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Since the development of an ex-
pansive type of cement for chemical
prestressing by Alexander Klein,
extensive research has been carried
out on this material at the University
of California at Berkeley. During the
past 12 years many studies of the ex-
pansion characteristics and the me-
chanical behavior of expansive ce-
ment concretes have clearly indi-
cated that expansive cement
concrete can be successfully used for
prefabrication of self-stressed build-
ing elements, However, for such
structural applications not only must
a concrete mix be selected that will
produce the desired properties but
the structural elements must be spe-
cifically designed for chemical pre-
stressing. Also, the precasting tech-
nique, including the type of form-
work and type of curing, must be
appropriate to chemically prestressed
concrete.

The expansive cement used in all
of the investigations carried out at
the University of California at
Berkeley contained an expansive an-
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hydrous calcium sulfoaluminate
compound. This type of cement is
designated as Type K cement by
ACI Committee 223(2,

Expansive cement concretes are
generally classified in two catego-
ries: (1) shrinkage compensating;
and (2) self-stressing. Shrinkage com-
pensating concrete is intended for
use principally to minimize the de-
velopment of cracks due to drying
shrinkage. Self-stressing or chemical
prestressing of concrete is accom-
plished by producing a large enough
expansion in a concrete properly re-
strained with steel reinforcement so
as to produce the desired level of
prestress. Since there will be a loss
of prestress due to shrinkage and
creep, the final stabilized stress level
achieved is of prime interest to the
designer.

In the United States the use of the
shrinkage compensating concrete for
various types of construction is well
established. However, the use of the
self-stressing type of expansive ce-
ment concrete is still quite limited.

PC! Journal



The technology and mechanical behavior of self-stressing expansive
cement concretes and their potential application to fabrication of
structural elements and structural systems are summarized. Test
specimens of lightweight aggregate concrete with expansive cement,
and reinforced with 0.67 percent steel in each direction, developed
compressive strengths above 5000 psi (350 kg/cm?2), final stabilized
self-stress about 300 psi (21 kg/cm?), and a modulus of rupture that

exceeded 11\/f_;_

The application of the self-stressing
type of concrete requires a careful
investigation not only of the me-
chanical behavior of the concrete
but also its structural use, both of
which are interrelated.

PREVIOUS RESEARCH

Most of the research carried out at
the University of California was on
the self-stressing type expansive ce-
ment concretes. Much of this re-
search up to 1966 is summarized in a
report by Aroni, Polivka and Bres-
ler®. The material and structural
problems of self-stressing expansive
cement concrete are presented in a
paper by Aroni, Bertero and Poliv-
ka®. Other studies focused on the
effect of degree of restraint®, the
effect of curing(®, the effect of light-
weight aggregate™, and many other
factors influencing the properties of
self-stressed concrete(®. Structural
elements found to be suitable
for chemical prestressing included
pipes, thin walls and slabs®,
shells1®_ folded plates, composite
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columns®, and precast beams and
columns 1),

From these results, it appears that
only certain types of structural ele-
ments are suitable for chemical pre-
stressing®. Prefabrication must be
used because of the high degree of
control required. The amount of pre-
stress as well as the mechanical char-
acteristics of the concrete are
sensitive to the curing conditions.
Furthermore, misalignment of rein-
forcement can lead to undesirable
distortions.

Chemical prestressing is applica-
ble to structural elements and sys-
tems in which the optimum amount
of prestress is relatively low. It will
not replace mechanical prestressing
where a high percentage of steel and
a high level of prestress are required.

DESIRABLE CHARACTERISTICS
FOR PRECAST BUILDING UNITS

To gain maximum efficiency from
factory production of building units,
it is desirable to precast full modules
containing floors, ceilings and walls.
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Test Specimen

Fig. 1. Typical precast building unit with test specimen (right) to simulate wall
behavior

Fig. 1 shows a building unit concept
with thin walls and structural floor
and ceiling slabs. Thickened areas
may be provided to carry vertical
loads, particularly when units are
stacked for multi-story construction.

Building units should be light-
weight to facilitate transportation
and erection. Thus lightweight ag-
gregate is desirable. Previous inves-
tigations(™ show that water stored in
soaked expanded shale aggregate
aids the curing of self-stressed con-
crete.

Monolithic three-dimensional
casting of building units using self-
stressed concrete will produce rigid
structures due to connection contin-
uity at the intersection of floor, wall
and ceiling slabs. It is desirable to
use continuous reinforcing steel
through these intersections to create
a continuous prestress through the
joint. Welded wire mesh is conve-
nient for such reinforcement. It pro-
vides the biaxial restraint needed to
create a biaxial prestress in each slab
and may be bent around slab inter-
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sections to create the desired pre-
stress continuity. This is not possible
with mechanical prestressing.

Each structural element must pro-
vide an ultimate load carrying capac-
ity to resist applied loads with an
adequate factor of safety against col-
lapse. Failure in flexure must be duc-
tile; that is, increased deflections
must occur after significant overload
to warn of impending failures.

The precast building unit will ex-
perience stresses due to handling,
transportation, erection, and volume
changes due to temperature, creep
and shrinkage which are difficult to
predict by analytical methods. Expe-
rience with conventional prestressed
construction indicates the need for
minimum concrete compression of
250 to 300 psi (18 to 21 kg/cm?) to
prevent cracking due to unexpected
stress concentrations.

Welded wire mesh with a rein-
forcement percentage of 0.67 pro-
duces a restrained concrete compres-
sion of 300 psi (21 kg/cm?) while
limiting the steel tension stress to 60
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percent of its ultimate strength of
80,000 psi (5620 kg/cm?).

fs = f./p = 300,/0.0067 =
45,000 psi (3160 kg,/cm?)
f2 = 0.60 {2 = 0.60 (80,000) =

48,000 psi (3370 kg /cm?)
where f, = tension stress in steel re-
inforcement
fo=compression stress in

concrete

f%= ultimate strength of steel
p = ratio of steel area to con-
crete area

Many of the loads on precast
building units will be resisted by
bending moments causing fiber ten-
sion in zones of precompressed con-
crete. Thus, a high modulus of rup-
ture is very desirable to prevent
cracking.

EXPERIMENTAL [INVESTIGATION

Objectives. The main objective of
the experimental investigation was
to select the proper concrete mate-
rials, mix proportions, and curing
conditions to produce a self-stressing
concrete for use in production of
precast building units, similar to that
shown in Fig, 1, which would satisfy
the following requirements:

1. The concrete mix should be of
a consistency and workability
suitable for complex castings

2. The concrete units when prop-
erly reinforced should expand
enough to develop a final stabi-
lized prestress of about 300 psi
(21 kg/cm?)

3. The total expansion should be
developed in the shortest time
to facilitate earliest possible
transportation of units and thus
avoid problems of storage.

A slab test specimen was designed to
represent a middle segment of a self-
stressed wall 2 in. (5.1 cm) thlck as
shown in Fig. 1.
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Materials. The expansive cement was
Type K with three levels of expan-
sion: low (S-7830), intermediate (S-
8162) and high (S-8106). Fine aggre-
gate was Felton “O” sand from Fel-
ton, California. Coarse aggregate
was a lightweight expanded shale in
the size range % in. to No. 4 (9.51 to
476 mm) with a specific gravity of
143 (SSD) and SSD moisture of
about 20 percent.

The reinforcement used for all test
slab specimens was the same as that
to be used in the building units, ie.
a welded wire mesh with 4-in. (10.2
cm) spacing in both directions. This
welded wire mesh was placed at
mid-depth of the slab. The mechani-
cal characteristics of the steel are
shown in Fig. 2. The wire used had
an elastic limit of about 55 ksi (3870
kg/cm?), ultimate strength of about
80 ksi (5620 kg/cm?), and modulus
of elasticity of 26x10% psi (1.83 x
10¢ kg/cm?). Tests conducted on
pieces including the welds showed
no significant reduction in strength
at the welds.

Test specimens. The test specimens
selected for evaluation of the me-
chanical characteristics of sell-
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Fig. 2. Stress-strain diagram for
welded wire mesh reinforcement
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stressed concrete walls were biaxial-
ly reinforced 13 x 13-in. slabs (33 x 33
cm), 2-in. (5.1 cm) thick, with 0.67
percent steel reinforcement in each
direction. The plan dimensions of
the test slab were considered large
enough to avoid boundary effects at
the center and at the same time
small enough to permit easy han-
dling and the cutting out of speci-
mens which could be tested as
beams having a 1-ft. (31 cm) span to
determine the flexural characteristics
of the slab.

To provide good anchorage, the
steel mesh was welded to channels
that formed the edges of each slab
specimen. Each channel was free to
move relative to adjacent channels
thus allowing biaxial expansion of
the slab.

Face plates were affixed to the
channels surrounding the slab speci-
men prior to placement of concrete.
The plates, which simulated steel
forms used in casting building units,
were removed after the concrete
cylinder strength reached 1000 psi
(70 kg /cm?).

Compressive strength of the con-
crete was determined on 3 x 6-in.
(7.62x 15.25 cm) cylinders tested at
different ages. Thus the proper time
for removal of the forms could be
estimated, and the test specimens

could be handled without danger of
damage. Heavy cast iron molds were
used. They offered considerable re-
straint to the concrete expansion.
The molds were removed just before
compression strength testing.
Concrete. After several trial batches,
the concrete mix selected had a nom-
inal water-cement ratio of 0.43 by
weight. The slump of the concrete
was 7=l in. (17.8£2.5 cm). The ag-
gregate consisted of a blend of 73
percent Felton sand and 27 percent
of %-in. to No. 4 (9.51 to 4.76 mm)
lightweight aggregate by weight.
Concrete mix data are shown in Ta-
ble 1.

A 2-cu. ft. (0.057 m?) pan-type mix-

er was used for mixing the concrete.
The concrete was mixed 3 minutes,
left still for 3 minutes, then mixed
again for 2 minutes.
Instrumentation. To obtain the ex-
pansion history of slab specimens,
electrical wire strain gages were af-
fixed to the welded wire mesh. A
pair of gages was located on each of
the two cross-wires closest to the
center of the slab. Slab expansion
was measured using a Whittemore
type gage between brass gage points
cast into the concrete surface at the
nodal points of a square grid spaced
at 5in. (12.7 cm) on both slab faces.

Modulus of rupture was deter-

Table 1. Properties of concrete mixes

Series | Series 1! Series Il
Cement used S-7830 S-8162 S-8106
Cement content,
sacks* /cubic yard (kg/m?) 8.73 (488) 8.25 (462) 8.73 (488)
Sand/cement by weight 1.92 1.92 1.92
Gravel /cement by weight 0.695 0.650 0.650
Water/cement by weight 0.412 0.435 0.412
Unit weight, Ib./cu. ft. (kg/m3) 122.5(1962) 121.0 (1940) 122.5 (1962)
Slump, in. (cm) 7.5(19.1) 7(17.8) 7(17.8)
*1 sack =94 Ib. (43 kg)
76 PC1 Journal



Table 2. Curing condition after initial air curing at 140 F (60 C)

Specimen
Series Number

Curing Condition

110 hrs. water at 120 F (49 C)
110 hrs. water at 120 F
2 mos. water at 120F

16 hrs. water at 140 F (60 C)
40 hrs. water at 140 F

O~ | Ot (W=

48 hrs. water at 140 F
48 hrs. water at 140 F
4 wks. water at 140 F

mined from flexural tests conducted
on slab strips either 5 in. (12.7 cm) or
8 in. (20.3 cm) wide, which were cut
out along the midspan of the slab

specimen and then tested as simple -

beams having a 1-ft. (31 cm) span
and loaded at their midpoints. Two
electrical wire strain gages were
epoxied to each face of the concrete
strip midway along its length at the
third points of its width.

Curing. Immediately after casting,
all specimens were stored in air at
140 F (60 C). Test cylinders were
tested at intervals beginning at age
5 hr. As soon as the cylinder strength
reached 1000 psi (70 kg/cm?) (usu-
ally this occurred within the first 8
hr.) the slabs were demolded and
the second stage of curing started.
Test cylinders were kept in their
molds until they were tested.

After the forms were removed
from slab specimens, all the speci-
mens were cured in water at 120 F
(49 C) and 140 F (60 C) for periods
specified by the curing schedule.
(Table 2). The curing period was
varied to determine the effect of this
parameter on concrete expansion.

Some specimens were transferred
from the 140 F (60 C) water to 70 F
(21 C) water or were stored at normal
ambient temperature (at 70 F) and
humidity (at 60 percent) to deter-
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mine the effect of a service environ-
ment on concrete expansion. The
curing condition is noted on subse-
quent graphs of expansion history.
TEST RESULTS

History of slab expansion. The re-
cording of each slab specimen’s ex-
pansion history was terminated by a

- strength test whose results are pre-

sented in a later section.

Series I: Type K cement desig-
nated S-7830 was used to cast speci-
mens 1, 2 and 3. Their history of ex-
pansion is presented in Fig. 3. The
specimens expanded at a high rate to
290 psi (20 kg/cm?) prestress at 24
hr., after which expansion took place
at a lower rate up to about 320 psi
(23 kg/cm?) at 50 hr.

No appreciable variation in the
expansion was observed from 50 hr.
to about 118 hr., after which Speci-
men 1 was removed from the hot wa-
ter and tested. At this stage Speci-
men 2 was transferred to room tem-
perature and humidity where it
gained about 20 psi (14 kg/cm?)
prestress and then began to shrink to
about 310 psi (22 kg/cm? at the
age of 3 weeks. Specimen 3 was left
in 120 F (49 C) water for 2 months
and then transferred to room tem-
perature and humidity. Both speci-
mens were tested at 3% months. Be-
cause of the poor functioning of the
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Fig. 3. Expansion history for Slabs 1, 2, and 3, Series |

strain gages and Whittemore gage,
no reliable data were obtained after
three weeks. It was possible to deter-
mine the total amount of prestress
retained by Specimens 2 and 3 by
measuring the release in prestress af-
ter removing (by cutting) the con-
crete around the wire where the
gages were placed. Slab 2 had 222
psi (16 kg/cm?) prestress remain-
ing, and Slab 3 had 270 psi (19 kg/
cm?) prestress.

Series II: Type K cement desig-
nated S-8162 was used to cast Speci-
mens 4 and 5. This cement had a
higher expansion potential than the
§-7830. The history of expansion is
presented in Fig. 4.

Specimens 4 and 5 at 24 hr. both
reached about 280 psi (20 kg/cm?).
After 24 hr. Specimen 4 continued
expanding slowly when placed in
water at 70 F (21 C) to about 365 psi
(26 kg/cm?) prestress at 14 days
and 430 psi (30 kg/cm?) at 46 days.
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Two days after its removal from wa-
ter it started to shrink very slowly,
but the rate of shrinkage increased
considerably after approximately 10
days. At time of test the net prestress
was about 290 psi (20 kg/cm?).

Specimen 5 cured in water at 140
F (60 C) up to 48 hr. had a total pre-
stress of 353 psi (25 kg/cm?) at this
age. Upon transfer to room tempera-
ture and humidity, shrinkage re-
duced the prestress to 200 psi (14
kg/cm?) at an age of about 5%
months, remaining stable thereafter.

From the results of Series I and II
it is clear that while 24 hr. of hot
water curing is not enough to permit
the completion of the expansion re-
action, 48 hr. of this type of curing is
enough for the development of a
large percentage of the expansive
reaction.

Series IIl: Specimens 6, 7 and 8
were cast using Type K cement des-
ignated S-8106. This cement had the
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Fig. 4. Expansion history for Slabs 4 and 5, Series I

highest expansion potential of the
series of three cements. Fig. 5 pre-
sents the history of expansion.

The steel formwork restricted al-
most completely the expansion of
the specimens during the initial 8-hr.
heating period, after which they ex-
panded upon removal of the form-
work to a net prestress of about 90
psi (6 kg/cm?),

As soon as the specimens were
subjected to water at 140 F (60 C),
they expanded rapidly to a prestress
of about 300 psi (21 kg/cm?) at 24
hr. After this age, expansion took
place at a slower rate, and at 56 hr.
the total prestress was about 340 psi
(24 kg/cm?). The history of Speci-
men 8 shows that by extending treat-
ment in hot water the overall expan-
sion increases very little.

Specimen 6 was transferred at 56
hr. to water at 70 F (21 C), resulting
in an increase in prestress from 342
psi (24 kg/cm?) at 56 hours to 450
psi (32 kg/cm?) at 49 days. After this
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age no significant increase in expan-
sion was detected. Two days after
the slab was removed from water
(age 66 days) it started to shrink and
reached a stable state at about 6
months, at which time the net pre-
stress was approximately 280 psi
(20 kg /cm?).

Specimen 7 was transferred at 56
hr. to room temperature and humid-
ity. It continued to expand, increas-
ing prestress by 50 psi (3 kg/cm?)
within 24 hr., thus reaching a total
prestress of about 390 psi (27 kg/
em?) at 3 days. Thereafter this spec-
imen started shrinking, reaching 340
psi (24 kg/cm?) again at 7 weeks.
Upon exposure to water at 70 F (21
C) the specimen again expanded, in-
creasing prestress about 80 psi (6 kg/
cm?) within 2 days, and remaining
practically constant while in water.
After removal from water the speci-
men shrank, stabilizing at a prestress
of 300 psi (21 kg/cm?) at age of
about 6% months.

Comparing the expansion history
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of Specimens 6, 7 and 8, it is clear
that not very much gain in prestress
is obtained by keeping specimens in
water after 56 hr., and that it is bet-
ter not to continue the exposure at
high temperature, i.e. 140 F (60 C).
Comparing Specimens 6 and 7
shows that the final stabilized pre-
stress is little affected by the previ-
ous history of wetting and drying as
long as the initial cure (56 hours)
adequately develops the expansion
potential of the concrete. In this
light, a review of the expansion his-
tory of Slabs 4 and 5 indicates that
Slab 4 would have approached the
stabilized value of 200 psi (14 kg/
cm?) exhibited by Slab 5 if given
time (more than 6 months) to shrink
fully.
History of cylinder strength gain.
The cylinder strength history for
Series I, IT and III is shown in Fig, 6.
All specimens tested had a compres-
sive strength in excess of 1000 psi
(70 kg/cm?) at 8 hr. and 3000 psi
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(210 kg/cm?) before the age of 48
hr. At 8 hr. it was possible to remove
slab forms safely in all cases.

The concrete strength develop-

ment is dependent on the curing en-
vironment and period of curing
rather than on the type of cement
used,
Slab specimen strength. Two kinds
of strength specimens were cut out
of each slab at termination of the
expansion test:

1. Prisms 3x2 in. (7.6x5.1 cm)
in section, and 2 to 5.5 in. (5.1
to 14 cm) high for compression
tests. '

2. Longitudinal strips 5 or 8 in.
(13 or 20 cm) wide for testing
as a beam with a 12-in. (31 cm)
span and loaded at midspan.
This test was conducted to de-
termine cracking and ultimate
strengths as well as stiffness
and ductility of the slabs.

The results of these test series are
summarized in Table 3. Series II data
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“Table 3. Mechanical properties of slabs

Cracking Ultimate Stiffness of Compressive
- —1 Tensile flexural the uncracked strength
Moment | Maximum | strength strength section-El  |on 2 x 3-in. prisms
Series | Specimen| Testing | Self stress | in.-lb. per tensile psi in.-lb. in.2-lb. psi
No. No. Age psi 1in. wide stress perlin.wide| perlin.wide | 2in. [3to 5% in.
M 2) strip psi strip strip high high
1 118 hr. | 293 720 1080 787 1130 1.82x10¢ 5000 —
l 2 35mos. | — | 222 675 1015 793 1000 2.05x 10° — 5380
3 35mos.{ — | 270 945 1418 1146 1256 3.03x10° — 6670
T 4 5.4 mos. | 290 | 278 962 1440 1150 1160¢3) 1.98x 10° 6070 —
5 6.0 mos. | 200 | 232 660 990 790 1240 1.95x 10 5130 —_
6 6.8 mos. | 282 | 282 745 1120 838 970 2.18x 10 6050 —
Bl 7 7.5 mos. | 300 1020 1533 1233 1310 2.17x 10 — 6450
8 0.9 mos. | 370 954 1430 1060 1440 2.04x 10¢ 6040 —

(MValues obtained from history of expansion
(2)Values obtained from strain release in reinforcing steel after its removal from concrete
() Test interrupted before reaching ultimate strength
Note: 1000 psi = 70 kg/cm?
1000 in.-Ib. = 1150 cm-kg
2.0x10° in,2-lb = 5.87 x 10° cm?-kg




are reported on the basis of a 1 in.
(2.5 cm) wide strip. The initial stiff-
ness, cracking and ultimate strengths
and ductility at failure are important
to the serviceability and safe design
of self-stressed slabs, possibly more
important than the value of stabi-
lized prestress.

Initial stiffness: The uncracked
section of the slabs shows a mini-
mum stiffness of 1.82 X 108 in.2-1b.
(5.33 x 10° cm2-kg) per 1-in. (2.5 cm)
wide section. If it is considered that
the I of the l-in. (2.5 cm) wide sec-
tion is % in.* (27.7 cm*) the minimum
value for E, is computed to be 2.73 x
10% psi (0.19x10° kg/cm?), which
agrees very closely with the value
obtained by using the ACI Building
Code equation for E,.

Cracking strength: The data of
Table 3 are too limited to permit a
probabilistic prediction of tensile
flexural strength. However, no crack-
ing occurred below a loading tensile
stress of 990 psi (70 kg/cm?). In-
spection of specimens cut from Slab
5 reveals that too much vibration ap-
plied to this slab caused segregation
with most of the lightweight aggre-
gate rising toward the top edge of
the slab as it was cast upright. The
first crack occurred in this section
away from midspan where the load
was applied to the flexural test spec-
imen. This result clearly points out
the importance of carefully control-
ling the vibration of the slabs.

For Series III slabs, the first crack-
ing occurred under a tensile stress—
due to external load—equal to or
larger than 1120 psi (79 kg/cm?),
corresponding to a modulus of rup-
ture of concrete of 838 psi (59 kg/
cm?), which is approximately 11\/f7
in which f/ is the compressive
strength obtained from prism tests.

Ultimate strength: Flexural tests
carried out up to the maximum load
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that the specimens were able to re-
sist, show that the minimum value
for the ultimate resisting moment of
the slab section was 1000 in.-Ib.
(1150 cm-kg) per 1-in. (2.5 cm) wide
strip, and for the slabs of Series III
this minimum value was 1310 in.-1b.
(1510 cm-kg). Furthermore, the mini-
mum ratio of ultimate resisting mo-
ment to cracking moment was 1.28.

In a few tests, the displacement
ductility was also measured. For all
tests the ratio of displacement at
failure to displacement at cracking
was larger than 7.

SUMMARY AND CONCLUSIONS

The data, although limited, sup-
port the conclusion that safe and ser-
viceable thin slab building units can
be produced using self-stressed con-
crete. ,

1. A specimen cured for a pro-
longed period in water at 140F (60C)
—after being cured in air for 8 hr. at
140F (60C) prior to demolding—
gained 75 percent of the maximum
possible prestress in 24 hr., 90 per-
cent in 48 hr., and 99 percent after
70 hr.

2. For the specimens that were
transferred from the water at 140F
(60C) to the laboratory air (70F)
earlier than 48 hr., the expansion
process seems to stop. However, if

-the transfer age was 48 hr. or more,

there was actually a gain in pre-
stress. When the specimens were
transferred from water at 140F (60C)
to water at room temperature at 56
hr. or earlier, the expansion con-
tinued but at a very slow rate.

3. Specimens cured in water 48
hr. at 140F (60C) could gain an
extra 30 percent of the 48-hr. pre-
stress obtained by exposure to mois-
ture (100 percent R.H.) at room tem-
perature (70F). However, when
these specimens are then exposed to
a 70F (21C) and 60 percent R.H. en-
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-vironment, there is a contraction
which reduces the level of prestress
to approximately that experienced
by a specimen placed in the 70F
(21C) and 60 percent R.H. environ-
ment. This contraction is the result
of shrinkage and creep.

4, For samples kept at room con-
ditions (approximately 70F and 60
percent R.H.) after being cured in
water at 140F (60C) for 48 hr., the
maximum observed reduction in the
gained prestress due to shrinkage
and creep was about 44 percent. The
contraction starts soon after removal
from water and takes approximately
5% months to reach a condition
which may be considered stable for
practical purposes.

5. It appears that 48 hr. of 140F
(60C) water curing is the optimum
curing treatment for the expansive
concrete used in the specimens in-
vestigated.

6. All specimens tested had a
compressive strength in excess of
1000 psi (70 kg/cm?) at 8 hr. and
3000 psi (210 kg/cm?) before the age
of 48 hr. At 8 hr. it was possible in
all cases to remove the forms safely.
" Even at 6 hr.,, the concrete was
strong enough to allow careful han-
dling. The concrete strength devel-
oped was dependent on the curing
environment and period of curing
rather than on type of cement used.

7. The flexural tests carried out
on specimens obtained from the
slabs reveal that first cracking occurs
under a modulus of rupture of at
least IIVT;, in which f is the com-
pressive strength obtained from test-
ing concrete prisms.

REFERENCES

1. Klein, A. and Troxell, G. E., “Studies
of Calcium Sulfoaluminate Admixtures
for Expansive Cements,” Proceedings,
American Society for Testing and Ma-
terials, Vol. 58, 1958, pp. 986-1008.

2. ACI Committee 223, “Expansive Ce-

- 84

10.

11.

ment Concretes—Present State of
Knowledge,” Journal of the American
Concrete Institute, August 1970, pp.
583-611.

. Aroni, S., Polivka, M. and Bresler, B.,

“Expansive Cements and Expansive
Concrete,” Report No. 66-7, Depart-
ment of Civil Engineering, University
of California, Berkeley, California,
1966, 74 pp.

. Aroni, S., Bertero, V. V. and Poliv-

ka, M., “Chemically Prestressed Con-
crete,” Journal of the Prestressed Con-
crete Institute, Vol. 13, No. 5, Octo-
ber 1968, pp. 22-35.

. Bertero, V. V. and Polivka, M., “Effect

of Degree of Restraint on Mechanical
Behavior of Expansive Concrete,” Pro-
ceedings, American Society for Testing
and Materials, Vol. 64, 1964, pp. 797-
815.

. Bertero, V. V., “Curing Effects on Ex-

pansion and Mechanical Behavior of
Expansive-Cement Concrete,” Journal
of the American Concrete Institute,
February 1967, pp. 84-96.

. Aroni, S. and Polivka, M., “Effect of

Expanded Shale Aggregate on Proper-
ties of Expansive-Cement Concrete,”
Proceedings, RILEM Symposium on
Lightweight Aggregate Concretes, Bu-
dapest, Hungary, 1967, pp. 475-502.

. Polivka, M. and Bertero, V. V., “Fac-

tors Affecting Properties of Expansive-
Cement-Concrete,” Proceedings, Inter-
national Conference on the Structure
of Concrete, London 1965, published
by the Cement and Concrete Associa-
tion, London 1968.

. Lin, T. Y. and Klein, A., “Chemical

Prestressing of Concrete Elements Us-
ing Expanding Cements,” Journal of
the American Concrete Institute, Sep-
tember 1963, pp. 1187-1218.

Bertero, V. V. and Choi, J., “Chem-
ically Prestressed Concrete Hyperbolic
Paraboloid Shell Model,” Proceedings,
World Conference on Shell Structures,
San Fancisco, California, October 1962,
pp. 145-158; Publication No. 1187,
National Academy of Sciences, Na-
tional Research Council, Washington,
D.C., 1964,

Bertero, V. V. and Irragory-Montero,
G. J., “Precast Chemically Prestressed
Concrete Frame,” II Simposio Pan-
americana de Estructuras, Instituto de
Estructuras de la Universidad Nacional
de Ingenieria, Lima, Peru, Vol. I, Pa-
per No, 12, January 1964, 53 pp.

PC! Journal



