 83 79 74 68 61 53 43 38 32 17
11 74170 65 60 54 47 39 34 29 16
12 65 61 57 52 47 41 34 30 25 14
13 - 56 53 50 45 41 36 29 26 22 12
14 47 | 44 41 38 34 30 25 22 18 10
15 : 39 36 34 31 28 25 21 19 16 8

“Shrinkage strains obtained by extrapolation.

Table 12.shows the stress differences resulting from the maximum
strain changes at each of the depths during the heatihg tests. Stresses
were - calculated by dividing the strain change in Table 12, for a given
depth, by the original expansion strain in Table 2 and multiplying by
the concrete stress in Table 5. None of the stresses in Table 12 is
significant. ,

Steel strain differences in Figure 12 showed an expected increase
in the positive (expansion) direction for 2 hours into the heating period
but thereafter exhibited a dramatic reversal ipte the negative or con-
traction zone and remained there throughout the remainder of the test.

Table 13 shows how much of the original concrete compressive expan-
sion stresses would remain if a shrinkage-compensating airport pavement
were subjected to the following conditions: (1) shrinkage at 20% RH for
1 vear, and (2) sustained cold conditions as used in the cooling test,
with a maximum strain contraction of 345 microstrain for the whole mass
of the concrete. Stresses at the steel depth in Table 13 were obtained
by subtracting the cooling contraction strain of 345 microstrain from
the residusl strain in Table 9 and then using the equation £ = e xp x E
Stresses at other depths were obtained by subtracting the coglingccsntrac“
tion strain of 345 microstrain from the regidual strains in Table 9,
dividing this difference by the corresponding original expansion strain in
Table 2, and multiplying this ratio by the corresponding original expansion
stress in Table 5.  Results in Table 13 show that a slight concrete com-
pressive stress remains at all depths in spite of the vrather severe condi-
tions imposed.
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TABLE 12, - MAXIMUM CONCRETE STRAIN AND STRESS CHANGES
DUE TO HEATING

Depth Maximum Maximum Stress Change?® {psi) Time After
From Strain for Each Prism Thickness Heating
~Top, Change, : Began,
in. microstrain 12 in. 16 1n. 2010 hr
4 58 15 1.3 1.3 3
8 53 1.5 1.4 1.4 5
12 28 0.6 0.5 0.5 5

TWith steel percentage of 0.09%, stresses were calculated by dividing the strain chanpe in the above table by

the corresponding expansion steain in Table 2 and miultiplying by the corresponding expansion stress in
Table §;example: for g prism {6 inches thickat 2 depth of § inches, the strain change from sboveis
53 microstrain, the corresponding expansion strain from Table 2 is 665 microstrain, and the corresponding

stress:from Table 5(b) is 18 psiy then maximum stress change =
18.= 1.4 psi. ;

53 divided by 665 and multiplied by




TABLE 13. - RESIDUAL CONCRETE COMPRESSIVE STRESSES AFTER:SHRINKAGE AT 20% RH
AND AFTER SUBJECTION TO:-EXTENDED COOLING

1€

Depth : Depth g
From} Stresies” {psi) for Steel Percerntages of = From Stresses” {(psi) for Seeel Percentages of —
Tog, Top,
o 0.05.0.06 0.07 008 0.09.0.10 0,11°0.12°0:13 0,14 0.150:16. 017 in. 1 0.05 0.06 0.07 0.08 0,09 0.10 011 012 0:13 0.14 '0.15.0.16 .17
(a) For prism 12 inches thick with steel 4 inches from top 3 ey Forprism 20 inches thick with steel 6 inches from top
G 3 3 4 5 5 6 7 7.8 8 9 8 2 0 2 3 3 4 4 5 (& 5 7 7 g 8 8
1 4 5 5 [ 6 7 8 8 3 8 8 8 8 143 4 4 5 5 6 7 7 7 8.8 8 8
2 5 5 6 7 7 7 3 8 8 8 8 8 g 2 4 4 5 5 6 70T 7 7 8 8 8 8
3 S [ 7 7 7 8 8 i g 8 8 8 8 3 4 5 5 & 6 7 7 7 7 & 8 8 8
4 5 [ 7 7 8 8 8 8 g 8 g 8 8 4 4 5 6 6 & 7 7 7 7 T 7 7
5 [ 6 7 7 7 8 8 8 8 88 8 8 5 4 5 5 6 6 7 7 7 7 7 7 7 7
6 6 7 7 8 7.8 8 8 ) 8 8 8 7 6 5 5 6 6 6 7 7 707 7 7 7 7
7 6 6 7 7 7 7 7 7 7 7 7 7 7 7 4 5 5 6 (& 6 & 7 [ 7 7 7 7
816 <] 7 7 7 7 7 7 7 7 7 7 7 8 4 5 5 6 6 6 6 [§ 6 7 7 7 7
945 6 6 6.6 6 T T To T T0T T 9l 4 5 55 56 666 6 6T T
1¢ 5 5 [ 6 6 6 6 6 6 6 6 7 6 1¢ 4 4 5 5 5 5 6 & 6 6 6 6 6
It & 4 5 5 5 6 6 < o 6 6 [ 6 11 3 4 4 4 5 5 5 5 56 5 6 6
12 3 4 4 4 4 5 5 5 5 5 5 [N 12 3 3 4 3 4 4 4 5 3 3 5 6 5
13 2 3 3 3 3 4 4 4 4 4 5 5 5
(b) For prism 16 inches thick with'steel 5 inches.from top 14 1 2 2 2 3 3 3 3 3 3 4 4 4
- 15 1 1 1 g R | 20002 P4 3 3 3 3 3
Q 2 3 4 4 5 5 6 & 7 7 8 & 8
1 3 4 4 3 5 6 7 7 7 8 8 8 8 “tresses were calculated as follows: (a) For concrete stresses at the steel depth,
2 4 5 5 6106 7 7 8 8 8 8 8 g subtract the cooling contraction strain.of 345 microstrain from the steel-depth
3 4 3 6 6 7 7 7 B 8 8 8 8 8 residual strain in Table 9, then £.= ¢/ x p x E_; example: for Table 13(a) above -
4 3 6 6 7 7 7 7 8 8 8 8 7 7 prism 12 inches thick with steel’4 inches from the top — and with p= 0.15%,
5 5 & 6 77 7 7 7 7 8 7 7 7 residual strajn:in Table 9 at depth of 4 inches = 528 microstrain; 528 minus 345 =
sl s 6 6 7 7 7 7 g o gog g 4oy 183 microstrain; then f_ = (183 % 107%) x (0.0015) x (29 x 10%) = 8 psi; (b) To
7 5 4 . 4 & 5 s 7 7 7 7 5 5 obtain stresses for other than thesteel depth: subtract the cooling contraction
8 5 5 6 & 6 é & 7 5 7 7 7 7 of 345 microstrain from the corresponding residual steain in Table 9, divide by
g 5 5 5 6 4 6 P 7 5 7 7 3 5 the corresponding expansion strain 'in Fable 2, and multiply by the totrespond-
10 4 5 5 § 5 s & 6 6 6 6 é é ing concrete stress in Table 5; example: for Table 13(a) sbove, prism. 12 inches
: ) thick with steel 4. inchies from. the top, at a depth of 1 inch from the top with
11 4 4 5 3 ? ’ 5 3 5 6 6 6 6 p = 0.15%, residual strain in Table 9= 590 microstrain, corresponding expansion
12 3 4 4 4 4 3 4 B 5 ¥ 5 5 3 strain in Table 2= 795 microstrain; corrésponding expansion stress in Table 5(a) =
13 3 3 3 3 3 o4 4 doon 4 3 2 3 27 psis then 590 minus 345 = 245 divided by 795 % 27 =8 psi.
14 2 Z 2 Z 2 3 3 3 3 4 4 4 4
15 i i i i Z 2 2 2 3 3 3 3 3




GENERAL DISCUSSION

Design principles: for rigid airport pavements are presented in
Reference 2 (pp. 49=74) and Reference 11. Although désign principles
are based largely on analyses originated by Westergaard, choice of
transverse joint spacing over the years has been influenced considerably
by field experience, with due consideration to computed stresses caused
by shrinkage, subgrade friction, and temperature changes (Ref 11}). In
addition, as Yoder aund Witzak state (Ref 11}, "It is evident that the
stress~inducing factors are extremely compleX; in some cases they cannot
be evaluated except by making radically simplifying assumptions.' ‘Deter-
mination of the pavement thickness is based on the load parameters alone;
joints and reinforcement take care of stresses caused by temperature
changes, shrinkage, and subgrade friction (Ref: 11). TFor slabs of average
length {30 to 40 feet) warping stresses are critical, whereas for slabs
100 feet or longer, frictional resistance forces are critical (Ref 11).
Table 3~2 of Reference 2 recommends maximum transverse joint spacings
of 20 feet for slabs 9 to 12 inches thick and 25 feet for slabs thicker
than 12 inches. Transverse joint spacings of the Dallas-Fort Worth air-
port (conventional portland cement concrete) were originally 50 feet,
with dowelling at each joint. When intermediate cracking was observed,
joints were sawed at midlength, making the effective transverse joint
spacing 25 feet. Pavement thicknesses were 15, 16, and 17 inches. The
Dallas-Fort Worth design for transverse joint spacing-of 50 feet rather
than the recommended maximum spacing of 25 feet shows that Reference 2
is intended as a guide, and designers are given flexibility of judgment.
When considering the results of this research in terms of residaal
concrete compressive styesses after shrinkage, it should be observed that
the conditicns imposed for the data in Table 13 were assumed to be the
worst. For example, shrinkage in 20% RH was taken to be the value after
1 year at a constant humidity, which is very severe gince ambient humid-
ity even in a "dry" climate varies considerably. In addition, the
shrinkage strains were assumed to be completely resisted; i.e., 100%
restrained shrinkage. Likewise, consideration given to stresses caused
by ‘subgrade friction when: shrinkage-compensating concrete is used should
tazke dinto account the Yextra®’ induced compressive stresses in the lower
portion of the slab because the subgrade resists the expansion during
the curing period. Magnitude of the stresses induced by subgrade friction
is unknown at this time. '
To date, the most pertiment usage of shrinkage-compensating concrete
in airport comstruction has been at Love Field in Dallas, Tex., in 1969.
A mile-long taxiway 75 feet wide (in 25-~foot lanes) and 14 inches thick
was constructed of concrete made with Type K ChemComp in which the trans-

11, - Yoder, E. J. and Witczak, M. W., "Principles of Pavement Design,”
Second Editien, John Wiley and Sons, Inc., 1975, pp. 81-125, 559-624.

12, Pinkerton, James W. and Joe V. Williams, Jr., "Expansive Cement
Concrete Paving-Taxiways," Klein Symposium on Expansive Cement ConCretes,
SP-38, American Concrete Institute, 1973, pp. 289-297.
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verse joints.were 125 feet - apart (Ref 12).. Reinforvement was- 6 x 12
welded wire fabric consisting-of longitudinal 3/0 wires on 6~inch centers
and ‘transverse no. 3 wires on 1Z2-inch centers, providing steel percent-
ages of (.13 longitudinal and 0.03 transverse.  Only three transverse
cracks have developed between:the 125-foot joints in the mile~long taxi-
way after several years of heavy. traffic. .The Type K ChemComp cement
used in construction ‘of this taxiway was made. by the same manufacturer
who supplied the lower-expansion cement for the CEL study; as stated
above, this cement provided about 62% as .much 28-day expansion. as the
other. Thus, if a higher-expansion cement had been used in the Love
Field taxiway, the joint spacing (theoretically} could have been
125/0.62 = 202 feet.  The longitudinal steel percentage of 0.13 used

in the Love Field taxiway was -about in the middle of the steel percent-
age range used in this study. ;

The advantages of utilizing shrinkage-compensating concrete in an
airport taxiway can be shown by the following example. With a l-mile
section with transverse joint spacing of 200 feet, there would be 27
joints; if 'spaced-at 25 feet, there would be 212 joints. A considerable
saving would be realized when the slab is built by not having to provide
about 185 joints, not to mention maintenance of those joints over the
life of ‘the taxiway. In 1979, the incremental (premium) cost of the
shrinkage=-compensating (ChemComp) cement over Type I portland cement is
about §5 per ton.: When the above advantages are considered as well as
improved "ride" for the airplanes, the eXtra cost seems amply justified.

CONCLUSIONS

1. Based on research data obtained in this study, expansive concrete
{made with commercially available shrinkage-compensating cement)} used in
lightly reinforced thick slabs can induce concrete compressive stresses of
sufficient magnitude to accommodate subsequent tensile stresses caused by
shrinkage and heating or cooling.

2. --Combining these laboratory research results with field experience
at Love Field, Dallas, it is highly probable that a transverse. joint spac~
ing «in excess of 125 feet is.practical jand feasible. A spacing of 200
feet over a length of 1 mile would mean construction and maintenance of
about 27 joints instead of 212 with 25-foot spacing. The premium cost
of §5 per ton for shrinkage-compensating {ChemComp)} cement seems amply
justified.

RECOMMENDATIONS

To study concrete expansions in a larger mass and to evaluate per-
formance of instrumentation, it is recommended that a slab 20 feet wide,
40 feet long, and 16 inches thick be constructed at CEL with shrinkage-
compensating cement having a minimum mortar bar expansion ¢f 0.05 to
0.06 (Ref 4). The slab will be reinforced with 6 by 12-inch welded
wire fabric.
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Appendix A

PHASE 3: SHRINKAGE’CGMPENSATING CEMENT
IN-FIBROUS CONCRETES

Phase-3 involves an investigation of the practicability of using.
shrinkage-compensating cement in fibrous concreéte for cverlays of air-
port pavements. : e

EXPERIMENTAL PROGRAM

To provide some research data on which to Dase a decision to pro-
ceed with a full-scale research study {Phase 4), the following parameters
were used. '

Water-cement ratio .- . /. o L0005

Cement plus fly ash . . . . . . . . .7.9, .3, and 10.7 bags/cu 4
Fiber content -~ . . . . oy Loa L1=1/2% by ovolume of cinix

River aggregate . . . . . . . . . . .3/8-inch maximum size

Specimen size in plan oo L. 542 by 12 inches

Specimen thickness . . . . . . . . . .6 inches

Number of specimens .- v, . 2 . .0ne for each variable (6 total)
Shrinkage environments . . . . . . . .50% and 75% RH

Strength tests were made with the same mix using Type II portland
cement for comparison. Curing for 28 days was done in the same manner as
before (the top covered with wet burlap, sealed with aluminum foil, sides
coated with butyl).

PRELIMINARY TEST RESULTS

Preliminary test results are shown in Figure A-1 for two prisms
%6 inches: thick made with cement plus fly ash contents of 7.9 and 10.7
bags/cu vd. At 1 year of age both prisms showed sizeable amounts of
expansion strain remaining. Calculation of corresponding concrete
stresses must await determination of the equivalent steel percentages
which the various fiber contents represent. Based on results presented
in Figure A-1, use of shrinkage-compensating fibrous concrete for con-
struction of airport pavement overlays shows definite promise.

Figure A~2 compares flexural strengths of fibrous concretes made
with portland Type 1l and with shrinkage-compensating cements. Shrinkage-
compensating fibrous ‘concrete provides slightly higher flexural strength.
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RECOMMENDATLONS

To experimentally determine the optimum combinations of cement
content and fiber content for fibrous shrinkage-compensating concretes
to be used in airport overlays, the following are recommended for the
research program. ‘

Fiber contents . . . . . . . . 1%, 1-1/2%, 2% (aspect ratic = 100)
Cement content . . . .. ¢ . . 6.0, 8.0, 10.0 bags/cu yd

Specimen thickness . . . . . . &4, 6, 8 inches

Shrinkage environment . . . . 50, 75% RH

Total number of specimens . . 162

Research data obtained :in ‘this research program will provide a basis
for technical specifications for fibrous concrete overlays of shrinkage-
compensating concretes with fewer transverse joints.
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Appendix B

STEEL EXPANSION STRAINS

Steel expansion strains are presented in Figure B-1 for the steel
percentages used in this study. A least-squares line is shown, although
. the data are somewhat erratic. The author believes that the welding of
the bars.into fairly rigid rectangular shapes drastically affects the
strain (and stress) distribution and makes correlation with concrete
strains extremely difficult, if not impossible. Since concrete strains
areof primary importance in this study, the steel strains were not
included in the main body of this report.
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Figure B~l. Steel expansion strains after 28 days of curing.
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