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e In the design of conventionally reinforced concrete beams, it is
assumed that all tensile forces are carried by the reinforcement. When
such beams are subjected to their normel service loads, the tensile
stresses within the concrete exceed the tensile strength of the con-
crete, and cracks occur in the tensile zones of the beams. These cracks
are usually very fine and generally do not represent any immediate dan-
ger to the structure. However, they can provide a direct access to the
surface of the conventional (steel) reinforcement for environmental fac-

1 ~ tors that may initiate corrosion of the reinforcement and subsequert

3 . spalling of the concrete cover. As a result, a structure can become

: unsightily, and, unless remedial measures are taken, it may become un-

safe. Therefore, a definite need exists for improved methods of arrest-

ing or preventing undesired flexural cracking within the tensile zones
of conventionally reinforced concrete beams.

The available literature indicates that several potential. crack-
arrest techniques are currently being investigated. These include:
A ’ (a) fiber-reinforced concrete, (b) wire mesh, and (c) epoxy-resin con~-

’ crete. Unfortunately most of these techniques are or have been studied
with only plain concrete mixtures and not in conjunction with reinforced
concrete. Therefore, ten 4- by 9- by 72-in. and six 5- by 1lh- by 180-in.
1 specimens (four 4- by 9~ by 72-in. and two 5- by lh- by 180-in. speci-

3 mens were used as control members), each using a crack-arrest technique
that indicated promise either from the available literature or frem pre-
vious testing, were tested under either short- or long-term static load-
ing so that the information in the literature could be supplemeuted by
results of tests of specimens that better simulate actual structural be-
havior of beams in service.

The principal conclusions of the investigation are as follows:

4 a. Randomly mixed steel fibers incorporated in concrete in the
amount of 2.5 percent by volume can increase the precrack-
ing load over that of conventionally reinforced concrete
beams by an amount as high as 275 percent in smaller
members.

(bl

- b. Probably due to the difficully of obtaining a unitorm mix-
ture as fiber length versus cross-sectional area increases,
0.5-in.~long fibers will produce better results in certain

mixtures than will l-in.-long fibers.
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Although some -of the tests of the larger beams indicated
otherwise, it is not believed that steel fibers signifi-
cantly increase the flexural capacity of conventionally
reinforced beams. In fact, as soon as cracking was ini-
tiated in the smailiér beams, they tended to react as sim-
ilar conventionally reinforced beams.

Properly constructed and positioned wire cages can in-
crease the precracking loads of flexural members; however,
it is believed that their greater value is in controlling
or reducing the cracks once cracking is initiated.

Epoxy-resin concrete layers provided within the tensile
zones of small conventionally reinforced composite beams
can increase precracking loads by as much as 300 percent
over those of conventionally reinforced concrete beams.
This indicates that these special composite beams can pro-
vide a noncracking cross section up to or near failure.
However, until more is known about epoxy-resin coricrete
nmixtures (creep, shrinkage, thermal expansion, sensitivity
to environmental factors, exothermic charar~teristics,
etc.), composite construction cannot be recommended for
practical use.

The size of cross section, length of member, etc. (pos-
sibly due partially to the initiation of minute, undetect-
able cracking during handling), muy influence the initial
cracking load and resulting crack pattern as much ag the
size and spacing of the reinforcement; therefo , it is
believed that recommendations regarding crack-arrest tech-
niques should be based on results of tests of specimens
that are more nearly equal in size to concrete members
found in actual structures and not on results of tests

of small or essentially model specimens that have gen-
erally been used for investigating cracking within most
conventionally reinforced concrete members.

Although sustained loading does not appear to affect the
ultimate loads of members using any of the tentatively
recommended crack-arrest techniques (steel fibers in the
area of wniform tension only, steel fibers throughout the
entire cross section, and properly positioned wire-mesh
cages), it does significantly affect crack patterns.
Therefore, conclusions regarding the effectiveness of any
potential technique should be based on the results of sus-
tained testing rather than on the results of standard
short-term tests vhich are generally conducted on such
members.

Neglecting cost, placing steel fibers throughout the en-
tire cross scclion appears to be the best technique. How-
ever, the desired results may be obtained with either of
the two remaining techniques. Therefore, economy as well

e e, e
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i as effectiveness should be investigated before a technique
is recommended for practical use.

i. The crack—-arrest techniques examined in this investigation
can be concluded to reduce maximum crack widths by 27 to
60 percent of those expected in conventionally reinforced
members; however, it is emphasized that these conclusions
are based on a limited number of tests.
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PREFACE

This report presents the results of a literature study, the short-
term stoci- tests of fourteen 4- by 9- by 72-in. simply supported beams,
ten of which used a potential crack-arrest technique in addition to their
conventional reinforcement, and the short- and long-term static tests
of eight similar but larger (5- by lh- by 180-in.) beams, six of which
used a crack-arrest technique which had exhibited considerabls potential
during the small-beam investigationm.

This investigation was authorized by letter from the Office, Chief
of Engineers, U. S. Army, to the Director of the U. S. Army Engineer
Weterways Experiment Station (WES) dated 10 April 1969, subject: Project
Plan for Investigation of Crack-Arrest Techniques in Reinforced Concrete
Structural Elements (ES Item 026.3). All vork was performed at the Con-
crete Laboratory, WES, during the period May 1969 through August 1973
under the direction of Messrs. B. Mather, J. M. Polatty, J. E. McDonald,
D. E. Harrison, and F. B, Cox. This report was prepared by Mr. Cox.

Directors of WES during the conduct of the investigation and prep-
aration and publication of this report were COL L. A. Brown, CE, BG E. D.
Peixotto, CE, and COL G. H. Hilt, CE. Technical Director was Mr. F. R.
Brovn.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS O® MEASUREMENT

o

U. S. customary units of measurement used in this report can be converted
to metric (SI) units as follows:

: Multiply By ___To Obtain
1 inches 25.4 millimetres.
f feet 0.3048 metres
1 ‘ square inches ‘6.4H16 square centimetres
cubic feet 0.0283168 cubic metres
i cubic yards 0.764555  cubic métres
pounds (mass) 0.45359237 kilograms
tons (2000 lb~mass) 907.185 kilograms
3 pounds (mass) per cubic foot 16.0185 kilograms per cubic metre

inch-pounds (force) 0.112985 newton-metres

] pounds (force) per square inch  0.06689476 megapascals
Fahrenheit degrees 5/9 Celsius degrees or Kelvins*
revolutions per minute 0.0167 hertz

4

* To obtain Celsius (C) temperature readiﬁés from Fahrenheif (F) read-
ings, use the following formula: C = {(5/9)(F - 32). To obtain Kelvin
(K) readings, use: K = (5/9)(F - 32) + 273.15.




CRACK-ARREST TECHNIQUES IN REINFORCED
CONCRETE STRUCTURAL ELEMENTS

LABORATORY TESTS
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PART I: INTRODUCTION

Background

AT

1. The tensile strength of concrete is approximately one-tenth
of its compressive strength. The tensile strain atl which concrete gen-
erally fails is well below the strain capacity of the tensile reinforce-

? ment that is provided in all conventionally reinforced concrete members.

‘1\; PR

Thus, under normal service loads, it is reasonable to assume that the

A

tensile zone of most conventionally reinforced concrete members will be
cracked.

2. These cracks can provide direct access to the conventional
(steel) reinforcement for environmental factors resulting in corrosion
of the reinforcement and subsequeni spalling of the concrete cover. The
1 spalling of the concrete cover causes unsightly and possibly unsafe
3 structures. Therefore, during the past several years, considerable em-
i phasis has been placed on determining means of controlling or minimizing
the tensile cracking of conventionally reinforced concrete members.

3 3. Most of the available literature indicates that laboratory in-
vestigations that have had varying degrees. of success have been con-

ducted on controlling or minimizing undesired tensile cracking by nse
of (a) fiber-reinforced concrete,l’2 (b) various sizes and types of re-
inforcing bars,3’u’5 (e) various percentages of tensile reinforce-
ment,3’u and (d) epoxy or polyester resin concrete¥ in the tensile zones
of composite concrete beams. Unfortunately, however, most of the lit-
erature lacks detailed information on the feasibility of minimizing or

% The term “resin conciete" is applied to coneretes in:which resin in-
stead of portland cement is used as a binder for the aggregate
particles.
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arresting tensile cracking by using combinations of any of these tech-

niques (sach as conventionally reinforcing a fiber-concrete mixture).

Therefore, this investigation was concerned with new techniques that
previous investigators have indicated are potentially worthwhile as

well as with further evaluation of the more promising techniques pre-

viously used.

Objective and Scope

4, The objective of this investigation was to determine feasible

techniques for limiting the size and spacing of reinforced concrete ten-
sile (flexural) cracks to such magnitudes that the danger of corrosicn
of the steel reinforcement is minimized.

5.

The work was concucted in the following phases:

g_o

Phase I. A study of the literature was made, with special
emphasis being placed on the various materials and methods
that might be used to arrest cracking in reinforced con-
crete members-.

Phase II. Fourteen - by 9- by 72-in.* beams were fabri-
cated, ten of which used a separate crack-arrest technique
that wes indicated effective by either the available iit-
erature or by previous testing.

Phase III. Eigh% larger (5~ by 1b- by 180-in.) beams, in-
clﬁding ‘twe control beams, were cast so ‘tuut the most
promising crack-arrest techniques indicated during Phase
IT could be further evaluated.

Phase IV. The eight beams cast during Phase III were then
divided into two similar groups, each consisting of a con-
ventionally reinforced control beam, a conventionally re-
inforced beam with a Ih-gage (2.03 mm) 1- by l-in. wire-
mesh cage positioned witkin its inner 84-in. section, a

conventionally reinforced beam-with 0.5-in,-long steel

* A tabke of factors for converting U. S. customary units of measure-
ment to metric (SI) units is presented on page 8.

10
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6.

: design approaches are preliminary and may be revised as the study con-
tinues and new results become available.

fibers (2.5 percent by volume) added throughout its en-
tire cross section, and a conventionally reinforced beam

with 0.5-in.-long steel fibers (2.5 percent by volume)

added to its lower 3=in. tensile zone. Group 1 beams

were tested unéer short-term static loading; group 2
beams under long-term static loading.

Phase V. Conclusions were then drawn regarding the ef-
fectivéness of each technique by comparing the results
of all tests.

Since this is a continuing investigation, all conclusions and

il
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PART II: FABRICATION AND TESTING PROGRAM OF SMALL BEAMS
7. Fourteen (four control and ten using various crack-arrest
techniques) 4- by 9- by 72-in. beams were cast and tested to investigate

the most promising methods for arresting or minimizing flexural crack-
ing of reinforced concrete structural elements.

Concrete Mgterials and. Mixture Proportions

Plain concrete mixture

8. The materials used in the plain concrete mixture were type II
portland cement (RC-622) manufactured in Alabama and crushed limestone
(coarse and fine) aggregate from Tennessee (CRD-G-31(7), CRD-MS-17(3)).

9. A concrete mixture (table 1) was proportioned with a 3/8-in.
maximum-size aggregate to have a slump of 2 & L/Q in. and 2 28-day com-
pressive strength of 3000 psi. The resulting compressive and tensile
strengths of the various batches of concrete are presented in table 2,
and the compressive stress-strain characteristics are given in plate 1.
Fiber-reinforced concrete mixture

10. The procedure for obtaining a uniform fiber-concrete mixture
was as follows:

a. The conventional concrete mixture described above was

mixed in a L-cu-fh-capacity rotary mixer by the normal
procedure.

b. The steel fibers (CRD-S-F-(1),(2)) were separated (fibers
had previously settled into a tight ball due to shipping
and previous handling) and placed into the regular con-
crete mixture in small quantitiers, This procedure en-

sured a uniformly distributed mixture with a minimum of
addi“ional mixing time.

1}. The compressive stress-strain characteristics and the tensile

and compressive strengths of the individual batches are shown in plate 1

and table 3, respectively.

used are given in table k.

Structural properties of the steel fibers

12
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‘Bpoxy-resin concrete mixture

12. Due to its known qua.l:i.'l;:‘Les7 and availability, a two-component
polysulfide epoxy compound (EP-WES-B-10) meeting CRD-C 590-65 standards
(Federal Specification MM-G-650a)8 was selected as the binder for the
aggregate used in fabricating the resin-concrete mixture used through-
out this investigation.

13. Previous testing by Geymayerb indicated that a continuously
graded, dry, clean, siliceous sand, fine aggregate (WES-1-S(l4)47)

(table 5) with a 1l percent resin content generally produced the most
econortical mixture, as well as the best strength properties. Therefore,
this particular mixture was selected for use during this investigation.
Each individual epoxy-resin concrete mixture was initially mixed in a
l-cu-ft-capacity vertical mixer and then given additional hand-mixing.
14k. Pollowing this particular design and mixing procedure re-
sulted in the epoxy-resin concrete strengths and compressive stress-

strain characteristics shown in table 6 and plate 1, respectively.

Fabrication and Curing of Concrete Specimens

Plain,,plain plus fiber, and
plain plus wire mesh Spec;ixnens

15. ©Steel forms were used for casting all beams. The ccnerete
for all beams and strips (layers) except the epoxy-resin concrete strips
was consolidated in thin layers by a small electric vibrator with a fre-
quency of 7000 rpm. In addition, the beams and strips were then placed
on a vibrating table and vibrated briefly.

16. All beams, strips, and associated cylinders (except the epoxy-
resin concrete cylinders and the composite beams consisting of strips or
layers of epoxy resin and plain concrete within their tensile and com-
pressive zones, respectively) were finished with a wooden float, covered
with waterproof paper, stripped at a 48-hr age, and then moist-cured for
an additional 12 days. After the moist-cu,riné.period, ‘the specimens
were allowed to cure under room conditions, approximstely 73 + 2 F and
50 to 60 percent relative humidity, until their test date.

13
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Epoxy-resin concrete specimens

17. The plain concrete for the epoxy-resin concrete composite
beams was cast in an inverted position, moist-cured in its forms for
1k days, and then cured under room conditions, approximately 73 + 2 F
and 50 to 60 percent relative humidity, for an additional 7 days. Pre-
ceding the applicution of the resian-concrete layers at the 2l-day age,
all concrete and reinforcement surfaces to be in contact with the epoxy-
resin concrete were sandblasted and then painted with the epoxy. Ti-
nally, the epoxy-resin concrete was placed in thin layers and compacted
with both mechanical tampers and tamping rods. The beams. were then al-
lowed to cure under the room conditions described above until their test
date.

Beam Test Methods

18. A1l small beams were simply supported and tested to failure
in an inverted position (fig. 1) by third-point static Joading. ZIach

4
»?

h

LoAn ceLL IR R
PO, GAGES S ‘ .

\ HYORAULIC
T MALF RQUKLH SYSTEM . LOADING SYSTEM
AND 176 B¢ 31° STEEL PAOS X=y RECORDER WITH CONTROWL PANEL
.

Wor-a stract inocator
WITH W TCH AND

BALI{NCC S5YSTER

- | ——
e

Fig. 1. Typical arrangement used for testing beams
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beam was supported at its third-points by a half rocker system (load and
support reactions were distributed to each beam by 1/8- by l-in. pads
placed between the concrete and steel rollers), with loads being placed
by a combination of a hydraulic system and two 20-ton-capacity jacks
that were positioned to provide a clear span of 6 ft for each test spec-
imen. A control panel, a load cell, a displacement transducer, and an
x-y recorder (fig. 1) were used to measure the loads and to obtain a
continuous load versus end-span deflection plot for each beam. Midspan
deflections, as well as verifications of end-span deflections, were made
with three 1-in. travel length dial gages positioned as shown in fig. 1.

19. Total loads were appiied in 500- to 1000-1lb increments.

After the application of each increment, readings of beam strains, de-
flections, and crack widths were made, and observations of other be-
havior were noted. The loads were completely removed at least twice
during most of the tests so- that inelastic deflections could be checked
for each beam prior to continuation of loading.

20. Concrete strains were measured by (a) a 2-in. mechanical
strain gage using Demec standard measuring disks located at previously
designated points (fig. 2) and (b) by SR-k electrical strain gages
placed at the midspan of both the conventional tensile reinforcement and
the compressive, top, face of the beam.

| 2;1 [ 20 | 2¢ | m 20 | a0 [ [ |

!
4 T l l 1 (.
&C DEMEC DISKS \ MIDSPAN OF BEAM

Fig. 2. Locations of Demec standard measuring disks
along tensile face of beam

i

o=

2l. All cracks were marked and measured as they occurred. They

were measured using a special electrically illuminated 40X microscope

and the Demec disks.

Beam Test Resultsy

22. The behavior of individual beams and the principal results
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of individual tests are summarized in tables 7-20 and plates 2-13. The
beams are described briefly as follows.
Group 1

23. Group 1 consisted of three beams, one of which was used as
a control specimen. The control beam (beam 1) was reinforced for flex-
ure to approximately 55 percent of a balanced design (Pb) according to
the ACI Code9 by using two No. 4 high-strength (grade 60) reinforcing
bars as the tensile reinforcement (fig. 3). The shear requirement of
the Code’ was satisfied by using No. 2 vertical stirrups (fig. 4) on
k-in. centers throughout the sections of the beam requiring shear
reinforcement.

2. The two remaining beams (2 and 3) of group 1 used the same
plain concrete mixture and conventional reinforcement as described for
the control beam; however, the concrete mixtures for beams 2 and 3 were
additionally rein:orced with 2.5 percent (by volume) steel fibers of
0.5- and 1.0-in. lengths, respectively. Information on properties of
the fibers is given in table k4.

25. Test results for beam 1 are given in table 7, photo 1, and
plates 2, 6, and 10 and are discussed briefly below:

a. A total load of 2000 1b resulted in the tensile zone of
the concrete being strained to such a degree that a hair-
line crack appeared on the tensile face of the beam. The
average tensile reinforcement and tensile face concrete
strains were 215 and 220 millionths, respectively. How-
ever, a load of 2500 1b, resulting in average tensile
reinforcement and concrete tensile strains of 260 and
300 millionths, respectively, was required before the
first cracks, which had a maximum width of 0.00L5 in.
and a maximum depth of 1.15 in., were of such a depth
that they could be marked and photographed. From this
load level, the strpins and resulting cracks continued
to grow at an increasing rate until they reached the
magnitudes of 1790 millionths, strain in tensile rein-

forcement; 2040 millionths, strain at tensile face of

16
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concrete; 0.0040 to 0.0055 in., width of crack; and 5.20
in., depth of crack, at a load level of 12,500 1b. The
load-carrying capabilities of the beam then began to
change rather rapidly, with & flexural compressive fail-
ure occurring at a total load of 13,450 1b. The térmi-
nology is in accordance with Bjuggren.lo

A midspan deflection of 0,589 in. was recorded just prior
to failure. This represents a deflection ratio of ap-
proximately L/122.

The failure moment of 162,539 in.-1b, including weight
of beam, was approximately 5.2 percent higher than the
154,%95-4n,-1b moment predicted by the ACI Code.’ This
shows, as suspected, a rather close agrggment between
the calculated and measured moments.

26. Test results for beam 2 are shown in table 8, photo 2, and
plates 2, 6, and 10 and are discussed below:

-a._o

The first tensile strains, 520 millionths for tensile re-
inforcement and 610 millionths for the tensile face of
the beam, which resulted in hairline cracks, maximum
width 0.0018 in., on the tensile face of the beam, oc-
curred at a total load of 550G 1b. However, a load of
6000 1b was required before the strains, 710 and 610 mil-
lionths for the tensile face and reinforcement, respec-
tively, reached such a magnitude that the depth, 0.3l in.,
of the resulting cracks, width 0.002 in., was sufficient
for marking and photographing. Thereafter, the tensile
strains and cracks continued to grow rather uniformly
under the increasing test loads until their maximum
measvrable dimensions of (1) 2040 millionths for the
tensile reinforcement, (2) 2270 millionths for the ten-
sile face of beam, (3) 0.0045 to 0.0053 in. for width of
major crack, and {4) %.05 in. for the depth of the major
crack, were reached under a total load of 13,C00 1b. A
flexural compressive failure then occurred under a

18
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; slightly higher load of 13,700 1lb. Further examinations

) of the photographs taken immediately after the failures
of L=ams 1 and 2 (photos 1j and 2i) revealed, as sus-
pected, that more but generally smaller cracks occurred

i within the outer tensile zone of beam 2. However, the

major crack width was essentially the same as for beam 1,

1 and the crack depth was slightly less.

i b. A total midspan deflection of 0.251 in. was measured just
prior to failure. This represents a deflection ratio of
approximately L/287, which was a considerable improvement
over that for beam 1,

c. The failure moment for beam 2 was 165,539 in.-lb. This
was only a sligh%t increase over the 162,539-in.-lb moment
required to fail beam 1.

Coldeal o)

27. Test results for beam 3 are shown in table 9, photo 3, and
plates 2, 6, and 10 and are discussed below:

a. Initial hairline cracking, maximum width of 0.0015 in.,

LT

depth was not measurable, was observed at a total load of
4000 1b, or approximately 2.00 and 0.73 times the loads
required to initiate cracking in beams 1 and 2, respec-
tively. At the 4500-1b load level, strains, 425 mil-
lionths for tensile reinforcement and 465 millionthns for
tensile face of beam, were sufficient to produce crack-
ing, width of 0.0010 to 0.0019 in. and depth of 0.95 in.,
. with depths of the magnitudes required: for proper side
marking and photographing. As in beam 2, there was a
rather uniform growth of the strains and resulting cracks
from this point until they reached their maximum measur-
able values of 2000 millionths for the strain of the ten-
sile reinforcement, 2350 millionths for the strain on the
tensile face of the beam, 0.0050 to 0.0088 in. for the
maximum crack width, and L.38 in. for the maximum crack

depth, ot o lecad of 14,000 1b, slightly below its ulti-

L e e )

mate load-carrying capacity of 14,520 1b. Again, as in

19
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1 the previous tests, the photos {photo 3b) show that the

] beam failed in a flexural compressive mode, with the
final crack pattern of its tensile face showing more and
smaller cracks when compared with beam 1, but fewer and
larger cracks when compared with beam 2. This, along
with other test results ,l indicates that a conventionally
reinforced concrete beam with 1/2-in.-long steel fibers
added to its prescribed mixture (table 1) may be superior
3 to a like member using l-in.-long steel fibers when

-t

only crack-arrest techniques for static loading are
considered.

b. The failure moment for beam 3 was 175,379 in.-1lb, which
was slightly greater than the failure moments for beams 1
and 2.

1 . c. A total midspan deflection of 0.308 in. was measures just
prior to failure. This represents a deflection ratio of
approximately L/23k, which is in close agreement with the
rgtio found for beam 2.

Group 2

28. This group consisted of (a) veam 4, a conventionally rein-
forced control beam that was similar to beam 1; (b) beam 5, which was
similar to beam 4 except that (1) the number of conventional stirrups
was reduced, and (2) a 3- by 8- by 36-in. wire-mesh cage, fabricated
from No. 14 gage (2.03 mm), 1- by l-in. galvanized wire mesh, was used
as a potential crack arrester throughout the inner 36-in. section of

the beam (fig. 5); (c) beam 6, a beam maintaining reinforcement iden-

tical with that of beams 1 and 4, but its lower 1-1/2 in. consisted of

epoxy-resin concrete; and (d) beam 7, a beam similar to beam 6 with the

Fig. 5. Reinforcement for beam 5 (reinforcement
is in as-cast position)
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only difference being the depth of the epoxy-resin concrete, which was

3 in.

29. Test results for beam 4 are shown in table 10, photo L4, and
plates 3, 7, and 11 and are discussed briefly below:

é: .

Average tensile reinforcement and tensile concrete
strains at the tensile face of 305 and 310 millionths,
respectively, produced the first noticeable cracking,
0.0015-in, maximun width, 2.76-in. maximum depth, at a
total load of 2500 1b. When compared with control beam 1,
this represented a slight increase in the initial crack-
ing load, although table 2 shows a considerable decrease
in the ultimate compressive strength of the concrete used
in fabricating beam 4. This particular situation further
indicates the inability of predicting the tensile strength
of concrete. Also, as in most previous testing, there
was a rather uniform growth in the initial strains and
resulting crack patterns for the next several loading
levels, with the largest changes of 1775 to 2190 mil-
lionths, strain of ‘ensile reinforcement, 2220 to 2640
millionths, average strain on tensile face of beam
0.0065-0.0090 in. to 0.0180-0.0125 in., maximum crack
widths; and 4.62 to 4.63 in. maximum crack depths cccur-
ring hetween the 11,000~ and 12,000-1b levels. 4 flex-
ural compressive failure then occurred at a slighily
higher load of 12,700 1lb.

A midspan deflection of 0.319 in. occurred just prior to
failure. This represents a deflection ratio of approxi-
mately L/226, which is a considerable improvement over
the deflection ratio of approximately L/122 found for
comparable beam 1.

The failure moment of 153,539 in.-1b was approximately
5.5 percent higher than the 145,505~in.-1b moment pre-
dicted by the ACI Code.9 As with beam 1, there was
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rather close agreement between the predicted and tested
failure moments.

30. As previously mentioned, a 3- by 8- by 36-in. galvanized wire-
mesh cage, 1- by l-in. squares (fig. 5) was placed in the inner 36-in.
section of beam 5. This potential crack-arrest technique was selected
because some of the literature,s’h’iu indicated that the type, size,
and spacing of the reinforcement can considerably alter the resulting
cracking patterns of reinforced concrete structural members.

31. Test results for beam 5 are shown in table 11, photu 5, and
plates 3, 7, and 11 and are discussed briefly below:

a. A load of 4000 1b was required to initiate the cracking
of the beam; however, the strains, 335 millionths for
tensile reinforcement znd 440 millionths for average
strain of tensile face of beam, were of such a magnitude
that a resulting crack (photo 5b) opened to a maximum
width of 0.001 to 0.0013 in. and penetrated to within
5 in. of the beam's compressive face. From this loal
level, the number of cracks began to increase rather rap-
idly, with most of the cracks forming and following a
line just outside the vertical wires of the cage. AlL-
though most of the cracks did form as previously men-
tioned, just outside the vertical wires of the cage,
strains of 1305 and 1720 millionths for the tensile rein-
forcement and face of the beam, respectively, produced a
flexural shear cracklo of significant magnitude, 0.002 to
0.0049 in. in maximum width and 4.7h in. in depth, at the
10,000-1b load level (photo 5g). This would indicate
that the cage should not be designed and used as a
replacement for conventional shear reinforcement; how-
ever, this, or the flexural shear cracks that formed dur-
ing the later test stages, did not appear to affect the
flexural compressive failure of the beam, which occurred
at a total load of 14,800 1b. A study of tables 7
through 20 shows that the maximum widths,6 0.003 to
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0.0068 in., of beam 5's cracks were smaller than those of
any other beam just prior to failure. This is also re-
vesled by the final crack pattern of beam 5's tensile
fac. (photo 5k).

b. A midspen deflection of 0.306 in. occurred just prior to
failure. This is a deflection ratio of approximately
L/235, which is approximately the same as§ that for other
previously tested beams with nearly equal loaé-carrying
capabilities.

c. 'The failure moment of 178,739 in.-1lb was considerably
higher than that of conirol beam 4 (153,539 in.-1b).

32. Geymayer6 concluded that a composite beam consisting of con-
ventional concrete and epoxy-resin concrete within its compressive and
tensile zones, respectively, would congiderably increase the beam's
initial cracking load. Therefore, beam 6, which was similar to control
beam 4 except that the bottom 1-1/2 in. was fabricated with an epoxy-
resin concrete, was fabricated and tested to further evaluate this
conclusion.

33. Test results for beam 6 are shown in table 12, photo 6, and
plates 3, 7, and 11 and are discussed briefly below:

a, The first cracking occurred at a total load of 5000 1lb.
One crack was of such a magunitude, 0.002 in. wide and
2 in. deep, that the entire epoxy-resin layer was pene-
trated. TFrom this point, the sizes of the strains and
cracks grew rather rapidly as the loads were increased,
with measurements of 1355 millionths, 1100 millionths,
0.010 to 0.0113 in., and 3.90 in. being noted, respec-
tively, for the tensile reinforcement strain, average
maximum tensile strain over the middle one-third section
of the epoxy-resin concrete layer, maximum widths of the
cracks, and muximum depths of the cracks, at the 8000-1b
load level. Strains of 2320 millionths in the tensile
reinforcement and 2570 millionths, average maximum ten-

sile strain of epoxy-rusin concrete, were noted at the

23




faankh Lol o

|

e i N

v

-

R T T
A : .
&

i g e = et e ST - T Ei A A b ulan Chioh e Dabiiekd auiab i BT e

11,000-1b load level. This resulted in the larger cracks
opening up to maximum widths and depths of 0.0433 to
0.045 and 4.60 in., respectively, which were greater than
any crack widths found for any previously tested beam.

A flexural ccmpressive failure occurred at a slightly
‘higher load of 12,0C0 1b,

b. A midspan deflection of 0.27h4 ir. occurred just prior to
failure. This represents a deflection ratio of L/262,
which is about the same as that for control beam 4.

¢. The failure moment, 145,139 in.-1b, was approximately
95 percent of the failure moment for the conitrol beam,
153,539 in.-1b.

34, A comparison of the test results for beam 4, the control
beam, and beam 6 indicated that the load required to initiate flexural
cracking was increased fram 2500 to 5000 1b by the l;l/a-in. layer of
epoxy-résin concrete. Therefore, beam 7 was fabricated with a 3-in.
layer of epoxy-resin concrete within its tensile zone to further inves=
tigate this promising crack-arrest technigue.

35. Test results for beam 7 are shown in table 13, photo 7, and
plates 3, 7, and 11 and are discussed briefly as follows:

a. Initial cracking occurred at a total load of 6000 1b. As
with beam 6, the cracks were of such a magnitude, 0.008-
in. maximum width and 3.32-in. depth, that the entire
layer of epoxy-resin concrete was penetrated. Although
the strains changed considerably, 305 to 1820 millionths
for the tensile reinforcement and 360- to 1960 millionths
for the outer tensile face of the epoxy-resin concrete,
from the 6,000- to the 11,000-1b load level, there was a
somewhat lesser change, 0.008 to 0.017 in. for the maxi-
mum crack widths and 3.32 to 5.22 in., for the crack
depths, in the corresponding crack pattern. Therefore,
due to this particular situation, as well as the failure
of the beam at the next loading increment, 12,000 1lb, it
is emphasized that the test wesults indicate that more

2}




Kl oo

Group 3

o T T, T T VT

P e

important than their influence on strength is the ability
of resin-concrete layers to provide a noncracking mois-
ture barrier or corrosic.i protection for beams under
their normal service loads.

A midspan deflection of 0.216 occurred at the 11,000-1b
load level, which was just prior to failure. This de-
flection ratio of L/333 shows a considerable improvement
over the L/262 ratio found for beam 6 and tends to in-
dicate that the thicker -epoxy-resin concrete layers may
provide higher precracking loads.

The ultimate tested moment of 145,139 in.-lb wa: the same
as that found for beam 6 and approximately 95 percent of
that found for the control beam.

36. The beams of this group consisted of (a) beam 8, which was
similar to beams 1 and 4 and was used as the control beam for group 3;

(b) beam 9, which was similar to beam 8 except that it had a double

layer of wire mesh attached to its outer surface of tensile reinforce-

ment (fig. 6); and (c) beam 10, which was similar to beam 5 of the
second group except that the vertical wires of the 1- by l-in. mesh- cage
were clipped (fig. 7) throughout the middle one-third section of the
beam, so that, in effect, they had been removed.

Fig. 6. Rejinforcement for beam 9 (reinforcement

is in as-tested position)
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Fig. 7. Reinforcement for beam 10 (reinforceme:nt

is in as-cast position)
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37. Test results for beam 8 are shown in table 14, photo 8, and
plates 4, 8, and 12 and are discussed briefly as follows:
a. Initial cracking occurred at a total load of 2500 1b,

T Ty

v T

which wes the same load required to initiate the cracking
, of the control beam, beam 4, of group 2. However, table
‘ 14 shows that at this load, the strains, 160 millionths
in the ténsile reinforcement and 245 millionths in the
concrete at tensile face of beam, and resulting cracks,
0.0005 to 0.0011 in. wide and 1.15 in. deep, were con-

‘ siderably less than those found for beam 4. At the

V 8000-1b load level, the strains of the tensile reinforce-
ment and tensile face of the beam had increased to 1295
and 1565 millionths, respectively, which resulted in the
cracks opening %o a maximum width of 0.0045 to 0.0056 in.
The crack depth was 4.6 in. at this particular load: level
and remained near this depth until just before the fail-
. ure load -of 11,000 1lb was reached. Photo 84 shows that
the beam failed in a flexural compressive mode, which is
the mode of failure that would be suspected for all sim-
ilar underreinforced beams.

"I T ST

RS TTTY

b. A midspan deflection of 0.269 in. occurred just prior to
failure. This represents a deflection ratio of approxi-
rs mately L/268, which is a considerable change from the de-
flection ratios found for control beams 1 and 4 of groups
: 1 and 2. However, this can be partially explained by
beam 8's rather low failure load of 11,000 1lb.
c. The failure moment of 133,139 in.-lb is approximately
92 percent of the 1l,950~in.-1b moment predicted using
; the ACI Code.9 This, again, indicates that the beam
failed at a moment (load) slightly less than would gen-
erally be expected for such members.

38. One technique previously used in attempting to control the
cracking of reinforced concrete beams was to provide a wire-mesh

cage (fig. 5) throughout the section of a beam (beam 5) where the
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probaebility of cracking was the greatest; however, it was found that the
flexural cracks generslly followed a line just outside ‘the vertical
wires of the cage. Therefore, beam 9, fabricated with a double layer of
the same 1- by 1l-in. wire mesh attached to its conventional tensile re-
inforcement (fig. 6), was the first attempt to improve the technique
used in beam 5.

39. Test results for beam 9 are shown in table 15, photo 9, and
plates 4, 8, and 12 and are discussed briefly as follows:

a. Average tensile strains of 105 millionths for the con-
ventional tensile reinforcement and 1.80 millionths for
the tensile face of the beam resulted in the initial
cracking of the beam at a total load of 2500 1b, which
was the same load required to initiate the cracking of
the control beam (beam 8). Also, table 15 reveals that
these cracks were of about the same magnitude (0.0007 to
0.0010 in. wide and 1.67 in. deep), if not slightly
greater, than those found for the control beam. A com-
parison of tables 14 and 15 indicates that at -correspond-
ing loads the dimensions of the strains and resulting
cracks of beam 9 were nearly the same as those for beam
8. Although each beam failed in the same flexural com-
pressive mode, a somewhat higher load of 13,000 1b was
reached before beam 9 failed. This increased failure
load was attributed to the double layer of wire mesh pro-
viding additional flexural reinforcement.

b. A midspan deflection of 0.294 in. was reached Jdngt as the
load level reached 13,000 1lb; however, this load resulted
in the tensile reinforcement yielding, and a larger de-
flection of 0.408 in. was recorded at this same load
level just prior to failure. The 0.294-in. deflection
represents a deflection ratio of approximately L/2L5,
which is about what should be expected for conventionally
reinforced beams subjected to test loads within the
13,000-1b range.
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c. The failure moment of 157,139 in.-lb represented a moment

3 increase of 24,000 in.-1b over that of the control beam

‘ (beam 8). Again, this is attributed to the double layer
of wire mesh providing additional flexural reinforcement.

40. Beam 10, using a 6- by 8- by 36-in. wire-mesh cage similar

] to that described for beam 5, except that the vertical wires were clipped

E (removed) throughout its inner 2k-in. section (fig. 7), was the third

] attempt (beams 5 and 9 were the first and second, respectively) to employ

wire mesh as an effective flexural crack arrester for reinforced concrete
members.

T

4. Test results for beam 10 are shown in table 16, photo 10, and
plates 4, 8, and 12 and are discussed briefly as follows:
a. Strains of 250 and 315 millionths for the conventional
] tensile reinforcement and the tensile face of the beam,
respectively, resulted in the beam cracking (0.0005 to
0.0011 in. wide, 0.55 in. deep) at a total load of
3500 1b. This represents a decrease of 500 1b from the
initial cracking load for beam 5 (a similar beam) and an
3 increase of 1000 1b over the initial cracking load of
beam 8 (control beam) and beam 9 (beam with double layer
of wire mesh attached to the outer surface of its conven-

TR

tional tensile reinforcement). However, a camparison of
tables 11, 1k4, 15, and 16 indicates, as suspected, some-

: what higher degrees of differences between the correspond-
i ing strains of beams 5, 8, 9, and 10 under the initial
eracking load levels. Table 16 shows a rather uniform

b Y

cadi fl

growth in both the strains and cracks between beam 10's
initial cracking load of 3500 lb and the 10,000-1lb load
{ level, and then an increasing growth (between load lev-
els) in both strains and cracks until they reach magni-
tudes of (1) 1840 millionths for the strains of the con-
ventional reinforcement, (2) 2485 millionths for the
2ins on the tensile face of beam, (3) 0.0025 to
0.0079 in. for the maximwn crack widths, and (4) %.90 in.
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for the crack depths at the 14,000-1b load level. The
beam then experienced a flexural compressive failure
(photo 100) at the 15,000-1b load level. However, table
16 indicates that the yielding of the reinforcement was
of such a degree that the beam could not sustain the load
nor produce any useful data (readings); therefore, for
all practical purposes, the failure of the beam occurred
before the 15,000-1b loed level was reached.

A midspan deflection of 0.267 in. occurred just prior to
failure. This represents a deflection ratio of approxi-
mately L/270, which is an improvement over the ratios
found for the other beams of this group, although beams 8
and 9 failed under lower loads.

The failure mement of 181,139 in.-lb represents an in-
crease over the failure moment of any of the comparable
beams (beams 5, 8, and 9); however, it is again emphs.-
sized that for all practical purposes, beam 10 actually
failed between 169,139 in.-1b and the recorded failure
moment of 181,13" in.-lb.

42. Group U4 consisted of four beams (beams 11, 12, 13, and 1k),
which are briefly described as follows:

8.

Beam 11 (photo 11) was similar (used identical reinforce-

ment) to beams 1, 4, and 8; therefore, it was used as the
control beam for this group.

Beam 12 used reinforcement identical with that in beam 1l;
however, the lower 2-1/2 in. of its tensile zone was fab-
ricated with epoxy-resin concrete (photo 12) in lieu of
the conventional portland cement concrete mixture.

Beam 13 was similar to beam 12 except that 3 in. of
epoxy-resin conzrete (photo 13) was used in its fab-
rication instead of 2-1/2 in. as for beam 12.

the last beam (beam 14) was provided the normal rein-
forcement employed in all control beams (beams 1, 4, 8,

29
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and 11) plus 1/2-in.-long steel fiber (2.5 percent by
volume) reinforcement within the lower 3 in. of its

tensile zone.

43, Test results for beam 11 are shown in table 17, photo 11, and
plates 5, 9, and 13 and are briefly described as follows:

2.

A load of 4000 1b was required to produce strains of such
a magnitude (340 and 360 millionths for the reinforcement
and tensile face of the beam, respectively) that cracking
(0.0013 to 0.0020 in. wide, 4.74 in. deep) began within
the tensile zone of the beam. A comparison of tables T,
10, 14, and 17 shows that the load required to initiate
the cracking of similar control beams (beams 1, k4, and 8)
was as much as 50 percent lower. [Therefore, this further
indicates the difficulty of predicting the flexural (ten-
sile) strenzth of conventionally reinforced concrete
beams. The strain and resulting cracks ccntinuved to grow
under increasing loads, with a significant change occur-
ring in both at loads ranging from 7000 to 800N 1b

(table 17). At the 12,000-1b load, the strains (1695 and
1990 millionths for the tensile reinforcement and face of
the beam, respectively) and cracks (0.0060 to 0.008L in.
wide, 5.60 in. deep) were of such a magnitude that yield=
ing of the tensile reinforcement was becoming evident.
This resulted in a flexural compressive failure at the
next higher loading level of 13,000 lb.

A midspan deflection of 0.223 in. occurred at the 12,000~
1b load level. This represents a deflection ratio of ap-
proximately 'L/323, vwhich is within the range indicated by
the previously tested contrcl (similar) beams.

The failure moment of 157,139 in.-lb was approximately
4.5 percent greater than the 150,2go-in.-1b ultimate mo-

cates the close agreement that is generally found between

ment predicted using the ACI Code.” This, again, indi-
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ally reinforced concrete beams.

’ L, Beam 12 was irtended to be identical with beam 6 in order

' that further evaluations could be made of beams using small depths of
epoxy-resin concrete, in lieu of regular concrete, within the zones
subjected to the maximum tensile stresses. However, a 2-1/2-in. depth
of epoxy-resin concrete was unintentionally substituted for the intended
1-1/2-in. depth used in beam 6.

45, Test results for beam 12 are shown in table 18, photo 12, and

plates 5, 9, and 13 and are discussed briefly as follows:

a. A total load of 12,000 1lb was required to initiate the
cracking of beam 12. However, the tensile strains were
of such a magnitude (610 and 980 millionths for the ten-
sile reinforcement and tensile face of the beam, respec-
tively) that cracks opened up to a maximum width of 0.02}

. to 0.0250 in. and a maximum depth -of 6.37 in. at this
load level. Since the reinforcement of the beam started
yielding (table 18) before the 13,000-1b load level was
reached, the only useful data were collected up to and
including the 12,000-1b load level. Therefore, for all
practical purposes the beam actually failed during its
initial stage of cracking, which further svbstantiates
Geymayer's statement, "more important than their influ-
ence on strength is the ability of resin concrete layers

Ak

to provide a noncracking moisture barrier or corrosion
6 Although,
as previously mentioned, for all practical purposes the
beam actually failed near the 12,000-1b load level, it

protection practically up to beam failure.

is emphasized that a load of 13,900 1b was required to
] completely collapse the beam.
1 b. A midspan deflection of 0.1h47 in, occurred at the

1 12,000~1b load level. This represents a deflection ratio
of approximately L/N90, which is & considerable improve-

ment over thet of most other beams under the same loading
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levels. This incrensed deflection ratio further indi-
cates the small amount of cracking that occurred prior
to failure.

[ c. The collapse failure moment of 167,939 in.-1b is approxi-
mately the same as that reached by all the conventionally
reinforced control beams (teams 1, 4, 8, and 11),

Ui b o i

46, Boam 13, fabricated with a 3-in. layer of epoxy-resin con-
crete within its lower tensile zone, was similar to beam 7 of group 2.
However, tests of this beam were deemed necessary in order that further
evaluations could be made of the initial cracking loads of test speci-
mens using various depths of epoxy-resin concrete within the zones sub-
jected to the maximum tensile stresses.

47, Test results for beam 13 are shown in tubdle 19, photo 13, and
plates 5, 9, and 13 and are discussed briefly as follows:

a. Respective strains of 475 and 400 million’hs by the con-
ventional reinforcement and tensile face (average over
middle one-third of beam) of the beam rasulted in its
initial cracking (0.COLO to 0.0034 in. wide, 3.20 in.
deep) at a total load of 5000 1b. This represents (1) no-

: change in the cracking load when compared with beam 6

s i Ly

1 with a 1-1/2-in. epoxy-resin concrete layer, (2) a slight
decrease in the cracking load when compared with'beam T,
: and (3) a considerable decrease in the cracking load when
; compared with beam 12 with a 2-1/2-in. layer of epoxy-
resin concrete. Therefore, these results indicate that
there is not, as indicated initially, a corresponding in-
crease in the initial cracking loads of like beams when

i

the epoxy-resin concrete layer is varied between minimum
and maximum depths of l-L/2 and 3 in., respectively. The
strains and resulting cracks grew at a rather uniform

rate from their dimensions at the 5000-1lb load level un-

]
4

% 3 & P 5, B K e &
% til they reached mamnitudes of (1) 7500 millionth

A

~ grdeanre dan
Sedade LU VIR D UL ALIL

for the tensile reinforcement, {2) 4200 millionths aver-
age strain on the tensile face of the beam, (3) 0.0450 to

——
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0.0523 in. for the maximum crack width, and (4) 6.30 in.

for the maximum crack depth at a load of 12,000 lb.

These magnitudes of the strains and cracks resulted in a

3 flexural compressive failure just as the 12,700-1: load
level was reached.

b. A midspan deflecticn of 0.328 was reached at the 12,000-1b

] load level, or just prior to failure. This represents a

deflection ratio of approximately L/216, which is about

E vwhat a majority of the other comparable beams would in-

dicate for this load level.

[{e]

The failure moment of 153,539 in.-lb represents an in-

crease of approximately 5.8 percent over that found for

beams 6 and 7 and a decrease of approximately 8.6 percent

1 from that found for beam 12. This agrees wiih Geymayer's

P statement, "thicker (3 in.) layers* did not appear to
more beneficially affect the moment capacity, possibly
due to increasing internal stresses (shrinkage and tem-
perature) in the thicker layers."

48, Test results for beam 2 indicated that the initial cracking
load of a small conventionally reinforced concrete beam would be in-
creased considerably when 0.0l- by 0.0l- by 0.5-in. steel fibers (2.5
percent by vulume) were added to the plain (normal) concrete mixture.

3 Therefore, beam 14 was cast with a similar fiber/concrete mixture in its
, lower 3 in. and the normal concrete mixture throughout its remaining
cross section in order that further evaluations could be made of this
promising technique.

YOI

Lok ubanc s

T

49, Test results for beam 14 are given in table 20, photo 14, and
plates 5, 9, and 13 and are discussed briefly below.

a. Tensile strains of 560 millionths (average at midspan)

L e Ly )

for the tensile reinforcemert and 510 millionths (average
over middle one-third of beam) for the tensile face of
the beam resulted in the initial cracking (0.0010 to

* Geymayer means thicker epoxy-resin concrete layers.
2 ay
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0.0030 in. wide, 1.34 in. deep) of the test specimen at a
load of 6000 1b., This is nearly the same as the load re-
quired to produce similar strains and initial cracks in
beam 2, which indicates there is no particulexr advantage
in providing the fiber/concrete mixture throughout the
entire cross section of the beam. After the initial
cracking occurred, the beam then reacted in a manner sim-
ilar to that for the conventionally reinforced control
beams until a flexural compressive failure occurred at a
load of 14,000 1b.

A midspan deflection of 0.239 in. occurred at the
13,000-1b load level, or just prior to failure. This
represents a deflecticn ratio of L/301, which is approxi-
mately the ratio that beam 2 and beam 11 (the control
beam. of this group) indicate as normal for a load level
of this magnitude.

The failure moment of 169,139 in.-lb was approximately
2.2 percent greater than that of beam 2 and 7.6 percent
greater than that of beam 11. Since this amount of var-
iation can be expected for similar beams, it is believed
that the addition of steel fibers (in the amount pre-
seribed) to a plain -concrete mixture will not signifi-
cantly ilcrease load-carrying capacity of besms cast from
such a mixture over that of -conventionally reinforced
members.
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3 } PART III: SUMMARY OF TEST RESULTS FCR SMALL BEAMS

50. In this summary, the test results are compared with the avail-
able literature to provide a basis for using a particular crack-arrest
technique with larger test specimens. The results are partially sum-
marized in table 21 and plates 10, 11, 12, and 13 and are discussed
briefly below.

: Beams 2, 3, and 1% (Beams Using Steel
) Fibers as Crack Arresters)

51. Steel fibers increased the precracking loads from 1.50 to
{ 2.75 times those of the conventionally reinforced concrete beams. How-
ever, their ultimate tensile straining (strain prior to cracking) capa-
3 bilities were increased by factors of only 1.40 to 2.30. fTherefore,
3 . steel fibers, as suspected, not only increase the tensile straining
' capabilities of a -concrete mixture, but also the area vuder its tensile
precracking load versus deflection curve, or, according to reference 12,
its precracking toughnes.'.

52. Probably due to the difficulty of obtaining a uniform mixture
; as the fiber length versus cross-sectional ratio increases, the shorter
(0.5~in.-long) fibers produce the mixtures with the greatest tensile
straining capabilities.
] 53. The addition of steel fibers did not significantly increase
the ultimate flexural capacity of any beam. In fact, as shown in
plates 10 and 13, immediately after cracking, the conventionally rein-
forced concrete beams using fiber mixtures reacted very similarly to
conventionally reinforced beams vsing normal mixtures. However, it
1 should be emphasized that the O.?-in.-long fibers delayed initial crack-

ing in the members until. their maximum anticipated service loads were

exceeded (Appendix A).

7 Sh. A comparison of beams 2 and 14 indicates that a fiber mixture
placed only in the more critical tensile zones of a beam will probably
be as effective in delaying the initial cracking as a fiber mixture
placed throughout the entire cross section of a bean.

T ] 8 i i
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Beams 5, 9, and 10 (Beams Using Wire
Meshes as Crack Arresters)

55. The use of a wire-mesh (fabric) cage with or without its ver-

tical wires clipped and positioned in the critical zone (figs. 5 and 7)
can increase both the tensile straining and the precracking load char-
acteristics of small conventionelly reinforced beams by as much as 1.4O
to 1.60 times that of conventionally reinforced beams. A study of
table 21 and plates 11 and 12 reveals that the cages not only increase
the tensile strains and the precracking loads, but also aid in control-
b ling (reducing) the sizes of the resulting cracks even at load levels
greater than the flexural capacity of comparable conventiorally rein~
forced (conirol) beams. However, double layers of wire mesh attached
4o the ronventional reinforcement (fig. 6) cannot be expected to give
similarly satisfactory results. Beam 9, due to its additional rein-
forcement (a double layer of wire mesh), reached higher flexural loads
than those expected for similar conventionally reinforced members, but,
unfortunately, the ability of the additional reinforcement to control
the sizes of the cracks was somewhat limited.

56. The wire cage is believed to be the better of the two tech-
% niques using wire mesh due to its sizable area of reinforcement and
to its greater height. Therefore, since the cage maintains both larger
areas of reinforcement and heights than does the double layer of wire
mesh attached to the conventional reinforcement, the wire mesh (fabric)
of the cage distributes the tensile strains, stresses, and resulting

W

cracks in a more satisfactory manner. Also, since the method of fab-

ricating the cages apparently does not significantly affect its crack-
1 arrcsting ability (especially up to maximum anticipated working loads),
the method illusirated in fig. 5 (cages maintaining vertical wires) is

believed to be the better because of its simplicity of fabrication.

VTR
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Beams 6, T, 12, and 13 (Beams Using Epcxy-
Resin qucrete as Crack Arresters)

P T

57. The routine testing conducted during this part of the inves-
tigation did not properly reflect the potential deficiencies of the

L]
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epoxy-resin concrete mixture with respect to shrinkage, thermal expan-
sion, creep, sensitivity to environmental factors, exothermic character-
istics, etc. Therefore, separate tests should be conducted to evaluate
these properties before a mixture is selected for practicsl applications
or before any final conclusions can be made based on these or similar
test results.

58. Although, as mentioned, the test results are from routine
test results only, the following indications resulting from this phase
of the investigation are believed to be worthy of noting:

a. When compared with portland cement concrete, 1.50 %o

3.00 in. of properly positioned epoxy-resin concrete gen-
erally increases the precracking loads of the beams from
125 to 240 percent. This represents loads that are from
1.0k to 1.hk times greater than maximum anticipated ser-
vice loads. However, since only one beam (beam 12, table
21) delayed initial cracking beyond these levels, only
partial agreement was found with Geymayer's statement,
"more important than their influence on strength is the
ability of resin concrete to provide a noncracking mois-
ture barrier or corrosion protection up to beam failure."®

b. Probably because thicker layers (above 1.5 in.) are sub-
ject to more internai stresses (shrinkage, temperature,
ete.), the 1.5-in. leyers generally appear to provide
nearly equal precracking protection as well as ultimate
strength capabilities.
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PART IV: CONCLUSIONS AND RECOMMENDATIONS DERIVED FROM
SMALL~BEAM INVESTIGATION

Conclusions

59. A complete analysis of the small-beam data was need=d prior
to fabricating the larger test beams; therefore, the following conclu-
sions were reached at this stage of the overall investigation. However,
the conclusions were reached with the understanding that they are to be
used as a guide only and are subject to change as additional test re-
sults become available-.

Beams 2, 2, and 14 (beams using
steel fibers as crack arresters)

60. Either the 0.5- or l.0-in.-long fibers can be expected to in-
crease the precracking loads cf conventionally reinforced members; how-
ever, the shorter (0.5-in.-long) fibers will provide overall mixtrres
with the better tensile properties. This is believed to be due to the
difficulty of obtaining a uniform mixture as fiber length versus cross-
sectional ratio increases.

61. Once cracking is initiated, the fibers apparently do not
significantly affect the size and spacing of the crack pattern. How-
ever, it is -emphasized that vhe 0.5-in.-long fibers can be expected to
prevent or delay cracking up to or near the maximum anticipated service
loads (Appendix A) of beams similar to those tested.

Beams 5, 9, and 10 (beams using
wire meshes as crack arresters)

62, Since layers of wire mesh attached to conventional reinforce-
ment do not appear to- increase the initial cracking loads of convention-
ally reinforced members, this method shows no promise as a potential
crack-arrest technique. However, properly constructed and positioned
wire-mesh cages can be expected to delay the initial cracking of similar
beams until 85 to 95 percent of their maximum anticipated service loads
are realized.

63. Of the specific techniques investigated, the wire-mesh. cage
is the only %echnique that can be recommended for helping to control the

38
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erack growth (size, spacing, etc.) at loads greater than those required

Ve e oA R P

to initiste cracking.

64. There is no outstanding difference between wire-mesh cages

e b e

with or without vertical wires. Therefore, due to their simplicity of
construction, those containing vertical wires are recommended.
3 Beams 6, 7, 12, and 13

(beams using epoxy-resin
3 j concrete as crack arresters)

65. Although there is only slight resistance to crack growth once
cracking is initiated, small tensile layers of epoxy-resin concrete will
delay the initial cracking of composite beams beyond the maximum antici-
pated service loads of similar conventionally reinfcorced concrete beams.

66. Until test results are available that will reflect the poten-
tial deficiencies (expansion, creep, sensitivity to environmental fac-

tors, exothermic characteristics, etc.) of the epoxy-resin concrete, a

Gl o aiad )

definite desirable thickness of the layer, or even epoxy-resin concrete

=

: itself, cannot be recommended for practical composite construction of
this type.

Qe 2 e L)

Recommendations

67. Larger besms using 0.5-in.-long steel fibers and wire-mesh
cages should be further investigated under both short- and long-term

T

T

stetic loading. If resulting data substantiate current temporary con-
clusions, similar beams should then be investigated under various

environmental conditions.
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PART V: FABRICATION AND TESTING PROGRAM FOR LARGER BEAMS

68. Since the test results for the smaller (4- by 9- by 72-in.)
beams (Parts IIT and IV) indicated that either randomly mixed steel

fibers or properly positioned wire meshes provided suitable as well as

5T P TR T

the more economical means for arresting or minimizing the flexural crack-
ing of conventionally reinforced concrete beams, eight larger (5- by 1k~
by 180-in.) bzams, including two control specimens, were fabricated

and then subjected to either short- or long-term static loading so that
these two promising crack-arrest techniques could be further evaluvated
under conditions more realistic to thos. experienced by members of an
actual structure.

Concreté,Materials and Mixture Proportions

69. Since all test results were to be compared, it was desired

T, T T T T

that all test specimens possess like or very simiiar properties; there-
fore, except for the size of the mixer* and the variation in the casting
techniques (paragraph T70), the larger beams were fabricated in a manner
very similar to that described for the smaller beams (Part IT) by using
similar materials, mixture proportions, and curing procedure. The re-
sulting compressive and tensile strengths of the various batches are
presented in tables 22 and 23, and their compressive stress-strain

3 characteristics are given in plate 14, Stress-strain curves for the
reinforcement used in the larger beams are presented in plate 15.

Fabrication and Curing of Specimens

70. It was feared that some reinforcement sag was possible or
probable due to the 180-in. unsupported length of the reinforcement;
therefore, the beams were cast in an inverted position so that the

* A lS;cu-ft-capacity rotary mixer was used throughout the casting of 7
the larger specimens.

Lo
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desired depths could be noted and better controlled throughout their
individual lengths. Since steel forms were not available in the indi-
cated sizes, special plywood forms were constructed for use during this
phase of the investigation.

71. All beams were vibrated with a small 7000-rpm electric vibra-
tor, finished with a wooden float, covered with waterproof paper,
3 stripped at a 48-hr age, and then moist-cured for an additional 12 days.
: After the moist-curing period, the beams were allowed to cure under
room -conditions (approximately 73 + 2 F and 50 to 60 percent relative hu-
midity) for an additional llU-day period. Static tests were then per-

formed on the beams of group 1, and sustained testing was initiated on
the group 2 beams.

., T

Beam Test Methods

T N s i L B Ll

Short-term static tests

72. ALl beams subjected to short~term static testing were simply
supported and tested to failure in an inverted position (fig. §) by

. a0
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Fig. 8. Test arrangement for short-term static tests of larger beams
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third-point loading. Each beam was supported at its third points by a

half rocker system, with loads being placed by a combination of a hy-
draulic system and two 20-ton-capacity jacks that were positioned to
provide a clear span of 15 ft for each test specimen. Loed and support
reactions were distributed to each beam by 1/8- by l-l/2-in. steel pads
placed between the concrete and the steel rollers or load transfers. A
control panel, a load cell, a displacement transducer, and an x-y re~
corder (fig. 8) were used to measure the loads and to obtain a con-
tinuous load versus midspan deflection plot for each beam. Verifica-
tions of midspan deflections, as well as end-span deflections, were made
with three 3-in. travel length dial gages positioned as shown in fig. 8.

73. Total loads were applied in 1000-1b increments, and readings
of bean strains, deflections, crack widths, etc., were made after the

application of each lcading increment. The loads were completely re-

moved at epproximately 50 percent of each specimen's ultimate loading
capacity so that inelastic deflections could be checke . prior to con-
tinvation of loading.

7h.

Concrete strains were measured by axn 8-in. mechanical strain
gage using Demec standard measuring disks located at previously des-
ignated points (fig. 9) and by an SR-h electrical strain gage placed at
the midspan of the compressive (top) face of the beam. Reinforcement
strains were also determined by an SR-4 electrical strain gage placed at
the midspan of the conventional reinforcement.

75. All cracks were marked, measured, and photographed as they
occurred. Crack depths and widths were measured with a steel scale
graduated to 0.0l in. and a 40X microscope, respectively.

Long-term (sustained) static tests

76. Except for the duration of the loading increments, the

&o.o!‘o o“o";

DEMEC DISK - MIDSPAN OF BEAM

Fig. 9. Locations of standard measuring (Demec) disks along
tensile face of beam
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sustained tests were essentially the same as the short-term tests; however,

a. Since all sustained testing was concurrent (fig. 10), ap-
plied loads were measured with calibrated hydraulic jacks
instead of load cells. Although the hydraulic iacks were
equipped with special cutoff valves in order thet the de-
sired loading could be applied and maintained, each load-
ing increment was checked rather frequently, with pres-

: sure gages incremented to 10 psi.

i
1 some variations from the short-term static tests are described below:
;
}

HYDRAULIC JACKS

wiTH cuTorF vaLves IR XY PES / _ .
' > . AR~ ).~ sr-4 STRAIN

INDICATOR
- . = -

. o e e
<10-PS| INCREMENTED PRESSUR
INDICATOR AND HYDRAULIC JACK

ey
~
=

’ T
PLLP HALF ROCKER
JSYSTEM AND 1.8 _
BY 1.5IN. STEEL. _,
PADS -

Fig. 10. Test arrangement for long-term static tests of larger beams

b. Generally, all loads were applied in 1000-1b increments;
‘however, in a few cases, loading increments of up to
2000 1b were used.

c. All deflections were determined from either 1- or 3-in.

e . -

sravel lengthi dial gages positioned at the midspans -and
end spans (fig. 10).
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d. Inelastic deflections were not checked prior to increas-
ing the loads.

77. Excluding extended observation periods at the 8000-1b loading
levels, approximately 50 -percent of each beam's ultimate load, all
lcading increments were usually maintained for a minimum of 2 weeks,
with each loading increment being observed over a longer period of time
when significant changes, strains, deflections, and crack patterns oc-
curred between consecutive observations. As mentioned, the behavior of
the individual beams was observed over a longer period of time, a mini-
mum of 4 weeks, at the 8000-1b load level. These extended observations
were made so the behavior of the individual beams could be more thor-
oughly investigated under loads near or slightly greater than any maxi-

mum anticipated service load.

Beam Test Results

78. The behavior of individual beams and the principal results
of individual tests are summarized in tables 24-31 and plates 16-27.
Group 1L*

79. Group 1L consisted of four statically tested beams, one -of
which was used as the control specimen. The conbtrol beam (beam 1L)
was reinforced for flexure to approximately 65 percent of a balanced de-

9

sign (Pb) according to the ACI Code” by using two No. 6 high-strength,

grade 60, reinforcing bars as the tensile reinforcement (plate 15a).

9

The shear requirements of the ACI Code” were satisfied by using No. 3
vertical stirrups (plate 15b) on 6-in. centers throughout the sections
of the beam requiring shear reinforcement.

80. Beam 2L contained the same portland cement concrete mixture
and conventional reinforcement as described for the control beam; how-
ever, its lower 3-3/8-in. tensile zone was additionally reinforced with

2.5 percent by volume of 0.5-in.-long steel fibers. The properties of

¥ L denotes the 5- by li-by lBO-ih. beams, or the larger 7beams, through-~
out this report.

. . |
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the fibers used in this beam, as well as in all other large beams (4L, 6L,
and TL) which contained fibers, were identical with those reported for
the small beams and are listed in table k4.

8l. Beam 3L was fabricated with the same plain concrete mixture
and conventional reinforcement as the control beam, except that the
mmber of ccnventional stirrups was reduced and a 4- by 11- by 84-in.
wire-mesh cage, fabricated from No. 14 gage (2.03 mm), i- by l-in. gal-
vanized wire mesh, was used as a crack arrester throughout the inner
8l4-in. section of the beam (fig. 11). Also, extending each end of the
wire-mesh cage 12 in. into the maximum shear zone of the beam allowed
investigation of the cage's potential shear reinforcing capabilities as
well as its potential as a crack arrester.

Fig. 11. Reinforcement for beam 3L (reinforcement
was inverted prior to casting)

82. Beam 4L was similar to beam 2L except that the steel fibers
were incorporated into- the entire cross section of the beam so that
further comparisons could be made of beams containing minimum depths of
fibers with those possibly containing excessive fiber-reinforcement
depths.

83. Test results for beam 1L are given in table 24, photo 15, end
plates 16, 20, and 24 and are discussed briefly below:

a. A total load of 2000 1b resulted in the initial cracking
of the beam (photc 15b). Table 24 indicates concrete
tensile strains, averaged over middle ne-third of beams,
and compressive strains of 150 snd 165 millionths, re-
spectively, at this load level, which resulted in maximum
crack widths and depths of 0.001 and 0.90 in., respec-
tively. Table 24 and photo 15 show thet from this point

the strains and resulting cracks grew somewhat uniformly

45




until the concrete tensile strain reached 1150 millionths,
; the concrete campressive strain reached 887 millionths,
the maximum crack width reached 0.006 in., and the maxi-
mum crack depth reached 7.15 in. at the 7000-1b level j
(photo 15e). However, from this level there was a dras-
tic change with cracks opening up to 0,014 in. in width
at the 8000-1b load level (photo 15f). Since cracks this

wide are considered excessive in most structural ele-
13,14

ments, the beam was considered to have reached its
crack-arrest potential somewhere between the 7000~ and

!
)
c
;
8000-1b load levels. Although the beam reached its po- ;
|
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tential as a crack arrester as stated, a total load of
4 14,000 1b was required to completely fail the beam.
Photos 151 end 15j indicate, as would be expected, that |
the beam experienced a flexural compressive failure
- shortly after its ultirate load of 14,000 1b was reached.
b. A midspan deflection of 1.473 in. was recorded just prior
to failure. This represents a deflection ratio-of ap-
proximately L/122, which is about what should be expected
3 for such beams at this particular loading level. ;
c. The failure moment, including weight of beam, was
433,234 in.-1b. This is only about 86 percent of the
- ultimate moment of 502,016 in.-lb predicted by the ACL
Code.9 This difference is not to be expected and tends
3 to indicate that the beam may have fa. 'ed prematurely.
E 84. Test results for beam 2L are shown in table 25, photo 16, and
plates 17, 21, and 25 and are briefly discussed below:
a. A concrete tensile strain of 463 millionths resulted in
; initial cracks of up to 0.002 in. in width and 1.C6 in.
in depth at the 5000-lb load level (photo 16b). The
cracks increased from this magnitude to 0.004 in. in
width and 6.50 in. in depth during the next 2000 1b of
applied loading (to 7000-1b total load); however, there
were no further changes observed in the crack pattern

L6
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until 10,000 1b of applied load produced concrete tensile
strains of such a magnitude, 1434 millionths, that cracks
opened up to maximum widths and depths of 0.009 and

7.25 in., respectively. An additional 4000 1b, 1k4,000-1b
load level, produced a concrete tensile strain of 2166
millionths and a resulting major crack having a maximum
width and depth of 0.015 and 8.25 in., respectively.
Since this width is considered to be excessive for limit-

ing moisture penetration ,13 L

the remaining test loads
were applied with the realization that the beam provided
no other crack-arrest potential. However, it is empha-
sized that the beam supported a total load of 17,000 lb
before it experienced a flexural compressive failure.

A midspan deflection of 1.50 in. occurred just prior to
failure. This represents a deflection ratio of L/120, or
about the same ratio as that experienced by beam 1L. How-
ever, at a load of 14,000 1b (the failure load of beam
1L), the deflection ratio for beam 2L was L/201, which is
a considerable improvement -over that -of the convention-
ally reinforced control beam.

The failure moment of 523,234 in.-lb was approximately
20 percent ‘higher than that required to fail the conven-
tionally reinforced control beam. This difference indi-
cated not only that beam 1L failed prematurely but

also that the fibers increased the load-carrying ability
of beam 2L. However, the fibers did not appear to pos-
sess this potential during the small-beam investigation
(Part III).

85. Test results for beam 3L are shown in table 26, photo 17, and
plates 18, 22, and 26 and are briefly discussed below:

a.

A concrete tensile strain of 314 millionths was suffi=
cient to produce initial cracks of up to 0.00L in. in
width and 0.68 in. in depth at the 3000-1b load level
(photo 17b). From this point, there was a rather uniform

L7
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increase in the crack dimensions (table 26) until (1) the
concrete strains reached 1464 millionths, (2) the raximum
crack widths reached 0.006 in., and (3) the maximum -crack
depths reached 6.60 in. at the 8000-1b load level (photo
f ' 17d). Table 26 shows that there was no measurable dif-
ference in the maximum dimensions of the cracks between
the 8,000- and 10,000-1b lcad levels; however, an addi-
tional load of 1,000 1lb, total load of 11,000 1lb, re-
sulted in concrete tensile strains of 1931 millionths and

R 2

corresponding cracks of up to 0.007 and 7.85 in. in width
and depth, respectively (photo 17e). Maximum crack
widths of 0.010 and 0.0l2 in. were noted a' the 13,000-

, and 15,000-1b load levels, respectively. Since widths
of these magnitudes, especially those of 0.012 in., are

generally considered excessive for most structural ele-
13,1k

ments, the wire mesh was considered to-have reached
its maximum potential as a crack arrester somewhere be-
tween the 13,000- and 15,000-1b load levels. However,
table 26 indicates that the beam sustained a total load
of 18,000 1b before it actually failed, and photo 17h in-

dicates that it failed, as had all previously tested

specimens, in the desired flexural compressive mode.

b. A midspan deflection of 1.240 in. occurred just prior to
failure. This represents a deflection ratio of approxi-
mately L/145. This is a slight improvement over the de-
flection ratio found for the control beam, although the
failure load was increased approximately 38 percent.

¢. The failure moment was 553,234 in.-lb. A significant
amount of this increase, when -compared with the failure
moment of 433,234 in.-1b for beam 1L, was probably due to-
the wire mesh providing flexural reinforcement in addi-
tion to its primary function of arresting or minimizing
cracking.

86. Test results for beam 4L are shown in table 27, photo 18, and

: 48
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i plates 19, 23, and 27 and are discussed briefly as follows:

a. A concrete tensile strain of 297 millionths was suffi-
cient to initiate hairline cracking (0.0005-in. maximum
width) at a load of 4000 1b (photo 18b); however, a

{ 5000-1b load was required to produce cracks with widths

(0.003. in. maximum) and depths (0.90 in. maximum) that
were both measurable. From this point, table 27 and

TR

photos 18d-18h show that the strains and corresponding
cracks increased somewhat uniformly until they reached
magnitudes of 2099 millionths (concrete tensile strain),
0.010 in. (maximum width of cracks), and 8 in. (maximum
depth of cracks), at the 13,000-1lb load level, but no

further measurable changes occurred in the crack pattern

L an e

until the maximum cracks reached magnitudes of 0.05 in.
in width and 8.65 in. in depth at the failure load of
16,000 1b. There was a drastic change between the
15,000~ and 16,000-1b load levels, but photo 18j indi-
cates that the beam failed in the desired flexural com-
pressive mode.

T

TR

b. A midspan deflection of 1.162 in. occurred just prior to-
failure. This represents a deflection ratio of approxi-

3 mately L/155, or about the same as that for beam 2T,

; which contained fibers in its lower 3 in. only.

E ¢. The failure moment was 493,234 in.-1b, -or about 95 per-

ﬁ cent of that for beam 2L. Since this is somewhat higher

3 than the 433,234=in.-lb moment required to fail beam 1L,

! there is again some indication that fibers may increase

the ultimate load-carrying capabilities of reinforced

1 concrete members. However, since this was not indicated

g by the small-beam tests (Part III), and, since it is near

the moment predicted by the ACI Code9 for beam 1L, it is,

again, some indication that the control beam (beam 1L)

tailed prematurely.

ko
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Group 2L
87. Since most structural elements are seldom limited to short-

term static loading, the beams of group 2L were fabricated, cur2d as
previously described, and then subjected to sustained loading in order
that each specific crack-arrest technique could be investigated with

Ll

test specimens that more nearly represented members of actual struc-
4 tures. And, since it was desired to obtain some idea of what effects

sustained loading could have on any of the particular crack-arregt tech-
niques, the beams of group 2L were fabricated so that they were identi-
cal, or as nearly identical as possible, with those of group 1l
88. Test results for beam 5L, which was similar to beam 3L (con-
tained a U- by 11- by 84-in. wire-mesh cage in its inner 84-in. sec-
tion), are given in table 28, photo 19, and plates 18 and 26 and are
discussed briefly as follows:
a. Table 28 shows that there were no visible cracks imme-
diately after the initial load of 2000 1lb was applied;
‘however, concrete tensile strains of 9L millionths and

R el i Ly

correspending cracks of up to 0.002 in. in width and

1.06 in. in depth were noted after 24 hr of sustained
loading at this particular level (photo 19b). From this
point, the strains and cracks both grew rather uniformly
until they reached a strain of 470 millionths, a crack
width of 0,005-in., and a crack -depth of 4.85 in. at the
initial application of the 5000-1b load (photo 19c¢). Max~
imum crack widths of 0.009 and 0.010 in. were then noted
at the completion of the 6000- and T000-lb loading incre-
ments (photos 19d and 19e}, respectively. Since widths of

greater than 0.0l0 in. are generally considered excessive
13,1k

e

i e et L

for many structural elements, the beam- was consid-
ered to have practically reached its crack-arrest poten-
tial at the 7000-1lb loading level. Even though the beam
reached its potential as a crack arrester at or near the
7000-1b level, an additional load of 10,900 1lb, or a

total load of 17,900 1b, was required to actually fail

50
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the beam (table 28). Photo 19% shows that the beam failed
in the desired flexural compressive mode and indicates
that properly designed and positioned wire meshes can pro-
vide sufficient shear reinforcement ar well as perform- the
principal function of arresting flexural cracking.

b. A midspan deflection of 3.25 in. occurred at the failure
load. This, when compared with the 1.20-in. deflection
experienced by beam 3L, may indicate the effect that sus-

| tained loading will have on the deflections of members

of this type.

Mg ey

¢. The failure moment of 550,23k in.-1b was essentially the

1 same as the 553,234 in.-1b for beam 3L. This indicates

; that sustained loading may not affect the ultimate loads
of members of this type even though most of their other
properties (strains, deflections, maximum crack widuvi~
and depths, etc.) may be affected significantly.

89. Test results for beam 6L, which was similar to beam 2L (2.5

i percent by volume of 0.5-in.-long steel fibers were placed in the lower

; 3-3/8-in. tensile zone of the beam) are given in table 29, photo 20, and

plates 17 and 25 and are discussed briefly as folleows:

a. A concrete tensile strain of 284 millionths with corre-
sponding 0.0005-in.-wide hairline cracks occurred 24 nr
after a total load of 4000 1b had been applied (photo
20b); however, an additional 24 hr at this loading pro-

] duced cracks of such magnitudes (0.00l in. wide and

0.50 in. deep) that their depths could be marked, mea-
sured, and photographed (pnoto 20c). From this point,
the strains and corresponding cracks continued to grow

3 at an increasing rate until they reached magnitudes of
1304 millionths (tensile strain of concrete), 0.010 in.
(width of crack), and 6.95 in. (depth of crack) immedi-
ately after reaching the 9000-1b load level (photo 20f).
The meximum crack width was then increased to 0.01l2 in.
by an additional 2000 1b (11,000-1b total load) of loading
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] ‘ (photo 20g). Since widths of these magnitudes, espe-

cially those of 0.0i2 in., are probably excessive for

most structural elemen‘t;s,]"5 sLh the beam was considered to

have reached its maximum crack-arrest potential somewhere
between the 9,000- and 11.,000-1b loading levels. However,
table 29 shows than an additional load of 6,400 1b

(17,400 1b total) was required to completely fail the

ST

‘ beam, and, as in all pre 1ou tests, the flexural com~
pressive mode was evident at failure (photo 20k).
; b. A midspan deflection of 1.85 in. occurred at the

Wi T

17,400-1b failure load. This was only a modest increase
over the 1.50 in. noted for beam 2L at the 17,000-1lb
failure load. However, plate 17 does indicate that the
sustained loading produced deflections with percentage

% differences of or near this amount throughout their cor-
4 . responding loading levels.

¢. The failure moment of 535,223 in.-lb was essentially the

L e

3 same as the 523,223-in.-1lb moment required to fail beanm

] oL. This again indir~ates that sustained loading may not
3 affect the ultimate loads -of members using either of the
potential crack-arrest techniques even though most of

‘ their other properties (strains, deflections, maximum
crack widths, etc.) may be affected significantly. Also,
these failure moments, when compared with those predicted
for the control beams, indicate that the stcel fibers may
have significantly increased the ultimate load-carrying
ability of the beam; however, it is emphasized that this

was not indicated by results of the small-beam tests
(Part III).

90. Test results for beam 7L, which was similar to beam 4L (2.5
percent by volume of 0.5-in.-long steel fibers were used throughout its

entire cross section), are given in table 30, photo 2i, and plates 19

and 27 and are discussed briefly as follows:

a. Concrete tensile strains of 187 millionths resulted in
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the initial cracking (0.00L-in. maximum width, 0.81-in.
maximum depth) of the beam after it had been subjected to
a 3000-1b load for a period of 24 hr (photo 21b). From
this point, there was a uniform crack width increase of
0.00L in. per 1,000 1b of additional loading until a total
load of 12,000 1b was reached. This indicates that pro-
longed loadings of up to or slightly greater than ulti-
mate working levels may have little or no effect on the
crack widths of structural members of this type. The
maximum crack width was increased by 0.002 in. (0.0L0 to
0.012 in.) by the next loading level (13,000 1b) (photo
21h). Since widths of these magnitudes are génerally
considered excessive for most flexural members,l3’lh the
beam is considered to have reached its crack-arrest po-
tential somewhere between the 12,000- and 13,000-1b load-
ing levels. However, it is emphasized that an additional
load of 4500 1b (17,500-1b total load) was required to
completely fail the beam, and, as in all previous cases,
the desired flexural compressive mode was evident at
failure (photo 21k).

A midspan deflection of 2.65 in. occurred at its failure
load of 17,500 1b (table 30). However, a deflection of
only sbout 1.45 in. (table 30) occurred before yielding
of the reinforcement became evident. Therefore, a sub-
stantial amount of the mentioned deflection actually oc-
curred after the beam had, for all practical purposes,
reached its ultimate load-carrying capability.

The failure moment of 538,234 in.-lb was approximately

9 percent greater than the h93,23h in.-1b required to
fail beam L4L. This again indicates that sustained or
prolonged J.oading will probably not affect the ultimate
1ouwd-carrying capabilities of members using either of the
recommended crack-arrest techniques. And; further

- ol Saeaww

it was considerably higher (up to nearly 25 percent) than
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b the failure moments of the control beams, there is again

indication that steel fibers may significantly increase

A

the load-carrying capabilities of conventionally rein-

: forced concrete members even though this was not, as pre-
] viously mentioned, indicated by results of the smell.-beam
( tests (Part III).

91. Test results for beam 8L, which was similar to the conven-

; tionally reinforced control beam (beam 1L) -of group 1L, are given in

O

-

table 31, photo 22, and plates 16 and 2k and are discussed briefly as
follows:

a. An average tensile strain of 61 millionths produced the
first noticeable cracking (0.00L-in. maximum width and
1.00-in. maximum depth) at the initial application of

1 the 2000-1b load (photo 22b). The cracks increased to
0.002 in. in width and 2.38 in. in depth at the initial
application of the 3000-1b load (photo 22c:),, and then
further increased: to 0.004 in. in width and 3.25 in. in
depth after 3 days of sustained loading at this level

- (photo 22d). From this point, the concrete strains and
resulting cracks continued to grow at an increasing rate
until they reached magnitudes of 887 millionths, 0.010 in.,
and 6.15 in. for the strains, maximm crack widths, and
maximum crack depths, respectively, at a T-day sustain
load of 7000 1b (photo 22f). Some cracks of up to

0.013 in. in width and 6.75 in. in depth were noted im-
mediately after the application of the 8000-lb load
(photo 22g). Although no measurable changes occurred
during en additional 30 days of observation at this par-

ticular load level, the cracks were already of such a

o e
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magnitude that the beam was considered to have reached or
surpassed its crack-arrest potentiall3’l)“' somewhere be-~
tween the mentioned 7000- and 8000-1b levels. Even though
the beam did reach its crack-arrest potentiel as stated,

a total load of 15,900 1b was required to completely fail
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the beam, and, as in all previous tests, the beam ez -
enced a flexural compressive failure (photo 224).

A midspan deflection of 2.55 in. occurred at failure.
This is considerably more than the 1.473 in. recorded for
the failure load of beam 1lL; however, plate 17 shows that
this increase was due almost entirely to the additional
load (1960 1b) required to fail beam 8L.

The failure moment was 490,234 in.-1b., This is within

1 to 2 percent of the failure moment of 495,016 predicted
by the ACI Code? and indicates that beam 1L may have ex-
perienced premature failure, as mentioned, and that the
sustained loads had no effect on the ultimate load-
carrying capability of the beam.
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PART VI: COMPARISON OF TEST RESULTS

Short-ferm Static Tests of Larger Beams Versus
Short-Term Static Tests of Smaller Beams

92. Most of the more widely known equations preseiitly used for
predicting crack widths and spacings appear to be based on actual test
results.l3 However, it seems that some, if not a majority, of these
equations are based primarily on the test results from rather small, es-
sentially model specimens subjected to short-term static testing only.
Therefore, results of the short-term static tests of the larger and
smaller beams are compared so that the predictions from some of the more
widely known equations can be compared with the test results obtained
from members that were similar (except for the individual lengths and

it o

cross-sectional areas) and had nearly equal reinforcement ratios, were

fabricated from like mixtures, used identical crack-arrest techniques,

T T T T

and were tested under third-point loading. This allows a determination,
to some degree, of how size alone may affect cracking within reinforced

concrete members that are subjected only to short-term static testing.

AT 7

A briet comparison of the test results for corresponding beams follows.

T

Beam 1L versus beam 1 (conven-
tionally reinforced control beams)

93. Although there were four conventionally reinforced control
beams tested during the small-beam phase, only beam 1 is used in this

ot e i I S

comparison. Beam 1 was selected for convenience and not for any partic-
ular statistical reason.

o o g

o, Table 32 shows that initial cracking occurred at maximum con-
crete tensile stresses of 360 and 370 psi for beams 1L and 1, respec-
tively. From this point, the behavior of the two beams was very simi-
lar, with maximum crack widths closely following the predictions of the
5 - k [ h - k_G;\

of W, =33/ (

d - kd
until reinforcement stresses* of nearly 25,000 psi were reached

Base, Read, Beeby, and Taylor equation

% The method used for determining the reinforcement stresses dfrthe
various load levels is illustrated in Appendix C.
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(pla.te 20). Although the previously mentioned equa.t:i.on5 of

= ' h - kd\ _ : .
wma.x = 3.3d i‘S/Es (d —%q) ves valid (plate 20) in beam 1 to stress

levels (45,000 psi) greatly éxceeding those expected from normal service

loads, the crack widths of beam 1L increased at a much more rapid rate

(plate 20) and more nearly followed the predictions of the Chi and

. R . 15 _ T.5FD (h - ,jd) - 2500) )
Kirstein equation™ of W = g, R fs D at stresses
greater than the previously mentioned 25,000-psi level.

A A e R

Beam 2L versus beam 1L
(beams containing 0.5-in.-
long fibers in lower tensile zones)

95. Maximum concrete tensile stresses of 800 and 1080 psi re-

e T T T e T R R e

sulted in the initial cracking of beams 2L and 14, respectively (table
32). Plate 2L shows that the Chi and Kirstein equation™’ of

: _7.5FD(h-jd ( _ 2500 ; ; -
1 wmax = % - d fs ) predicts the crack widths of the re

spective beams (2L and 14) satisfactorily, especially up to the highest
reinforcement stress levels expected in actual structural members, when
the constant of 7.5 is changed to 2.5 and 2.0 for the larger (beam 2L)
and smaller (beam 14) beams, respectively. This indicates, as did the

]

A Tt

control beams (1L and 1), that smaller beams or models are less prefer-
able than larger beams when crack-arrest techniques are being
investigated.

i S el

Beam 3L versus beam 5 (beams
4 containing wire-mesh cages in
more critical flexural zones)

96. Initial cracking occurred when the maximum concrete tensile

o e

stresses reached magnitudes of 510 and 730 psi in beams 3L and 5, re-
spectively. Then, if the constant of the Chi and Kirstein gaquat:i.on:l'5
is adjusted from 7.5 to 2.7 for beam 3L and to 2.0 for beam: 5, the max-
imum crack widths obtained by calculation will be in rather close agree-
ment with those observed (plate 22} from this point (point of initial

Lulks ot St i

cracking) up to load levels which produced reinforcement stresses of
45,000 psi. This difference indicates, as do previous test differ-

enceg; that emall beamg or models are legs prefarshle than are large

- —— o n————— ——

beams when potential crack-arrest techniques are being investigated.
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Beam 4T, versus beam 2 (beams
3 containing 0.5-in.-long fibers
E throughout entire cross sections)

T Y

O7. Table 32 shows that initial cracking occurred when the mpxi-
mum concrete tensile stresses reached 650 and 990 psi for beams 4L and
> 2, respectively. From this point, the beams behaved quite similarly,

3 with maximum crack widths closely following the adjusted Chi -and
Kirstein equation15 of W = 2E:FD (2 - gg‘ (fs - QFE%Q) until rein-
forcement stresszs of 30,000 psi were exceeded (plate 23). This close
agreement of the behavior of the individual beams indicates that this
particular crack-arrest technique could possibly be investigated suc-
-cessfully by the use of small beams or models when or if normmal service
loads are not exceeded; however, it is emphasized that this is the only
technique investigated which indicated this possibility.

Ty

i A

Short-Term Versus Long-Term Static Tests of 7Ifa.rger Beams

Background
98. Although the preceding comparison of the short-term static
tests allowed determination, to some extent, of how flexural cracking

B2 eon ks L d RS

may be affected by the length of members, size of cross sections, and
other dimensional aspects of the structural member, it did not indicate
the influence that sustained or long-term loading may have. Therefore,
the test results for groups 1L and 2L were compared in order to obtain
some idea of the influence that sustained loading, or loading which more

£ s o o

b - e St Ak 4

nearly represents that found in structural members, may have on the in-
: dividual crack-arrest technigues.

Beam 1L versus beam 8L (conven-
tionally reinforced control beams)

99. Initial cracking occurred in both beams at a maximum concrete
tensile stress of 360 psi or at a tensile stress near that indicated by
the beams' corresponding tensile splitting specimens (table 32). From
this point, the cracks of besm 8L (sustained static test) were, in gen-

eral, slightly larger up to and including its maximum service stresses
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(plate 24). However, there were no drastic differences in the maximum

crack sizes noted for either beam because the same equaﬁionss’15

_ ' h - kd - T.5FD h-;jd)( _200)
Wgx = 33" £. /B (d Tka) ¥ Woar = Ey (d =53/ \Is ~7mp />
can be used to approximate the maximum crack widths observed for each

beam at reinforcement stress levels up to or near 25,000 psi and from
25,000 tc over 40,000 psi, respectively.

Beam 2L versus beam 6L
(conventionally reinforced

beans with steel fibers incor-
porated into lower tensile zones)

100. Maximum tensile stresses of 800 and 650 psi resulted in the
initial cracking of beams 2L and 6L, respectively. Plate 25 shows that,
from this point, the maximum crack widths versus reinforcement stresses
can be related to the Chi and Kirstein equationl5 when its constant of
7.5 is reduced to 2.5 for beam 2L and 4.4 for beam 6L. Since both of
the conventionally reinforced control beams (1L and 8L) used the men-
tioned constant of 7.5 for this relation, -especially -at reinforce-
ment stresses greater than 20,000 to 25,000 psi (plate 24), this indi-
cates that this particular crack-arrest technique, i.e., steel fibers
incorporated into lower tensile zone, may reduce or control normal crack
widths by a factor of 1.70 to 3.00. Hovever, as most structural members
support sustained or prolonged loading, it is only logical to assume the
smaller value, or the value produced by sustained loading, to-be the
more realistic.

Beam 3L versus beam 5L
(conventionally reinforced

beams with wire-mesh cages posi-
tioned within imner 84-in. sections)

101. Initial cracking occurred at maximum concrete tensile
stresses of 510 psi for beam 3L and 360 psi for beam 5L (table 32).
This represents an approximate increase of 25 percent over the tensile
strength indicated by the tensile splitting specimens¥* corresponding to

* Tensile splitting specimens were fabricated from plain concrete mix-
ture only and contained no wire mesh.
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beam 3L; however, there was no change in the indicated and tested ten-
sile strengths of the concrete for beam 5L (table 32). Therefore, it

appears from these limited test results that wire mesh may not signifi-

cantly affect, as would be suspected, the precracking characteristics
of similar structural members, especially those subjected to sustained
loading. Plate 26 shows that adjusting the constant of the Chi and

15 from 7.5 to 2.7 for beam 3L and to 5.5 for beam 51,

allows a rather close approximation of the maximum crack widths actu-

3 Kirstein equation

elly observed from the point of initial cracking up to reinforcement
stresses of 45,000 psi. This again indicates the effect that sustained
loading, or loading that more nearly represents that of most structural
members, may have on test specimens., However, it is emphasized that
due to the limited testing of this investigation only indications and
not completely valid conclusions are presented.

Beam 4L versus beam 7L

(conventionally reinforced

beams with steel fibers incor-
porated into entire cross sections)

102. Maximum tensile stresses of 650 and 510 psi resulted in- the
initial cracking of beams 4L and 7L, respectively (table 32). From this
point, adjusting the constant of the Chi and Kirstein equa’qionl5 from
7.5 to 2.0 for beam 4L and to 3.0 for beam TL allows a rather close
approximation of the observed crack widths, especially those cor=-
responding to reinforcement stresses up to and slightly greater than
the actual stresses that structural members normally encounter (plate
27). These differences, along with those previously described for
beam 2L versus beam 6L and beam 3L versus beam 5L, indicate that sus-
tained loading may have a significant effect on the performance of each
potential crack-arrest technique investigated. Since most structural
members are subjected to sustained or prolonged losding, it appears that
all equations used for predicting crack widths should be correlated
with results obtained from sustained testing and not from the customary
static testing procedures.
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PART VII: CONCLUSIONS AND RECOMMENDATIONS
Conqlusions

103. The following conclusions have been reached based on the
test results discussed. Due to the limited scope of this investigation,
these conclusions should be regarded as tentative.

Small versus larger beam tests

104, A comparison of the maximum crack widths predicted through
use of some of the better kmown equationsl3 (CER simplified, Thomas,
Odman , etc.) with the to-date test results of this investigation shows
that the predictions more nearly follow the test results obtained from
tests of the small beams. This indicates:

a. That most of the better known equations may have re-
sulted from the tests or observaticns of small beams, or
essentially models, subjected to short-term static lcad-
ing only.

b. That either a sustained load or increased cross section,
and: probably both, may have more effects on the result-
ing crack widths than most present equations13 may indi-
cate. Since most structural members are subject to sus-
tained or long-term loading, it is concluded that future
investigations concerning cracks or crack-arrest tech-
niques of reinforced concrete members should be concen-
trated on members that more nearly represent those found
in actual structures.

Short-term versus long-term
static testg of larger beam

105. Since (a) a beam of each specific type (conventionally rein-
forced control, conventional reinforcement plus wire-mesh cages, conven-
tional reinforcement plus steel fibers in lower tensile zone of cross
scction, and conventional reinforcement plus steel fibers throughout en-
tire cross section) vas tested under both short- and long-term static load-
ing; (b) since the test results of the control beams generally followed,
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especially at or near service loads, the crack width predictions of the

Chi and Kirstein equa:l:ion:LS of W = %(H%) (f - 2F80) ; and

(c) since the crack widths of each technique (plates 25, 26, and 27) can
be correlated with the same equation by simply adjusting the constant of
7.5, the eifectiveness of each technique is determined by comparisons
of the initial and adjusted constants.

106. The conclusions reached based on tests of beams using each
technique are as follows:

a. Beams 2L and 6L (conventionally reinforced beams with

0.5-in.-long steel fibers (2.5 percent by volume) incor-
porated into lower 3-3/8-in3 tensile zones). Plate 25
shows that a close relationship can be obtained between

the predicted and observed values of the maximum crack
widths when the constant of the Chi and Kirstein equa-
tion™” is adjusted from 7.5 to 2.5 for beam 2L and to 4.4
for beam 6L. This represents crack~width reduction per-
centages of 67 and 41 percent for the respective beams.
However, since it is only logical to assume that most

structural members will belszbaected to sustained load-

t.4 FD [h -AJd) ( - 2500) R
ing, the equation Wﬁax g 3 - 5a fs ) is
the only one recommended in conjunction with this par-

ticular technique. Also, since the effective area in
uniform tension (A ) is now general;y considered to be

equal to 2(h - d)b for members similer to these,13 it is

recommended that this be the minimum area in which steel
fibers are to be incorporated.

b, Beams 3L and 5L; (conventlonally reinforced beams with

w1re-mesh cages‘p951tloned w1th1n inner 8h-1n. sections).

Although wire-mesh cages have potentlal as crack ar-
resters, the limited testing of this investigation in-
dicates that use of wire-mesh cages is possibly the
Yeast desirable of the three technigues used., This
conclusion is reached because plate 26 shows that the
maximum cracks observed for beam 5L maintained widths
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closely related to those predicted using the Chi and
15

Kirstein equation™ with an adjusted constant of 5.5,
vhich- represents a crack-width reduction percentage of
2T percent. It is emphasized that short-term statically
tested beam 3L indicated s much better crack-arrest po-

tential; however, for reasons previously stated, the
_ 5.5FD [h - jd 2500\ .

ax ~ “Es \a - JaJ\'s ~ Fp ) IS the only

one that can be recommended for evaluating this particu-

equetion W
m

lar crack-arrest technique. Also, since all beams tested
used wire-mesh cages which were extended into their maxi-
munm shear zones, and since all beams failed in a desired
mode, it can tentatively be concluded that properly de-~
signed* and positioned wire~mesh cages could be used for
shear reinforcement as well as for the principal objec-
tive of providing techniques for arresting cracks.

C. BeamséhL and TL;(gonvenﬁignglly reinforced beams with

0.5-in.-long steel fibers (2.5 percent by vo;ume) in-

corporated into entire cross sectiqns). Since these
beams- indicated- the best crack-arrest potential under
both short- and long-term static testing (plate 27), one
could conclude initially that it is the best method used.
However, the cost of febrication must be considered be-
fore even a tentative conclusion is reached. But it is
emphasized that the maximum crack widths observed under
the most severe testing conditions (long-term static

loading) did closely follow an adjusted Chi and Kirstein
~ 3.0FD (h - jd P 2500- or

Ex \d-Jdj\'s FD | °?
crack-width reductions of 60 percent when compared with

eqy.xa.t:‘.onl-5 of W
‘max

conventionally reinforced beams. This also represents
crack~width reductions of 19 to 33 percent from those ex-
perienced by the beams using the two previously described

erack-arrest technigues

* This investigation indicates that the total area of all horizontal
wires, which are the principal crack arresters, should not be less
than 0.25 to 0.30 percent of the net area (b times d) of concrete.
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Summary of Conclusions

107. Based on a correlation of the conclusions reached concern-
ing each crack-arrest technique, the following design procedure was
] developed.

Select a mixture* similar to the one described for the

¥
e

‘test specimens and then design the members according to

9

YT 5

the design procedures given in ACI Code 318-T1.

R

b. Estimate the maximum crack widths using the Chi and Kir-

_ T7.5FD <h - Jd\(, _ 2500

TR

stein equation Wmax = B a - 3a)\fs - .
1 c. Determine the maximum size of ‘cracks allowable using ref-
3 erence 13 as a guide for specific environmental condi-
tions. Then use the most economical of the three de-
scribed techniques with the expectation that under normal
service loads (a) 0.5-in.~long steel fibers (2.5 percent
3 by volume) incorporated into the zone of uniform tension
: will reduce the maximum anticipated crack widths by ap-

3 proximately 41 percent; (b) properly designed and posi-

; ‘tioned wire meshes will reduce the maximum anticipated

; crack widths by approximately 27 percent; and (c¢) 0.5-

E in.~-long steel fibers incorporated into the entire cross
3 section will reduce the maximum anticipated crack widths

by approximately 60 percent.

Future Research Recommended

108. The previously cited, tentative conclusions were based on
laboratory t.sts only; therefore, it is recommended that a series of
beams be tested in an outdoor climate such as that found at the Treat
Island Exposure Stution, Maine.

109. Each test specimen would be subjected to its normal working

¥ The mixture selected could be very important because the bond between
the fibers and mixtures could be affected by the size of aggregates
selected.
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load for a prolonged period of time from which valuable information could
be obtained on the possible effects that a changing environment could
have cn the crack-arrest techniques under present consideration.

110. This information combined with the laboratory tests outlined
in this report would then allow one to make more lasting conclusions on
the actual practical capabilities of each crack-arrest technique showing

promise during laboratory testing.
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Table 1

Concrete Mixture for Reinforced Concrete Members
Mixture for 9L-1b Batch*

Volume Weight
Mixture cu ft 1b
Type II cement (RC-622) 0.479 94,0
Limestone fine aggregate (CRD-MS-17(3)) 2.15k4 358.3
Limestone coarse aggregate (CRD-G-31(7)) 2.069 349.4
Water 1.297 80.8
* Water-cement ratio by weight, 0.86; slump, 2 + 1/2 in.; cement
content, 423 ib/cu yd.
Table 2
Compressive and Tensile Strengths of Individual
Ba’cck;eﬁ;rof Plain Concrete for Small Beams
Age of Plain Splitting
Concrete Beams Made Compressive Tensile
Batch when Tested - from In- Strength Strength
No. days dicated Batch psi psi
1 28 1-3 3510 Not recorded
2 35 4-7 2510 295
3 28 8-10 2470 400
4 28 11-1h 2950 430
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Table 3

Compressive and Tensile Strengths of Individual Batches of Steel-
Fiber-Reinforced Plain Concrete Mixture for Small Beams

Age of
Fiber-
Reinforced Splitting
Length Concrete Compressive Tensile
Latch of Fiber VWhen Tested Representing Strength Strength
No. in. days Beam No. psi ~ psi
0.5 28 2 Not recorded 490
1.0 28 3 Not recorded 545
0.5 28 14 3410 520
Table 4
Properties of Steel Fibers Used
Cross-Sectional Ultimate
Length of Dimension of Tensile
Serial Fiber Fiber Strength Density
No. in.¥ in.¥ psi¥ pef
CRD-S-F-1 0.5 0.0l by 0.01 55,000 485.19
CRD-S-F-2 1.0 0.0l by 0.01 55,000 483.70

* As giirén by manufacturer .
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Table 5

Aggregate Grading for Epoxy-Resin Concrete

Passing Retained Percentage
Sieve on Sieve by Weight i
3/8 in. No. k4 25.2
NOa )+ Non 8 17’3
No. 8 No. 16 13.9
No. 16 No. 30 10.6
No. 30 No. 50 8.0
No. 50 No. 100 6.5
No. 100 18.5
Table 6
Compressive snd Tensile Strengths of Individual
Batchesﬁ of Epoxy-Resin Concrete
Age of Epoxy- Splitting
Resin Concrete Compressive Tensile
Batch When Tested Representing Strength Strength
No. days Beam No. 7 psi psi
1 7 6-7 11,290 1225
2 14 12-13 11,220 1290
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Table 7

Summary of Test Results for Beam 1%

AN T PN AT T
i

- ) —__Concrete Strain Mnximm:x,—l)mensior;
Total Midspan  Reinforéement Average*# of Crack
1 Time Load Deflection Strain Compressive Tensile Width, in, " Depth
. min ___1b _in, oillionths =~ millionths —millionths _Mt =~ Dt = in,
. 0 0 0 0 0 0 o 0 o
: 5 500 0,004 45 ko 30 0 0 0
] 8 1,000 0.010 95 9 100 0 0 0
13 1,50 0.016 10 130 160 0 0 0
] 25 2,000 0.025 215 175 220 0.0010 0 0
3 2,500 0.03% 260 215 300 0.0015 0.0008 1.15
k5 3,000 0.039 340 280 390 0.,0015 0.0010 3.22
55 3,500 0.046 115 330 480 0.0020 0.0013 4.38
67 4,000 0.054 480 370 560 0.0020 0.0015 4.38
75 0 0.013 40 30 -10 0.0003 0.000L ==
1 92 ko000 0.053 450 380 550 0.0020 0.0015 k.38
95 4,500 0,062 540 135 610 0.,0020 0.00017 4.38
. 9 5,000 0,069 600 475 690 0.0022 0,0019 4.38
103 5,500 0.080 690 545 790 00023 0:0021 L.75
112 6,000 0.085 730 575 8o 0.0023 050022 L4.75
: 17 6,500 0.094 805 635 9ko 0,0023 0.002% k.75
b 121 7,000 0.103 885 690 1000 0:0023 0.0026 4.75
125 7,500 o.112 940 740 1080 0.0025 0s0028 k.75
E 130 8,000 0.120 1030 810 1180 0.0030 0.0030 k.95
E 11 0 0.0l =30 100 25 0.0008 0.0002 =
; 166 8,000 0.126 1035. 8o 1155 0.0032 0.0031 5,18
E 170 8,500 0.133 1100 890 1265 0:0032 0.0033 5.18
i 173 9,000 0:1k2 1165 945 1330 0.0032 0.0035 5.18
irs 9,500 0.150 1240 1000 1420 0.0032 0,0037 5.18
179 10,000 0:162 1325 1080 1520 0:,0035 0.0039 5.20
: 182 10,500 0,173 1400 1160 1610 0.0040 0.0042 5.20
% 187 11,000 0.187 1480 12ko 1700 0.00%0 0,004k 5,20
189 11,500 0.200 1565 1315 1795 0.0040 0.,0047 5,20
: 195 12,000 0.215 1655 1385 1900 050050 0.0050 5,20
E 201 12,500 0,232 1790 1560 2040 0.C040 00,0055 5,20
E 209 13,000 0:589 4530 3830 9kioo 0.0500 90,0407 6.31
: 211 13,501+ - - - - . ie ea
P ) R ~ 3 ~
* Beam 1 was convenfionally reinforced and used as a-éontral beam for group 1.
**  Aversge tensile strain ic average for middle one-third of berrm.
t M - messured ucing microscope; D - measured using Demec disk.
tt Could not sustain load at this level. Flexural compressive fallure occurred.
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Table 8
Summary of Test Hesults for deam 2%

. ____ Concrete Straln -
Total Midapan Reinforcement Average ¥% + _Maximum Dimension of Crack
Time Load Deflection Strain Compressive Tensite Width, in. Eptﬂ
min 1b in, mnillionthe mildlionths mill ionths Wt Dt in,
0 0 0 o] (4} 0 0 0 0
K 500 0,003 20 25 20 o 0 0
8 1,000 0.005 Lo 55 50 0 0 o
1z 1,50 Q.010 75 2] 80 [+] ] 0
7 2,400 0.013 115 125 120 (o] (] []
20 2,500 0,016 155 170 160 o] 0 0
ok 3,000 0.022 195 215 220 Q Qo [+]
28 3,500 0.00°7 2Ly 260 270 1] [|] [+]
33 k4000 0.035 295 310 340 [} 1] 0
37 0 0.019 6% 111 90 0 [4] [o]
53 L,000 0,038 310 330 370 0 o] 4]
56 ,500 0.046 370 380 Lo "] o o]
Al 5,000 0.053 Lo 35 520 ] 0 0
88 5,500 0.066 52 505 610 0.6008 0.,0018 -
104 6,000 0.077 £le 575 o 0,0015 0.0020 0.3k
18 6,500 0.087 635 635 800 0.0018 0,0023 1.36
179 7,000 0,098 805 710 910 0,0020 0.002% 1.36
139 8,000 0.109 95 835 1120 0,0030 0,0029 1.9
153 (o] 0.033 235 185 275 0,0005 0.0008 -
160 8,000 0.127 w70 890 1205 0.0030 0,0031 1.96
165 9,000 0.145 1025 1025 1385 0,0025 0.0037 3.62
178 10,000 0.172 1o 1190 1615 0,0038 0,0041 k.05
193 11,000 0.200 1610 1355 1835 0.0040 0,0046 k.05
203 12,000 0.223 1800 1540 2055 0,00%0 0,0050 4,05
222 13,000 0.251 2040 1750 2270 0,0045 0,0053 %.05

-- 13,700t - - - - - -

* Beam 2 was similar to beam 1 {control bean) except 1/2-in.-long steel fibers were-added to its-cancrete mixture.
#% Aversge tensile strain is average for middle one-third of beam.

t ¥ < measured using microscope; D - measured using Demec disk.

tt Could not gustain load at this level,

Table 9
Sumpary of Tect Results for-Bemm 3%

- - Conerets Straln — T -
Total Midspan Reinforcement xverw,e 53 Max D fon of Crack
Time Load Deflection Strain Comprezsive Tensile é%dth -in, m

- h

min 1b in, millionths millfonths aillionths - in,

0 /] 0 4] 0 [] 2 0 o

10 €00 9,001 <) 30 €0 0 0 0

13 1,000 0,002 Ls 50 75 o ] 0

15 1,500 0,07 & 100 105 ] 0 0

19 2,000 0,012 105 ko 150 o 0 0

z 2,500 0,016 155 185 200 0 3 0

b 3,000 0,023 210 235 245 0 0 0

=1 3,5 0,009 270 205 310 ] 0 0

32 4,000 0,038 350 350 385 0.000% 0.0015 ..

Lo ¢ 0,021 100 74 125 - 0.0003 -

L5 k000 .04 375 365 s 0,0010 0.0017 -

53 4,500 0,04 ps s ues 0,000 0.0019 0495

73 5,000 0.056 hoe 475 65G 0.0070 00022 1.55

9% 6,000 0,073 oo 595 720 0.0020 0.,0027 2,65
103 7,000 0,059 510 735 900 0.0020 0,003l L7
119 8,000 0,110 90 855 1095 0,0025 0,0040 4,25
121 0 0.07% 215 185 270 0.0010 0.0011 -
122 8,000 0,109 1000 895 1145 0,0030 0.0042 4,25
126 9,003 0.129 1ho 1070 1310 0,0030 0,008 k.35
1z 10,000 0.15% 1315 1190 1505 0.0035 0.,0056 %.35
153 11,000 0,184 1h90 1375 1695 0.0035 0:0063 k.35
165 12,000 0,205 1475 1615 1910 0,000 0.0072 .88
180 17,000 - e E oa R Siis] fali X T ©,0050 4,35
194 1,000 0,26 000 2100 7350 0,0050 43,0088 %.38
207 pUN) 0,308 2100 2295 2605 .. - -
e 152014 -e - - - s - -

£ henm 3 was cimilar to the control team except that l-in.-long steel fibers were added to Itz concrete mixture.
**  Avernge tenslle strain s averspe for middle orosthird of beam,

t M-<-meazured using microscope; b --messured uclng-Demec disk.

tt Could not sustnin losd at this level.
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Total Mdspan Reinforcement Tege -0,
Time Load Deflection Strain Compressive Tensile N
2in, b in. Jailliontns ailliogths . ~d8e
0 [ 0 [} 0 [ 0 0 0
5 500 0.002 25 25 20 0 0 0
8 1,000 0,006 50 60 60 0 0 0
15 1,500 0.002 105 100 120 0 0 0
19 2,000 0.019 195 155 210 0 0 0
25 2,500 0,029 305 200 310 0.0015 0,0015 2,76
34 3,000 0.038 515 260 k70 0.0020 0,0020 3.65
48 3,500 0,046 520 ns 570 0.0020 0.0025 3.7h
60 1,000 0.059 610 375 0,0020 0.0029 3,96
72 0 0.031 175 50 170 0.0020 0.0001 3.9
75 k,000 0.060 620 390 710 0,0025 0.0031L .24
82 5,000 0.078 5 475 890 0.0030 o.ﬁg .28
100 6,000 o.nk 970 6o 1120 0.00%0 X b2
112 7,000 0.126 1120 700 1370 0.0040 0.0056 k.5
120 8,000 0.147 1215 795 1530 - 0.0063 4,59
125 9,000 0.180 1bks 960 1790 0,0050 0.007% L&
132 10,000 0.205 1 10ko 1990 0.0060 0.0081 4.6
1ko 11,000 0.238 1715 1205 2220 0.0065 0.0090 4.6
152 12,000 0.319 2190 140 2640 0.0180 0.0025 4.63

- 12,7001t

* Beam 4 was conventionally reinforced and used as & control beam for group 2.
**  Aversge tensile strain is average for middle ane-third of beam.

t M-- measured using microscope; D-- messured using Demec disk.

tt Beam could not sustain load=at this levels B

Table-11
of Test - ts for Beam 5%
B - '* - — te_BLT -
Total Midspan Reinforcement \verage?*

Time Load Deflection Strain Comprensive Tensile

min ib in, __ millionthe millionths Mullionths

0 (] 0 0 (] 0

5 500 0,001 30 25 10

9 1,000 0,005 50 70 é

1z 1,500 0,008 65 85 60 }
17 2,000 0.013 90 130 80

0 2,500 0,018 120 155 200

o4 3,000 0,028 180 210 2ho

29 3,500 0,034 265 250 320

35 k,000 0,045 335 315 ko

€5 0 0,012 110 60 10

76 k,000 0,051 380 325 510

a4 5,000 0,077 505 420 670
100 6,000 0,085 h3 55 860
130 7,000 0.107 790 635 1090
135 8,000 0.128 950 735 1310 |
156 (4] 0,024 205 155 250 {
168 8,000 0,137 1015 785 1360 .
190 9,000 0.157 1155 5 1520
21 10,000 0.180 1305 )30 1720
208 11,000 0.210 155 2185 1920
239 12,000 0.236 1625 1360 2160
2us 13,000 0,262 1770 1510 23h0 -
52 T iny,Gte U306 2015 1750 2750
- 14,8004y .- - -

* Beax 5 wag similar 10 the control beam (besm ) except the middle one-third section was reinforeed with-a
3e by 8- by 36-)n. wirc.mesh cage. )
#%  Average tenaile strain iz average for middle-one-third of bemm.
t M --mensured acing microscope;-D - measured using Demez disk.
tt Bea could not zustain load.at this-level.
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Table 12

Summary of Test Results for Beam 6%

_Concrete Strain - - -
Total Midspun Reinforcement Average*# Maximum-Dimension of Crack
Time Load Deflection Strain Comprezsive Tensile Width, in, Depth
min 1b in, millionths millionths nillionths Mt in,
o] 0 0 [¢) [] 0 (1] [+] 0
8 500 0.003 LS 35 30 0 0 0
12 1,000 2,009 8o 70 120 0 0 0
15 1,500 0,013 105 110 140 (¢] 0 [
17 25000 0.017 125 1Lo 170 [o] [+] 0
2L 2,500 0,022 15% 185 200 [+] [ 0
26 3,000 0,029 180 235 235 0 0 (]
28 3,500 0.033 270 275 270 0 0 0
33 4,000 0,039 225 320 340 o] 0 0
38 (o} 0,007 €0 30 50 0 0 0
51 4,000 0.039 260 320 330 Q [+ 0
6 5,000 0.0%0 165 L10 430 0.0020 0,0005 2.0
79 6,000 0.071 70 610 €80 0.00L0 0,0046 2.0
9 7,000 0.03%5 980 755 890 0.0045 0,0075 3.1
121 8,000 0,131 1355 970 1100 0.01C0 0.0113 3.9
141 [« 0,03% 295 100 130 0,0030 0,0036 .-
168 8,000 0,13k 1375 965 1160 0,0070 0.014Y4 4.6
195 pgas 7.16% 1675 1105 1370 0,0180 0,0202 L.
223 10,000 3,002 70kk 1280 1780 0.03%0 0,0292 4.6
238 11,000 0.7k 2320 1670 2570 0,0h50 0.0433 .
- 12,0001+ -- .- - - .- - -
¥ Hemm G was similar to beam L (control beam) except the bottom 1-1/2 in. was fabricated with epoxy-resin concrete.
»*  Average tensile strain ic average for middle one-third of beam,
t M - measured using-microscope; D - measured using Demec-disk.
t+ Beam could not sustain load at this level,

Table 13

Summary-of Test Results for- Beam 7*

M¥idcpan

Total
Time Load
=in =1L
Q 0
5 500
10 1,000
13 1,500
20 2,000
26 2,500
11 3,000
36 3,500
Lo 14,000
D 0
55 L,000
57 5,000
&0 &,000
73 7,000
%0 B,000
102 [}
112 8,
120 9,000
130 10,000
135 11,000
155 12,000t ¢

Reinforcement

Deflection Strain
__in, ~millionths
[4] ]
0,006 70
0,011 95
0,01k 105
0.017 13%
0,021 15%
0,025 7%
0,630 200
0.034 220
0,005 ]
0,032 215
0,0L1 260
0,06k 30%
0,084 5%
0,114 959
0,049 325
0,131 1075
Q.153 1235
0.179 1940
0,814 1820
Q,67k .

~ Comcrete Strain
= “Aversgess

Compressive

millionths

Tensile

millionths

0
Lo
80

100
10

180
210
2ho
280

ko

280

350
360
500
670
220
730
1190

Sy

ER Y

1960

Mt

1000 O0C000 QOOOO0 VOO0

Maxjmum Dimensjon of Crack

Width, in,

OCOO00 OOVOC VOOOO

"7 Depth

Vin,

FWWOO OCO00 OO0O00D

Pean-7-was similar-to control beam L except that the bottom 3 in, was fabricated=-with epoxs-resin concrete.
Aversge tuncile straln in aversge for middle one-third of beam,
M = messured using-microscope; D - meacured using Demec-disk,

Heam could nnt sustain load at thiz level.
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Table-1k
£- t L4
- — — = Toncret, Siraln -
Total Midspan Reinforcement i verage D of 3
Time Load Deflection Strain Compressive Tensile thy N
nin_ T . Ailionthe  millionths  millienthe W B g
0 0 0 o o 0 0 ) 0
5 500 0.002 30 35 50 0 0 [
1,000 0,004 50 70 65 4] 0 []
13 1,500 0.011 75 150 105 0 0 0
18 2,000 0,019 110 105 170 0 0 0
3k a, 0.028 160 2u5 2bs 0,0005 0.,0011 1.15
39 3,000 0.0k0 335 330 370 0.0010 0,001k 2,20
5k 3,500 0,052 kss Loo L5 0,0010 0,0018 3.1
73 k4,000 0,064 550 W75 620 0,0013% 0.0022 31
o 0,025 1% 250 180 - 0.0008 -
9 4,000 0,069 590 k9o 660 - 0.0025 -
5,000 0,059 750 615 855 0,0025 0.0031 3.98
109 6,000 0.113 N5 58 1085 €.0032 0.0039 3.98
122 7,000 0,143 115 945 1315 0,0040 0,0047 k18
134 8,000 0,159 1295 1nes 1565 0.0045 0.0056 4.6
15 0 0.0k6 250 285 220 - 0.0012 -
ool 8,000 0.178 1290 1180 1595 0.0050 0.0055 k.6
217 9,000 0.208 1455 1370 1845 0,0050 0.0063 k.6
221 10,000 0.237 1625 1560 2070 0,0050 0.0069 k.6
2271t n,ooo 0.269 1895 1820 2360 0.0075 0.0080 4.6
¥ This beam was-used as control beam- m- group 3 - B - o
#¢ Average tensile strain iz average for middle one-third of beam.
t M - measured using microscope; D + measured using Demec disk,
tt Beam failed in 3 flexural compressive mode.
Table 15
M—or{&est P.uulti -for Bem ﬁ
— == — — — Concrete EITICNE = —=
Total Midapan Reinforcement \verage* _Maxiwum-Dimengion of Crack
Time Load Deflection Strain Compressive Tensile Width, in, -~ Depth
min_ 1t int - :Exmimths = nilliinfhl , nﬂ}ionthc Mt —- Bt in.
o o 0 0 0 0 ) 0 0
15 500 0,004 10 15 20 0 0 0
19 1,000 0.008 25 [ Lo 0 0 0
25 1,500 0.610 50 105 90 [} 0 [
z 2,000 0,01l 70 1L5 1o 0 [} 0
35 2,500 0,018 105 200 180 0,001 0.0007 1.67
55 3,000 (Ko s 2Lo 220 0,001 0.0008 2.10
11% o] 0,004 35 i (2] - 0.0003 -
130 3,000 2,032 196 30 3% - 0,001L -
132 252 0,039 270 365 390 0,001 0.0013 3.50
140 L, or 0,051 355 k6o 500 0,0020 0.0018 3.80
1% o] 0.016 85 1k 150 - 0.0005 .
140 14,000 0.05% 375 65 500 -- . 0,008 --
16k 54000 Q071 500 575 o 0,0075 0.0023 k.3
173 £,000 0,035 éo 130 20 0.0030 0.0028 4.3
1 7,650 0,118 8ot B8y 1190 0.0035 0.0033 k75
17 0 0,031 1u5 230 o - 0,0007 -
7 7,000 0,117 B35 975 1210 .- 0.0033 -
“hy 8,000 R 11 0 1045 13% 0.0035 0,0038 h,75
[0 9,060 0,165 105¢ 1235 1570 0.0035 0,004 k75
‘ 75 10,00 0.195 1215 130 750 0,0045 0,0047 4,95
“H 11,600 o.'wh 1330 Whs 1000 0,0050 0,0054 k.95
Ty 10,040 257 1500 1846 230 0.0055 0,0062 k.95
N 13,000 a.:')‘. 1--0 10 B zehn 0,0030 0.0095 5,
o B o2t 13,74 D Lee -- ,, L5570 SLTD .- 0,043k -

* Bera b waz Egn;lﬁn',lfniiiy reinfornel and had a ocuble layar of wire mesh atiached to its repular 1ayer of

‘enzile reinforzement..
¥r o Averssce tensils otradn is aversee for rlddle oneethird of beam.
t ¥ o mencoped usine rleroscorss D --pencured w3ing Demee digk,
1t ey Polle d dn A Plearad compresaive rode,

. s s e = = == = - —
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3 % Table 16
1 x 5 of Test Results for Deam-10%
3 ' ) - T o ) )
3 ; - - S Conerete Strain S R
f Tot.al Midspan Reinforcement Average#® Maximum Dimension of Creck
3 Time Load Pefleation Strain Compressive Tensile dth . pth
3 min 1b in. millionths _ millionths millionths 1 Dt in,
g 0 Q o 0 4] 0 O [\] [+]
1 15 500 0,003 15 30 30 o ¢ 0
a bt 1,000 6,006 30 65 70 0 0 0
= 20 1,500 0,010 56 % 0 0 /] ]
3 o D,0¢00 0,01k 85 125 120 [ 1] [¢]
27 2,500 0,019 115 169 170 0 0 4]
sl 3,000 0,029 105 ° 230 0 0 Q
3 39 3,500 0,033 250 250 N5 0,0005 0.0011 0,55
E o7 4,000 4,043 s 320 Ll 0.0008 0.0012 2.5
= n 0 .05 105 20 13% - - ..
3 706 l5000 Cocas 325 325 L5 -- 0.0014 --
9 93 5,000 0.003 o5 us 710 0.0010 0.0022 2,93
3 164 4000 0.079 (] she B850 0.0010 0.0027 3.72
1 114 75000 2,101 800 645 1100 0.0012 0.003k% ka5
3 1k 5,000 0.120 950 770 1255 0.0015 0.00k0 k.30
3 131 Q 0,026 18y 150 ko - 0,0008 -
E 1°L 8,000 0,125 950 790 1250 040015 0,0040 L.30
3 1G9 9,050 0.1k 1080 945 1hho 0.,0018 0.0047 4,58
; w7 10,000 0,145 1805 1070 1610 0.0020 0.0052 k.9
239 11,000 0,189 1370 1235 1795 0,002k 9.0059 4.9
3 . 05 12,000 0,213 1490 10 2005 0.0025 0.6065 k.9
= 67 13,000 0,239 1006 1590 Py U] 0.0025 0,007 it.9
' 279 1h,000 0,067 18%0 1800 248y 0.0025 0.0079 L.y
3 ol 14,0001t - - - - - - -
3 * E.e::;: 19 uzed & 3- by B~ by 36-in. wire-mech cage with its vertical Qi;‘es clipped:throughout its inner
E chain. scetion.
? *¢  Averwze tensile otraln was averase for middle one-third of teunm,
. t ¥ - peasured usine mleroscope; D - mensured using Demec disk.
i tt Berm coull not uatsin lowd ot thic lcvel,
.
.
%

AL L )

Table 17
Summary of Test hesults for Beam 11*

ST _Concrete Strain o - ST -
“Averagn vy Maximum Dimencion of Cruck

5 Total Midopean Relnforecment ST
= Time Load Deflcet fon Streain Compressive Tensile Width; in, Lepth
3 =in BT in. millionths 211} ionthe millionths Mt bt In,
O o 4] 0 5] [+] ] ¢ o
14 Ty G653 1 30 30 o 0 4]
= 14 1,070 (SR 3 24 ho [+] 4] ©
3 1 1,500 Q.08 6 a5 70 [J o 0
E .. T oA [ be “ 120 100 (] ] o
3 7 Gyt n,01% 109 16 140 g [ 0
3 By 3005 oo 140 00 170 0 o 0
3 i ALY [ 1% =t ol o i o
3 ‘ he o L h <hn 05 0 Q0% O 0,001% L7
bl o [gR g4 Ky 0 110 - G T o
L bLyter ©,0L% Ty 32t W 0,007 [ ol
3 “ Lyrh PR e 7, Ly LN 0000 Ny 7 %
1 £y 0 o5 1 &35 ~1n 0,604 0400 it
11 VR s U " 10 1000 0,007 7 0,000 Lat
3 Yo Ty O (73 B W Ty 1o N2l 0,070 PP
14 D7) o149 171 285 1heo 0,000 [ R s
- 1L 16,685 L 1% 17 4 1€.7% 1y [IX e 2] B0 Tty
- Lv idy © ey 1.7 faing o T AT it e ™
1k 1,974 [aiaact 19, 136y 190 NO0Y (e totn
47 i RN S e - - - - - -
y _ _ _
o Todn pe wa ST o control teer for eroup by
2 qere e bey2¥le stpndn L3 ovyer s gy vl ide oneefhir) of benm,
3 ¥ Moo oared ushe o s lerozcor 8 D= meware t usiee Dotiee iz,
- tt Leer comllrobl cu t 3 Rv v v Lewel end tadled Inon flexural comereseive mode,
¢ 4 .
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+ M - meagured using microscope; D - measured using -Demec disk.
tt The beam begsn ylelding with:no additional load.
+ Beam experienced a flexural campressive failure -at this load.

Table 18
3 1o t_Regults -12#
3 Toncrete z%
: Total Midspen Reinforcement - ns
Time Load Deflection Compressive 'l'cnluc .
ain 1b in, aillionths millionths millionths E ﬂ
0 [} (o} o) o] (o] [} 0 [
6 500 0.005 20 25 30 0 o (]
9 1,000 0.0C9 35 &0 60 0 0 0
E 12 1,500 014 55 85 100 [ 0 (]
3 15 2,000 0.019 75 13 ko 0 0 0
18 2,500 0.02k 95 150 170 0 0 0
2 3,000 0.029 120 185 210 0 0 o]
26 3,500 0.033 140 215 230 4 0 (]
3 28 %,000 0.037 160 250 270 (o] o] [}
g 34 0 0,004 10 5 30 0 0 0
39 4,000 0,038 160 245 260 0 0 0
H i 5,000 0.048 200 315 340 0 0 0
L6 6,000 0,056 2hs 365 k2o o 0 [
F 51 7,000 0.065 290 490 0 0 0
E 56 8,000 0,078 340 sko 580 ] 0 0
3 63 (4] 0.009 25 50 50 [ (] [}
67 8,000 0.079 35 560 590 0 0 0
3 72 9,000 0.069 koo 6o 670 (] [ (]
3 7 10,000 0.102 465 735 780 0 0 0
3 { 82 11,000 0.116 530 850 900 0 0 0
E { 86 12,000 0,147 610 975 980 0,025 0.021 6
1 t .- 13,0001t - - - - - - -
3 ! .- 13,9004 - .- - i - -
¥ t
i . ; # In the-lower 2-1/2 in. of beam 12, epoxy-resin concrete was-used in 1ieu of normal concrete.
¥ R #%  Average tensile strain is avenge for-middle one-third of beam,
H i

(s
: ;
£ !
£ :
E .
4 i Table 19
g ; of Test Results for Beam:13*
% H - — - = — Soncrete Strain o = =
E } Total Midspan Reinforcement mrage" BF—Dﬂmngig—og C;ﬁ!ﬁ
: , Time Load Deflection Strain Compressive Tensile idth, in il vth
£ ! =in ‘ilb __in, uﬂ;gmtgu millionths_ millionths Wi - Bt in.
t 2 0 0 0 0 0 0 0 0
£ ; k 500 0,002 15 30 6 0 0 0
: : 6 1,000 0.005 35 60 60 0 0 0
E— ; 9 1,500 0,009 55 &5 8 0 /] /]
i . 13 2,000 0.013 70 15 100 [+] 0 [+]
; 15 2,500 0.0L7 90 w5 140 0 0 0
r ; 19 3,000 04021 110 180 160 o o 0
: ' 22 35,500 0.025 130 20 200 0 ] 0
£ ' 26 1,000 0,029 155 ?ho 200 0 0 0
- 28 [+] /] 10 0 10 0 V] (V]
E
¢ k7 b, 500 0.029 150 2ho 220 0 0 0
E { 38 5,000 0.038 UYE] 39 Loo 0,0010 0.003% 3
H 60 6,000 0,058 670 500 500 0,0025 0,0049 3
E 68 7,000 0.076 835 610 620 0,0040 0.0064 3
I 80 8,000 0.09% 1020 735 800 0.0030 0.0063 3
E o [¢] 0,019 190 130 180 - 0,0019
E 189 8;000 0,108 1040 760 1020 0.0030 0.0086
E 205 9,000 0.125 185 . 8% . 1180 =-0,0030  — o010Y - -

- - i 10,070 v.!.w 1375 1020 1390 0,00k0 0.0113
% 22z 11,000 0,169 1575 1015 1640 0.0050 0,013
4 31 12,000 0.308 7500 2490 k200 00450 0,0523
. e 17,7004 - - .- [ pos .

3 *  Beam 12 \ued A 3- -in. layer ne'= epcxy -resin concrete in its lower 3-in. zone.

3 *% Average unnue strain ic aversge for middle one~-third of beam,

£ t M - meagured uolng mlcroscope;-D - acasured using -Demec disk.

) $t  Heom could:pot. sustain load at iz level,
q 7
) M -
1
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Table 22

f
!
|
1
j Compress '* . and Tensile Strengths of Individual
‘ Batches of Plain Concrete for Larger Beams

PR KT [ R

“hee ] T Splitting
of Concrete Compressive Tensile
Batch When Tested Representing Strength Strength
] No._ days _ Beam No. psi psi
1 28 1-2 3000 375
¢ 2 28 3-k 3120 405
E 3 28 5 3050 350
: L 28 6-7 2920 360
E 5 28 8 2800 325
g H
Toble 23
2 Compressive and Tensile Strengths of Individual Batches of
Steel<Fiber-Reinforced Concrete Mixture for Larger Beams

f ~Age of Fber- ’ Splitting
1 Reinforced Compressive Tensile
] Batch  Concrete When Representing Strength Strength
E No. Tested, days __Beam No. psi psi
E 1 28 2 3910 675
2 28 4 3940 620

3 28 6-7 3930 560
E . 80
E
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Table 24

Summary of Test Results for Beam 1L*

Eoncrete Strain "

Maximua Dimension

Total Midspan Reinforcement Average*#* of Crack _
Time Load Deflection Strain Compressive Tensile width Depth
min_ 1b in, _ Millionths  Millionths  Millionths _in. in,
0 0 o 0 0 0 0 0
14 1,000 0.024 30 68 59 0 0
19 2,000 0.067 88 165 150 0.001 0.90
37 2,000 0.073 88 184 167 0.001 0.90
4o 3,000 0.127 167 280 306 0.003 3.60
50 3,000 0.140 189 300 324 0.003 3.60
5 4,000 0.207 321 L%} 517 0.003 3.60
61 4,000 0.223 323 430 539 0.003 3.60
64 5,000 0.289 -2 536 733 0.005 6.60
. 5,000 0.313 Lso 584 766 0.005 6.60
75 6,000 0.379 586 750 780 0.006 7.15
85 6,000 0.401 594 820 974 0.006 7.15
90 7,000 0.468 725 847 1131 0.006 7.15
95 7,000 0.487 737 887 1150 0.006 7.15
98 8,000 0.547 830 978 1306 0.01Y4 8.15
107 §,000 0.581 845 1045 1350 0.01h. 8.15
12 0 0.132 78 264 265 - -
130 0 0.12¢ 76 2l 253 - -
136 4,000 0.337 367 654 771 -- --
138 8,000 0.579 811 107k 1359 0.014 8.15
12 9,000 0.654 97 1208 1540 0.0l 8.15
8 9,000 0.689 977 1281 1581 0.014 8.15
150 10,000 0.756 1105 h U 1611 0.025 8.35
157 10,000 0.793 1135 1509 1809 0.025 8.35
160 11,000 0.868 1258 1648 1963 0.025 8.35
168 11,000 0.902 1279 1730 1996 0.025 8.35
172 12,000 0.966 1390 181 2173 0.030 8.75
179 12,000 1.018 1k29 2001 2234 0.030 8.75
182 13,000 1.092 1554 2138 2423 0.030 8.75
187 13,000 1.1 1596 2285 2479 0.030 8.75
190 14,000 1.473 2534 -- 6973 0.060 9.50
- 12 ’ 2001' 2 o%ff
- Of 2070*1.

* Beom 1T wasn conventionally rednforced and uscd 65 & control beam for the short-

teim static tests of group 1L.

H

f
tt

Average tengile strain is average for middle one-third of beam.

Loads after failure,
String-line measurements.

L4

bom o+ s mird




1 Table 25
Summary of Test Results for Beam 2L*
—_Concrete otrain Maximan Dimension
; Total  Midspan  Reinforcement Average* of Crack
1 : Time Load Deflection Strain Compressive Tensile width Depth
;— | min_ _1b in, Millionths  Millionths Millionths _in. in,
3 {
- | 0 0 0 0 0 0 0 0
4 | 8 1,000 0.021 25 b9 50 0 0
i 20 2,000 0.048 59 104 104 0 0
] 23 3,000 0.082 104 178 203 ) ) .
30 4,000 0.125 16 253 289 0 0 {
t
3% 5,000 0.188 255 3k 463 0,002 1.06 ‘
58 6,000 0.264 Lot L 637 0.003 5.50
3 75 6,000 0.276 438 472 6T 0.003 5.50
78 7,000 0.327 551 556 796 0.00L 6.50
9 7,000 0.352 STT 573 841 0.004 6.50
9% ) 0.087 170 13 210 -- --
143 0 0.082 163 104 197 -- -
148 4,000 0.222 383 355 397 - -
3 152 7,000 0.346 591 570 876 0.004 6.50
1 153 8,000 0.398 684 638 7L 0.004 6.50
- 165 8,000 0.419 m 660 1013 0.004 6.50
| 169 9,000 0.466 826 739 183 0,004 6.50
: ! 175 9,000  0.487 849 769 1223 0.004 2,50
] 180 10,000 0.538 954 849 1434 0.009 7.28%
3 t 185 10,000 0.5k 983 887 1493 0.009 7.25
3 190 11,000 0.616 1084 972 1664 0.009- 7.25
3 195 11,000 0.634 1109 996 1683 0.009 7.25
199 12,000 0.690 1212 1085 1813 0.010 7.85
211 12,000 0.724 1249 1147 1866 0,010 7.85
s 215 13,000 0.779 1352 1244 1976 0.010 7.85
219 13,000 0,791 1372 1274 2029 0,010 7.85 ;
223 14,000 0.855 474 1363 2166 0.01.5 8.25 :
235 14,000  0.895 1517 1l 2199  0.015 8.25 |
2bo 15,000 0.953 1607 1546 2320 0.015 8.25 ;
25 15,000 0.975 1633 1596 €391 0.015 8.25
250 16,000 1.042 1742 1710 2530 0.035 8.70
260 16,000 1.275 1766 2232 2637 0.035 8.70
-= 17,000 1.500 - - - -- -
-~ 14,800t  3.20tt -- - -- 0.20 1k.00

* Buam 20 was conventicnally reinforced; had .an additional 2.5-vercent. by volume
of 0.5-in,.-long steel fibers added to its lower 3-3/8-in. tensile zone, and was
subjected to the short-term static tests outlined for the members of group 1L.

** Average tensile strain is average for middle one~third of beam.

t Load after failure; beam collapsed at this load.

t+ String-line measurement.,
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Table 26

e e m e —mE S ——

Sumary of Test Results for Beam 3L*

i

3

Midspan
3 Time Load Deflection
3 min_ _1b in,
] 0 0 0
15 1,000 0.021
20 2,000 0.045
25 3,000 0.093
40 ,000 0.129
] 50 4,000 0.146
56 5,000 0.193
64k 5,000 0.216
68 »000 0,263
78 6,000 0.279
83 7,000 0.327
95 7,000 0.351
98 8,000  0.39
105 8,000 0.416
3 112 0 0.099
3 152 0 0.095
160 4,000 0.231
166 8,000 0.405
170 9,000 o.k61
178 9,000 0.1487
183 10,000 0.533
186 10,000 0,550
200 11,000 0.628
203 12,000 0.674
210 12,000 0.697
213 13,000 0.747
223 13,000 0.776
225 14,000 0.831
233 14,600 0.852
] 235 15,000 0.906
| 2k2 15,000 0.939
1 246 16,000 1.00k
255 16,000 1.03k4
4 258 17,000 1.102
] 265 17,000 1.162
4 -- 18,000 1.2ko
¢ -- 15,000t  L4,05tt
£ -- Ot  3.40tt

Reinforcement
Strain
Millionths

Concrete Strain

0
50
99

174

304

321

426

Lug

552,
572

676
704
791
613
156

151

L6l

814

911

ol
103k
1053
1146
1177
1265
1288
1398
1418
1520
1543
1638
1676
1789
1816
1951

1963

Average¥**
Corpregssive  Tensile
Millionths Millionths

0 0

20 Ly
99 137
170 31k
261 k77
275 556
349 657
361 729
ka7 915
nan 92k
512 1146
538 1187
597 1364
621 1373
89 271
83 263
336 686
611 1464
677 1609
s 1631
778 1763
800 1784
8n 1931
918 1973
973 2113
1015 2136
1104 2271
1145 2310
1233 2464
1266 2489
1336 2643
1403 2684
1507 2853
1563 2894
1684 3107
1900 3307

-

Ma;cixmnn Dihension

__ of Crack
Width ~~ Depth
in, in,

0 0

0 o}

0 0

0.001 0.68
0.002 2,05
0.002 2.05
0.004 4, 4o
0.004 4.ho
0.005 5.40
0.005 5.40
00006 6.60
0.006 6.60
0.006 6.60
0.006 6.60
0.006 6.60
0.006 7.80
0.006 7.80
0.006 7.80
0.006 7.80
0.007 7.85
0.007 7.85
0.007 7.85
0,007 7.85
0.010 7.90
0.010 7.90
0.010 7.90
0.010 7.90
0.012 7,90
0.012 7.90
0.013 8.10
0.013 8.10
0.013 8.10
0,013 8.10
0,080 9.90

- * Beam 3L used o Y= by 13- by

84-in. wire-mesh cage V*througho,git: its inner 8&-15.
section and was gubjected tc the short-term gstatic tests outlined for members of
group 1L.

% Average tensile strain 1is average for middle one-third of beanm.

t+ Load after failure,
tt Siring-line measurements.

!
!
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Table 27

Summary of Test Results for Beam LL*

Concréte Strain

i i st s Bt

Total Midsnan Reinforcement Average*#* of Crack
Time Load Deflection Strain Compressive Tensile 1".dth Depth
min 1b in, Millionths  Millionths Millionths _in in,
0 0 0 0 0 0 0 0
L 1,000 0.020 ko 48 49 0 0
7 2,000 0.045 102 107 106 0 0
12 3,000 0.076 172 179 174 0 0
17 k000 0.116 214 264 297 0.0005 Hairline
2k 5,000 0.173% 318 355 460 0.001 0.90
37 5,000 0.199 352 388 499 0.001 0.90
39 6,000 0.243 420 485 636 0.003 1.85
k9 6,000 0.266 466 510 684 0.003 1.85
52 7,000 0.315 526 590 851 0.003 1.85
57 7,000 0.337 587 620 886 0,003 1.85
60  8.000 0.393 662 78 ol 0.005 4,70
72 8,000 0.429 888 762 1097 0.005 4.70
7 0 0.099 236 151 254 --
102 0 0.092 232 12 240 s -
107 4,000 0.241 586 hzo 627 - - ;
109 8,000 0.420 1090 751 1 0,005 1570 !
12 9,000 0.477 1182 850 1250 0.005 4,70
122 9,000 0.502 1186 878 1274 0.005 k.70
125 10,000 0.559 1298 917 1439 0.007 6.30
130 10,000 0.591 1318 1029 481 0.6u7 6.30
133 11,000 0.647 1352 1114 1621 ©.008 7.30
12 11,000 0.679 1kc8 1182 1683 0.0n8 7.30
146 12,000 0.730 1496 1265 1809 0,008 T.30
152 12,000 0.760 1520 1324 1874 0,008 7.30
155 13,000 0.816 1608 1y 2011 0.010 8.00
16+ 13,000 0.875 1676 1473 2099 0.010 8.00
167 1k,000 0.921 1768 1628 2241 0.010 8.00
175 14,000 0.966 1846 1700 2309 0.010 8.00
177 15,000 1.030 1968 1819 au8h 0.010 8.00 |
185 15,000 1.089 2042 1917 2584 0.010 8.00 ‘
190 16,000 1,262 2090 2668 . 0.050 8.65
- 6,000t 5.80tt - -- - 0.30 -
.- ot k.90t - - - -- -
“ Beam UL was convendionzlly reinforced, lied an adiitional. 2.5 perceni by volume

of 0.,5-1in,-long steel ribers added throughout its entire 2ross section, and was
subjected to the short-term static tests outilned for the members of group 1L,

% Averape tensile strain is average for middle cne-third of beam.
Load after failure.

String-line measarements,

-
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Table 28 i
) ! :
Summary of Test Reau;tn _for Beam SL*
‘ - ) ] . ~Concrete Strain ~Vextmm Dimension
] Total Midspan Reinforcement Average¥* of Crack _
Time Load Deflection Strain Compressive Tensile Width Depth
days _1b . __in. Millionths. =~ Millionths mllicnths _in. in.
0 0 0 0 0 0 0 0
t 2,000 0.0l 43 70 €7 0 0
h/ 2,000 0.061 72 el 91 0.002 1.06
2 2,000 0.068 100 70 107 0.002 1.06
3 2,000 0.073 102 70 109 0,002 1.06
z 6 2,000 0.082 104 82 109 0.002 1.06
g 7 2,000 0.089 106 89 16 0.002 1.06
i 8 2,000 0,095 106 109 16 0.002 1,06
; 8 3,000 0.114 18 bR 164 0.002 3.20
' 13 3,000 0.13% 168 142 190 0.002 3.20
‘ 13 3,000 0.139 179 150 213 0.004 3.95
15 3,000 0.146 a8y 160 213 0,004 3.95
16 3,000 0.152 203 165 213 0.004 3.95
17 3,000 0.157 211 185 213 0.004 3.95
20 3, 0,166 212 207 234 0.00k 3.95
1 22 3,000 0.172 223 218 246 0.00k 3.95
7 3,000 0.184 252 223 2k6 0.004 4.5
27 5,000 0.275 332 348 k70 0.005 4.85
31 5,000 0.325 b1k 518 559 0.006 5.35
3% 5,000 0.339 Bl 16 579 0.006 6.05
38 5,000 0.357 472 Lsk 601 0,006 6.05
L3 5,000 0.370 510 L8 623 0.006 6.05
k9 5,000 0.381 537 493 629 0.006 6.05
k9 6,000 0.7 561 549 73 0.008 6.15
1 55 6,000 0. Lkl 594 608 754 0.009 6.65
F 63 6,000 0.476 631 61 786 0.009° 6.65
63 7,000 0.523 663 718 917 0.010 7.20
79 7,000 0.575 695 853 976 0.010 7.20
8y 7,000 0.585 705 879- 1003 0.010 7.20
] 8y 8,000 0.621 73 951 1094 0.011 YR
j |
; S
1
|
. - !
E
3
:
: 7 — (Continued) F
% Beam 5L used a h- by 11- by 8Y4-in, wire-mesh cage throughout its inner Bh-in.
; section and was subjected: to the long-term static loading outlined For-members
for group 2L.
E ¥* Average tensile strain is average for middle one-third of beam.
g t Immediately after loading.
4
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Table 28 (Concluded)

Time
qays
o1

106

120

Conéreté S'br;a.in

\Maximmn Dimension

Total Midspan Reinforcement Average of Crack ,
Load Deflection Strain Compressive Tensile Width Depth
1b _in, Millionths _ Millionths Millionths in. in,
8,000 0.67% £36 1029 1160 0.011. 7.44
8,000 0.693 832 1029 1176 0.011 7.44
8,000 0.701 885 1077 18 0,011 7.%4
8,000 0.715 891 1135 1217 0.011 7.44
9,000 0.753 928 1184 1311 0.012 7.50
9,000 0.776 937 1276 1354 0.012 7.50
9,000 0.798 9l5 1317 1374 0.012 7+50
10,000 0.841 1019 1389 1487 0.01% 7.80
10,000 0.856 1046 1425 1523 0,014 7.80
10,000 0.872 1088 1453 15h1 0.014 7.80
11,000 0.919 1178 1526 1677 0,014 7.80
11,000 0.951 1231 1581 1730 0.014 7.80
11,000 0.961 1231 1611 1753 0.00% 7.80
12,000 1.058 1281 1690 1874 0.017 8.00
12,000 1.081 1286 1780 1931 0.017 8,00
12,000 1.097 1291 1776 1953 0.017 8.00
13,000 1.148 1377 1853 2080 0.018 8.00
13,000 1.171 1y 1923 212€ 0.018 8,00
13,000 1.183 1426 1957 2139 0.018 8.00
14,000 1.235 1521 2032 2271 0.020 8.05
1k,000 1.268 1540 2088 2344 0.020 8.05
14,000 1.293 1542 2110 2396 0.020 8.05
15,000 1.335 1605 2175 2501 0.023 8.10
15,000 1.359 1651 2225 2550 0.023 8.10
15,000 1.379 1666 2281 2580 0.023 8.10
15,000 1.383 1681 2296 2596 0.023 8.10
16,000 1.%39 1764 2384 2733 0.030 8.10
15,000 1.470 1814 2399 2800 0.030 8.10
16,000 1.480 1839 254} 2849 0,030 8.10
17,000 1.532 1936 261k 2980 0,040 8.25
17,000 1.620 1948 2699 3129 0.085 8.65
17,000 1.667 1959 2753 3283 0.085 8.65
17,500 2.55tt - 3268 - 0.125 9.50
17,900 3.25+t - - -~ 0.150 1k.00

o* 291}5*‘1 -- i - 01125 lhooo

tt+ Strinc;line mea%dremnfg. »

t Load after failure.
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Table 29
Summary of Test Results for Beam 6L*

Concrete Strain Meaximgm Dimension
Total Midspan Reinforcement Average** of Crack
Time Loed- Deflection Strain Compressive Tensile Width =~ Depth
days 1b in. Millionths  Millionths Millionths _in. in,
0 ) 0 0 0 ) 0 0
+ 2,000 0.040 60 50 80 0 0
0.10 2,000 0.042 60 53 86 0 0
1 2,000 0.045 61 64 86 ) )
2 2,000 0.059 T4 h 87 ) )
3 2,000 0.060 87 Vi 90 0 0
6 2,000 0.064 94 75 97 0 0
7 2,000 0.065 96 75 100 0 0
7 4,000 0.116 225 151 24y ) 0
8 4,000 0.130 264 186 284 0.0005 Hairline
9 4,000 0.157 280 193 296 0.001 0,50
13 4,000 0.176 301 205 31 0.001 1.10
17 4,000 0.185 319 260 321 0.001 1.55
20 14,000 0.203 330 27 336 0.00L 1.65
20 5,000 0.2L40 L29 362 k31 0,002 1.65
22 5,000 0.263 435 Loz 487 0.002 1.65
24 5,000 0.268 Lks Lo5 489 0,003 3.55
29 5,000 0.299 k61 L2y 521 0.003 3.55
35 5,000  0.314 485 481 550 0,003 3.55
I 5,000 0.338 526 548 569 0.003 4.95
41 6,000 0.370 594 601 664 0,004 5.35
52 6,000 0.376 598 605 660 0.005 6.05
62 6,000 0.l452 695 708 76 0.006 6.10
62 7,000 0.498 766 ar 903 0.006 6.10
66 7,000 0.504 766 890 g1 0,007 6:45
72 7,000 0.530 769 897 953 0,007 6.5
79 7,000  0.552 794 900 97 0.007 6.45
8y 75000 0.558 849 o13 980 +.007 6.45
84 8,000 0.613 086 1012 1120 0.007 6.45
92 8,000 0.626 1004 1022 1133 0.007 6.45
(Continued)

* Beam 6L wag conventionally reinforced, had an additional 2.5 percent by vclume of
0.5-1in,-long steel fihers added to its lower 3-3/8-in. tensile zone, and was sub-
Jected to the long-term static tests outlined for members of group 2L,

% Average tensile strain is average for middle one-third of beam.

+ Immediately after loading.
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Table 29 (Concluded)

Midspan

Concrete Stiain

Maximum Dimension

Total Reinforcement Average of Crack
Time Load Deflection Strain Compressive Tensile Width Depth
days 1b _in, Millionths  Millionths Millionths in, An.
99 8,000 0.635 1012 1033 11h7 0.007 6.5
106 8,000 0.645 1019 1048 1163 0.007 6.45
nuk 8,000 0.677 1021 1078 1209 0.007 6.45
nk 9,000 0.713 1090 1160 1304 0.010 6.95
121 9,000 0.720 1099 1180 1337 0.010 6.95
127 9,000 0.737 154 1191 1349 0.010 6.95
127 10,000 0.789 1215 1241 1486 c.011 7.05
13% 10,000 0.87%2 1231 12k9 148 0.011 7.05
1 10,000 0.832 1301 1263 1569 0.011 7.05
1l 11,000 0.869 12 1362 1644 0.012 7.10
148 11,000 0.879 1hsh 117 1677 0.012 7.10
i 155 11,000 0.907 1463 1485 1733 0.012 T.10
3 155 12,000 0.958 7 1514 1863 0.014 7.20
162 12,000 0.971 1476 1519 1877 0.01% 7.20
169 12,000 1.010 1545 1547 1931 0.014 7.20
169 13,000 1.041 1645 1658 2067 0.015 7.55
: 176 13,000 L.054 1646 188 2086 0.015 7.55
: 183 13,000 1.080 1648 1827 2136 0.015 7.55
g 183  1k4,000 1.137 1665 1918 2281 0.017 7.75
" 190 14,000 1.150 1715 1956 2289 0.017 7.75
{ 197 14,000 1185 1735 1995 2366  0.017  T.75
] 197 15,000 1.232 1800 2084 2486 0.019 7.88
3 204 15,000 1,246 1815 2119 2501 0.019 7.88
b 211 15,000 1.286 1835 2142 2573 0.019 7.88
; 211 16,000 1.337 1900 2238 2704 0.035 8.00
' 217 16,000  1.353 1905 2218 2733 0.035 8.0
E 225 16,000 1.387 1910 2260 2790 0.035 8.00
£ e25 17,000 1.445 1965 2393 2931 0.050 8.25
; 232 17,000 1.486 2000 2609 3041 0.050 8.25
% 239 17,000 1.500 2025 2613 3051 0.050 8.25
1 ]
1 239 17,400 1.851 2145 - 3880 0.065 14.00
: 239 13,500tt  3.254 -- -~ -~ -- --
E 239 ott  2.75% .- - - - --
|
i
L
#+ Load after failure.
! + String-line measurements.
| ~88
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Table 30
Summary of Test Results for Beam 7L q
T Concrete Strain 7Ma.ximm Dimension

i Total  Midspan Reinforcement Average** of Crack _

Time  Load  Deflection Strain Compressive Tensile  Width Depth y
Q‘L, g 1b . _ in. _ Miuignthé 7 Millionths Miqnths in. in. !

0 0 ) 0 0 0 0 0

+ 2,000 0.055 58 20 ol 0 0

0.7 2,000 0.059 82 25 6 0 0

1 2,006 0.065 100 37 100 0 0

2 2,000 0.076 0k 43 104 0 0

5 2,000 0,080 122 58 123 0 o

7 2,000  0.087 123 75 129 o0 0

7 3,000 o.112 147 175 187 0 0

8 3,000 0.121 178 175 187 0.001 0.81

12 3,000 0.139 193 188 201 0.001 1.55
: 16 3,000 0.156 210 202 216 0.001 1.55
t 20 3,000 0.171L 223 215 229 0.001 1.55
i | £0 4,000  0.201 270 265 287 0,002 1.55
4 . 23 4,000 0.217 282 295 17 0.002 1.55
. ‘ 26 1,000 0.238 315 319 339 0.002 1.55
] | 34 4,606  0.253 317 320 350 0.003 2.16
. 35 4,000 0.257 316 349 359 0.003 2,16
§ 35 5,000 0.287 421 410 430 0.003 2,16
i ko 5,000 0.318 481 467 489 0.004 2,60
. L9 5,000  0.360 1483 501 546 0.00k 2.60
' 49 6,000  0.384 595 549 599  0.00% 2,60
51 6,000 0.397 639 592 6 0.004 2.77
61 6,000 0.4k20 649 622 653 0.00k4 3.70
63 6,000 0.432 664 653 669 0.004 3.70
63 7,000 0.462: 733 733 739 0.005 y,72
7 7,000 0.513 824 797 830 0.005 5.00
: 8y 7,000 0.531 827 824 8hly- 0,005 5.02
89 7,000 0.542 83k 863 866- 0,005 5.02
89 8,000 0.569 886 911 923 0.006 5.13
F
;
1 i . _ (Continued) B .

* Beam 7L was conventionally reinforced, had an additional 2.5 percent by volume of
steel fibers added throughout its entire cross section, and was subjected to the
long<term static tests outlined for members of group 2L.

5 **  Average tensile strain is average for-middle one-third of beam.

t Immediately after loading,,.

* m
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; z Table 30 (Concluded)
: { - Concrete Strain ___ Mexinum Dimension
. H Total Midspan Reinforcement Average of Crack
. 3 Time Load Deflection Strain Compressive Tensile Width " Depth
: day 1b in, Millionths  Millionths Millionths _in, in,
4 3 T T - c - - - i
: : 98 8,000 0.592 909 972 973  0.006 3.13 ’
§ : 105 8,000 0.600 910 1008 1011 0.006 5.13
4 . 13 8,000 0.620 909 1010 1011 0.006 5.13
17 8,000 0.632 908 1020 1026 0.006 5.13
nr 9,000 0.656 951 1129 1129 0.007 5.25
120 9,000 0.667 986 1130 1133 0.007 5.25
i 126 9,000 0.684 1004 1141 1163 0.007 5.25 ,
3 131 9,000 0.693 1020 11hh 1170 0.007 5.25 1
: 131 10,000 0.729 1078 1168 12k9 0.008 5,94 f
138 10,000 0.76k 1080 1238 1340 0.008 5.94
1 145 10,000 0.775 1084 1323 1366 0.008 5.94
, 145 11,000 0.808 1157 1353 74 0.009 6.00
; 152 11,000 0.837 12l 1377 1503 0.009 6.00
' 159 11,000 0.849 1242 1378 1541 0.009 6.00
159 12,000 0.886 1308 1562 1644 0.010 6.00
: 166 12,000 0.915 1351 1612 1693 0.010 6,00
173 12,000 0.937 1372 1648 17h0 0.010 6.00 b
. 173 13,000 0,965 12 1702 1819 0.012 6.10 :
: 18 13,000 0.992 1457 1758 1879 0.012 6.10
; , 187 13,000 1.00% 1461 1778 1896 0.012 6.10 !
i
187 14,700 1.0hk 1567 1848 2001 0.015 6.15 :
19k 1k,000 1.072 1572 1888 2050 0.015 6.15
201 14,000 1.085 1574 1923 2087 0.015 6.15
201 15,000 1.121 163k 1988 2179 0.018 6.25
208 15,000 1.156 1693 2043 2251 0.018 6.25 !
215 15,000 1.176 1718 2082 2284 0.018 6.25
215 16,000 1.219 1793 2103 2394 0.020 6.35
222 16,000 1.271 1862 2246 2ko7 0.020 6.35
229 16,000 1.286 1863 2282 2521 0.020 6.35
F 229 17,000 1.453 1975 2355 2693 0,065 9.55
! 236 17,000 1.75tt 2012 239 2717% 0,080 9.60
: 243 17,000 1.80t+ 2112 2450 2860 0.080 9.60
: 243 17,500 2.65tt -- -- -- 0.125 1k,00
3 243 15,5004t  3.75tt - - -- 0.250 14,00
E 243 7,200+ 3,50t -- - - .- -
2k3 0tt  3.001t - .- -- 0.225 14,00

ot Mo s e o et e s o A o = S e oy

- _ _ _ _ _ §

1t String-liﬁe measuréments;
+ Load after foilure,
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Table 31

e Summary of Test Results for Beam 8L+

- ’ = - Concrete Strain . Vaximm Dimension

[ Total Midspan Reinforcement Average™* of Crack ,

: Time Load Deflection Strain Compressive Tensile Width Depth

; days 1b 4n, Millionths  Millionths Millionths _in. in,

E 0 o 0 0 0 o o 0

r t+ 1,500 0.041 9 9 51 0 0

3 1,500 0.050 23 10 50 0 0

7 1,500 0.056 25 10 50 0 0

i 12 1,500 0.060 43 9 50 0 0
18 4,500 0.07C 43 10 50 0 0 :
18 2,000 0.087 50 28 6L 0.001 1.00 A
24 2,000 0.099 70 29 76 0.001 1.00 ,
31 2,000 0.113 8o 28 a 0,001 1.08 i
32 2,000 o.118 a1 29 84 0.001L 1.08

32 3,00 0.6 145 89 15 0.002 2.38

35 3,000 0.173 190 118 204 0.00% 3.25

: 46 3,000 0.207 192 196 216 0,004 3.25

46 4,000 0.243 282 246 297 0.004 3.70

- sk 4,000 0.278 331 322 34 0.00% 3.70 4

: 6L L,000  0:297 367 350 383  0.00% 3.70

4 61 5,000 0.327 387 4o8 L7 0,005 4,50

68 5,000 0.364 1458 430 510 0.005 4,50

i 75 5,000 0.382 485 485 536 0.005 L,50
75 6,000 0.418 529 542 627 0.007 5.55

82 6,000 o.hli1 530 626 687 0,007 5.55

89 6,000 0.L57 559 697 707 0.007 5.55

i 89 7,000 0.498 588 TTh 823 0.009 5.85

96 7,000  0.540 645 838 887  0.010 6.15

103 7,000 0.550 675 845 894 0,010 6.15

103 8,000 0.591 703 918 1006 0.013 6.75

10 8,000 0.613 745 9k2 1039 0.013 6.75

3 17 8,000 0.63h4 781 967 1061 0.013 6.75

124 8,000 0.634 797 1025 1087 0.013 6.75

4 131 8,000 0:6h45 826 1068 1094 0.013 6.75

E . _ .

(Continued)

* Beam 8 ‘was conventianally reinforced and used as control beam for the long-term
static tests of group 2L,

*# Average tensile strain is average for-middle one-third of beam.

t Immediately after loading.
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Table 31 (Concluded)

b e e A e~

iy e e

IR UM (7 P AT T ] ST

11 T AT ]
i 'y

T T e TR e 71

fr—

; ’ ) ’ _Concrete Strain — Maximum Dimension
Total Midspan Reinforcement i " Averageit® of Crack

Time Load Deflection Strain Compressive Tensile Width Depth

days 1b ___in._ Millionths Millionths Millionths in. in.
133 8,000 0.649 830 1069 1100 0.013 6.75
133 9,000 0.687 856 1132 1187 0.015 7.10
1o 9,000 0.707 896 11%0 1231 0.015 7.10
7 9,000 0.715 919 1156 1249 0.015 7.10
147 10,000 0.763 o48 1226 1369 0.018 7.20
154 10,000 0.79% 949 1255 1423 0.018 7.20
161 10,000 0.813 198 1310 1461 0.018 7.20
161 11,000 0.852 1022 1377 1571 0.020 7.25
168 11,000 0.873 1076 1386 1601 0.020 7.25
175 11,000 0.878 1123 1400 1606 0.020 7.25
175 12,000 0.928 1227 1470 1736 0.022 7.25
182 12,000 0.947 1300 1517 1763 0.022 7.25
189- 12,000 0.949 1332 1584 1770 0.022 7.25
189- 13,000 1.000 1416 589 1896 0.025 7.35
196 13,000  1.018 1496 au 1907 0.025 7.35
203 13,000  1.033 1496 1679 194k 0.025 7.35
203  1k,000 1.083 1629 1720 2075 0.038 7.95
} 210 14,000 1.113 1713 1764 2126 0.038 7.95
. 217 14,000 1.123 1728 1774 2146 0.038 7.95
x 220 14,000 1.128 1761 1780 2150 0.038 7.95
220 15,000 1.18L 1861 1664 2287 0.0l 8.00
227 15,000 1.218 1865 1909 2330 0.0l 8.00
23k 15,000 1,228 197 1918 2353 0.0k 8.00
23k 15,900 2,55t - - -- 0.375 14,00

234  12,500¢  2.50tt
23k 5,800% 2,25t
23k 04  1.95t+

e
-

H/ éi:ring%line rﬁeasure;nents.
$+ Load after failure.
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a. O load (prior to testing)

¢. 3000-Xb Ilcad

f. 8000-1b load

g. 9500-1b load h. 12,500-1b load

j. O load (tensile face
after failure)

i. 4650-1b load (after failure)

Photo 1. Crack pattern in beam 1 at various load levels
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a.

g e

0 load (prior to testing) b. 6000-1b load

c. 6500-1b load d. 8000-1b load

g. 12,000-1b load

i. O load (tensile face
after failure)

Photo 2. Crack pattern in beam 2 at various load levels
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a. O load (prior 1o iesting) b. U4500-1b load
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i.. 14,000-1b load je. 14,000-1b load (yielding of
reinforcement)

k. 14,520-1b load (failure) 4. 0 load (tensile face
after failure)

Photo 3 (sheet 2 of 2)
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a. O load (prior to testing) b. 2500-1b load

e. L000-1b load (second loading)

Photo k.

g. 6000-1b load

¢. 3000-1b load d. L4000-1b load (first loading)

h. 8000-1b load

Crack pattern in beam 4 at various load levels (sheet 1 of 2)
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11,000-1b load
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j. O load (after failure)

k.

0 load (tensile face
after failure)

Photo 4 (sheet 2 of 2)
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c. 5000-1b loed

e. 8000-1t load

pr &

Photo 5.

e

10,000-1b load

d.

f.

h.

6000-1b load

9000-1b load

13,000-1b load

Crack pattern in beam 5 at various load levels (sheet 1 of 2)
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k. O load (tensile face
after failure)

Photo 5 (sheet 2 of 2)
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E a. 0 load (prior to testing)
:
E
E .f
E {
i_ ¥
3 ‘ c. 6000-1b load d. T000-1b load
:

?
: |
; g£. 11,000-1b load h. 12,000-1b load (just prior '
: to failure)
! .

i. 12,000-1b load (failure) J» O load (tensile face

after failure)

§
Photo 6. Crack pattern in beam 6 at various load levels '
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E c. T000-1b load d. 8000-1b load !
|
g
3

i !

g+ 11,000-Ib load h. 12,000-1b load (just prior
L to failure)
3
3
i, 12,000-1b load (failure) J. 0 load (tensile face
after failure)
Photo 7. Crack pattern in beam 7 at various load levels
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g. 6000-1b load

Photo 8. Crack pattern in beam 8 at various load levels {sheet 1 of 2)
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11,000-1b load
prior %o failure)

m. O load (tensile face
after failure)
Photo 8 (sheet 2 of 2)
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g. 6000-)b load h. T7000-1b load

Photo 9. Crack pattern in beam 9 at various load levels (zshee’cil of 2)
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i. 8000-1b load Jje 10,000-1h load

m. 13,000-1b load (just prior n. 13,000-1b load (failure).
to failure)

e

5

0. O load (tensile face
after failure)

Fhoto § (sheet 2 of 2)°
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a. 0 load (prior to testing)

g. 8000-1b load

Photo 10. Crack pattern in beam 10 at varions 1oaa level:
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n. 15,000-1b load (failure)

0. O load (after failure) p. O load (tensile face

after failure?)

Fnoto 10 (sheet 2 of 2)
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a.

e. §6000-1b load f.

T

Fhoto 1l.

e o e ———— YT T T T R T

. 13,000-1b load (beginning of
ailure--yielding of reinforcement)

i. O load (after failure)

Crack pabtern in heam 11l st various load levels
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a. O load (prior to testing) b. 12,000-1b load

c. 13,000-1b load (beginning of d. 13,900-1b load (failure)
failure)

e. O load (after failure)

Photo 12. Crack patiern in beam 12 at various load levels
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i c. 8000-1b load d. 12,000-1b load (beginning
b of failure)
j
e. 12,700-1b load (failure) f. Close-up after failure

Photo 13. Crack pattern in beam 13 at various load levels
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a. 6 load (prior to testing)

e. 12,000-1b load

f. 14,000-1b load (beginning
of failure)
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¢. 3000-1b load d. 5000-1b load

e. 7000-1b load f,

g. 10,000-1b load h.

Hr

i. 14,000-1b load (yielding

J. 14,000-1b loag (failure)
of reinforcement )

Photo 15. Crack pattern in beqp 1L at various load levels
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c. HCOC-1b Xoad d. T000-1b load

e. 10,000-1b load

g. X6,000-1b load h. 17,000-1b loed (failure)

Photo X6. Crack pattern in beam 2L at various load levels
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g. 16,000-1b load

e -arpdligen * >

h. 19,300-1b load (failure)

Cm e i b —

Photo 17. Crack pattern in beam 3L at various load levels
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; a. O load (prior to loading) b. 4000-1b load

¢. 5000-1b load d. 6000-1b load

R el

g. 11,000-1b load h. 13,000-1b load

i. 16,000-1b load (reinforcement je. 6000-1b load (after failure)
beginning to yield)

"
-

Photo 18. Crack pattern in beam ML at various load levels




LA ST

¢. 5000-1b load (immediately d. 6000-1b load for 1k days
after loading to this level)

[ e LS

SR SN

] g. 11,000-1b load for 14 days h. 13,000-1b load for 1k days

Photo 19. Crack pattern for beam 5L at various load and
" time leveIs (sheet 1 of Z)
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i. 16,000-1b load (immediately j. 17,000-1b load (immediately
after loading)

after loading)

k. 17,500-1b load (just L. 0 loud (after failure)
prior to failure)

Photo 19 (sheet 2 of 2)
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c. L4000-1b load for 48 nr d. 6000-1b load (immediately

after loading)

e. 7000-1b load for 12 days f. 9000-1b load (immediately
after loading)

g. 11,000-1b load (immediately h. 13,000-1b load -(immediately
after loading) after loading)

Photo 20. Crack pattern for beam 6L at various load and
time levels (sheet 1 of 2)
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i. 15,00C-1b load (immediately
after loading) i

k. 17,400-1b load (failure)

. 17,000-1b loed (irmediately
after loading)

4. 13,500-1b load (after failure)
Photo 20 (sheet 2 of 2)
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5000-1b load (immediately d. T000-1b load (immediately
after loading) after loading)

[ R |
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9000-1b load (immeliately f. 12,000-1b load (immediately
after loading) after loading)

12,0G0-1b Ioad for 7 days h., 13,000-1b load (immediately

after lcading)

PhoSo-21. Crack pattern for beam 7L at various load and
time levels (sheet 1 of 2)
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J» 17,000-1b load (yielding
of reinforcement is evident)

I

k. 17,500-1b load (failure)

Photo 21 (shect 2 .of 2)
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a. 0 load (prior to testing) b. 2000-1b load (immediately
after loading)

‘“—7\‘ ‘

c. 3000-1b loag. (mneaiately, d. 3000-1lb load for 3 days
after loading)

e. 5000-1b load (immediately
after loading)

g. 8000-lb load (immediately h. 10,007-1b load (immediately
after loading) after loading)

Photo 22. Crack pattern for beam 8L at various load and
time levels (sheet 1 of 2)
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i. 12,000-1b load (irmediately
after loading)

k. 15,000-1b load (immediately 4. 15,900-1b load (failure)
after loading)

Photo 22 (sheet 2 of 2)

j. 14,000-1b load (immediately

after loading)
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3
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FOR PLAIN CONCRETE,
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2 i MAXIMUM CRACK WIDTH;IN. 1
MAXIMUM:--CRACK WIDTH

VS REINFORCEMENT STRESS
FOR BEAMS 3L AND SL

PLATE 26 - . 7
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A
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15,000 —
10,000 i
LEGEND .
MEASURED FOR-BEAM 4L ‘
4.000 o= e eme MEASURED FOR BEAM 7L :
i — e PREDICTED FOR BEAM 4L USING EQUATION | '
™ FROM CHI AND KIRSTEIN (REF 15) !
e e e PREDICTED FOR BEAM 7L usws EQUATION
FROM CHI'AND KIRSTEIN (REF15)
) — -
0 8,065 0,010 -0.015 0,020 -0,025 ‘0,030
MAXIMUM:-CRACK WIDTH,IN,
MAXIMUM CRACK WIDTH
VS REINFORCEMENT STRESS
FOR BEAMS 4L AND 7L
- PLATE 27
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APPENDIX A: TYPICAL EXAMPLE ILLUSTRATING METHODS USED FOR
DETERMINING MAXIMUM ANTICIPATED SERVICE LOADS

=4 | L fe l

‘ % ‘ i

/|

kd

d= 8"

’ \ \ | f./n
N b
.2 #4 REINFORCING BARS-

Fig. Al. Flexural reinforcement and assumed Stress
distribution of beam 1

l. For maximum anticipated service load of beam X

f, = 62,000 psi

£, = 3510 psi

B, =W 733 Jrl = (140)!*5(33)(3510)%5 = 3.24 x 105 pst
ES = 30 X 106 psi

n =,E/E - ;Ox106psi = 9.26 ; use 9

$7C 3.0k x 100 psi

. _ 0.k in.? - n
P =AM = BTy = 0015

k = 1,1 (pn )2 + 2pn - pn

k = 7(0.0125)(9)12 + 2(0.0125)(9) - (0.0125)(9)

Al £ S e S
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“Then

- = e
fm e e - —r - -

k = 0.4874 - 0.1125 = 0.3749 ; use 0.37

2. Since working-stress design is based on the maximum concrete
stress being O.thé , the maximum anticipated service load can be
safely assumed to be at this level. The moment (MSl) due to this ser-

vice load is determined as follows:

f = O.thé = (0.45) (3510 psi) = 1579.5 psi

(o]
I
C, =3 £.kbd
c, = % (1579.5 psi)(0.37)(% in.)(8 in.) = 9350.6 1b
M, . = C,Ja
where
J=1-0.333%k =1 - (0.333)(0.37) =1 - 0.1233 = 0.8767
Moy = (9350.6 10)(0.8767)(8 in.) = 65,58 in.-Ib

Msl is defined as being the moment producing maximum concrete compres-
sive stresses of O.h5fé 3 therefore, the calculated Mint must be, by
definition, equal to MSl .
3. Then, since Mint = Mext (fig. A2), Msl must be equal to
Mext which, at this point; is composed of the moment due to the beam's
dead (MdI) and live service (Mlsl) loads, both of which can be determined
from the support and loading conditions of the individual beams. There-

fore, Mdl and Nﬁ@l were determined as follows:

Lt T éu l;n/gt) (I%rilf%ﬂ (2.25 ££)(150 1b/ft

I
=
[}

3) 27 in.
=

1139 in.-1b

=
]

My = M = My = 65,581 in.=1b - 1139 in.-Ib

=
=
I

= 64,442 in.-1b

A2
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+ ¥
“x
%
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— % ——
] Zl_sn 0 2:_00 ‘IA 21_3« o
SUPPORT 6'-6" SUPPORT

Fig. A2. Position of beam at testing

4. Now that M, ds known, the maximum anticipated live service
load (Plsl) can be determined from the loading conditions of the beams
by using the following procedure:

Mlsl = (0.5 jplsl)(eu in.)
Py = %ﬁf?ﬁ%aini;f%‘= 5370 1b, which by definition is the
largest load (excluding weight of beam) anticipated for the beam.

5. It is -emphasized that O.thé was used in these calcula-
tions. For hydraulic structures, which this investigation is directed
to primarily, the allowable stresses for normal service loads are
O.35fé for the concrete and 20,000 psi for the steel because O{thé ?

is the maximum allowable concrete stress for a vast majority of all re-

maining types of reinforced concrete structures as well as for indi-
vidual structural elements.

iy =

Jow et e -

A3
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APPENDIX B: TYPICAL EXAMPLE ILLUSTRATING METHOD USED FOR
DETERMINING MAXIMUM CONCRETE TENSILE STRESSES AT
INITIAL CRACKING LOADS OF INDIVIDUAL MEMBERS

5" 5

W T 7/ 7 -
| : B ,
] I A
¥ 7| [ % =NA. %
e <{—— ¥3:STIRRUPS i 1 L ,
! : : 6"-0.C. 1 - f ‘
X I /;71 : —J ~L
\(nvo “#6°REINFORCING BARS. \mmsromeo AREA = ..(A )=
=038 5Q IN: (10) (0.88)-= 8.80 SQ IN.-OR *
"NET = (10-1):(0.88) = 7:92°SQ IN.
Fig. BL. Typical -cross section Fig. B2. Transformed: cross sec-
§ of beam 1L tion of beam 1L
| ] 1. For neutral axis (NA) of beam:
‘ E, (plate 14) = 2.90 X 10 psi
- 16
E_ (plate 15) = 2.90 X 10" psi

- 29.0 X 106;§si =10

2.90 X 103 psi
. (5 an.)@ab in.)(7 in.) + (7.9 in._ )@2 ine) _ 7.5 1n.
(5 in.) (14 n.) + 7.92 in.®

n=E/E,

2. TFor moment of inertia of beam:

I, = ‘;_h: + A, (y 7)2 5 1n. )Ql’ in') + 45 in.) (A4 in.)(0.51 1’:;1:.:)2

= 1161.5 in,

A
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(7.92 12.%)(12 in. - 7.51 in.)? = (7.92 in.2) (449 1n.)?

H
]

st

159.7 i.'n.l*

L L L

I =I + I, =116L:5 in. + 159.7 in. = 1321.2 in.

t c st

3. For moment of beam:

APPLIED LOAD (P) = 1000-L.B APPLIED LOAD (P) =-1000 LB

fr— 6" - e——

_"
W & | 1+
- - -

J o S o T
: L _5'-6" _ | I T T
; ) — -

14

Y

.

SUPPORT
___ R . N T

SUPPORT

Fig. B3. Position of beam at testing
Total load required to initiate -cracking is 2000:1b (table 24)
= (1000 1b)(60 in.) = 60,000 in.-1b

M = in"r *{EV
ar - (12 in./ft) (@

= 13,234 in,-1b -

-

L (5.5 £6) (250 15/28%) (33 4n.)

M, M = 60,000 in.-1b + 133234 in.-1b = 73,234 in.-1b

. 1 +'Mdl

L. Stress of concrete when cracking initisted: equate external

to internal moments, then

M£ I'Iiﬁt

T e e

Y

R

O3 e ey S mnima Ao 1ottt |

- - - Ao Yk < T e e
£ = Yint’ (*'7”7}) - (13,231 ing=1b —‘Il{ dn, < 75T in,) - - =
£,, = 359.7 or 360 psi
B2
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APPENDIX C: TYPICAL EXAMPLE ILLUSTRATING METHOD USED FOR

DETERMINING REINFORCEMENT STRESSES RESULTING FROM
VARIOUS LEVELS OF LOADING

le — ol le 5" o
a | b i
4 : 4 S
|2 '
x| o
9
Y
& N
- - #3-STIRRUPS ~l .
: . 6":O-C- :
iE L L L L L - y
_'__f.,;j_ﬂg. <t \ ]
2N A )\) ) ) - )
\l w’ 6 REINFORCING BARS \TRANSFORMED ‘AREA = n(A_ )=(10)-
sa SQ IN. (0.88-5Q-IN.) = 8.80:5Q IN.

Fig.

section of beam 1L

1.

2.

C1. Ty’pi’cal cross Fig: C2, Transformed -cross

section of beam 1L

For neutral axis (NA) of beam (assuming all tensile stresses

are transrterred to reinforcement once cracking is injit{iated).

Moments about NA give:

(5 in. ) (ka)(kd/2) = (8.80 in.2)(12 in. - kd)

(2.5 1n. ) (kd)? = 105.60 in.3 - 8.80 n.2 ka

kd + 3.5 k& = Lhz.2h =

-3.52 +\j<J.se> ’- <u)<1>< 12,24)
= o(L)

kd:

= 4,975 in.

After locating neutral axis as shown and then equating

0
.- p
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external to internal moments, the reinforcement stresses are determined
-as follows::

My = My = AT e

Ja

a - 33: (kd) = 12 in. l‘—913L5-n—= 10.34 in.

Using a 6000-1b load and the procedures outlined in Appendix B,

=
¥

= 193,234 in.-1b

(Mint) 1l 34 i

_ — 93,2 )4' lno"lb - ~ .
£ = = — —=— = 21,236 or 21,240 psi
8 = (A)04) (5,88 1n.2)(10.34 in.) o ’

c2
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APPENDIX D: NOTATION
Cross-sectional area of concrete = (b X h)

Effective concrete area in uniform tension, which is assumed to
be 2(h = d)b

Area of conventional (tensile) reinforcement
‘Width of beam
Concrete compressive force

Distance from center of gravity of conventional reinforcement to
the top fiber of éoncrete

Distance from the point of measurément of a crack to the sur-
face of the nearest reinforcing bar

Diameter of individual reinforcing bar
Modulus of elasticity of conventional concrete
Modulus of -elasticity of conventional reinforcement

ancrete:campresgive (unit) stress in the uppermost fibers of
the beam

Compressive strength of concrete i
Reinforcement field strength
Reinforcement stress

Conérete tensile stress at which cracking occurs in lowermost
fibers of beams

Term of & crack width prediction equation (considered to be
equal to- l/h?P )-

Height of beam

Moment of inertia -of the gross concrete cross section of beam
‘Moment of inertis -of the net transformed area of reinforcement
Total moment of inertia or I+ 1St
= 1 - k/3

Moment.arm or distance betweéen the compressive and tensileé forces

Constant =

Constant depending on properties of conventional concrete and
reinforcement

Distance from neutral axis to the top fiber of concrete when: ]
tensile strength of the concrete is neglected

Denotes larger beams _ - — —_ S
Constant which is considered to be equal to- h

Dl
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Moment due to the dead load
External moment of beam
Internal moment of beam
Moment due tu the live load

Live service load moment, or the live load moment which when
combined with the dead load moment (Mdj_:): produces. the maximum
anticipated moment of the service loads (Mgj)

Maximum anticipeled moment of the service loads, or the moment
required to produce concrete compressive stresses of Ol45 fc':

Total external moment or Mdl + Mll

7Es'/'Ec

Reinforcement ratio = As/hd

Any load applied to beam

Balanced design

Initial cracking load of beam

Ratio of area of conventional reinforcement to the effective
concrete area subject to uniform tension or As'/Aé

Live service load

Ultimate failure load of beam

Weight (mass) of concrete

Maximum crack width

Distance from neutral axis '‘to the top fiber of -concrete when

‘the tensile strength of the concrete is considered

D2

Lk




o e et

T T ST e e e

AT TR P

TR TR T AT RN ST N B $TI T 2 TP
T I T "

TR, T
"

R Y T
S e e e o e R o o e

ik

PINSIN

Licd ot Ll

L e e b

WF
-
I
"
|
1

In accordance with ER 70-2-3, paragrsph 6c(1)(v),
dated 15 Pebruary 1973, fhclilils catalog card
4n Library of Congress format is reprodnced below,

Cox, Frank B

:Crack-arrest techniques in reinforced concrete-structural
elements; keport 1: Laboratory tests, by Prank B. Cox.
Vicksburg, U. S. Army ‘Engineer Waterways Experiment Station;
1974.

1 v. (various pagings) 1llus. 27 cm. (U.S. Waterways
Experiment Station. Technical report -C-74-7, Report 1)

:Prepared for-Office, Chief of Engineers, U. S: Army,
Washington, D: C.

Includes bibliography.

1. Concrete<beams. 2. Concrete cracking. 3.:Crack
arresters. 4. Reinforced-concrete. I, U, S, -Army.
-Corps of Engineers. (Serieés: U, S. Waterways :Experiment

Station, Vicksburg, Miss. Technical report C-74-7, Report 1). :

TA7.W34 no.C=74-7 Report 1




