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SYNOPSIS

The behaviors of specimens subjected splitting load were investigated in detail,
based on high-speed motion pictures and others, and the effect of local crushing
of loaded portions in specimens loaded using no strips on the test results, the
effect of strips, the relation between splitting strength and pure tensile
strength, and the applicable range of the splitting method were made clear. It
was concluded from the analisis of high-speed motion pictures that the 1local
crushing of loaded portions in a specimen loaded using no strips has no adverse
effect on test results, and that the specimen collapses near the vertical plane
which contains the central axis ,loosing the load-carrying capacity at the same
time. On the contrary, specimens loaded through strips collapse more gradually
and it can hardly concluded that the vertical plane loses the load-carrying
capacity at the same time. The use of strips does not have any merits except

there are severe irreguralities on the surfaces of specimens. Although there
are severe irreguralities on the surface of the specimen,the use of strips makes
errors due to the irregularities negligible. When concrete of ordinary quality

are tested, the method using no strips gives results nearly equal to the pure
tensile strength, whereas the method using strips will give a 1little higher
results. The applicable range of the splitting method as a tensile strength
test is such that the strength under the biaxial stresses is not widely diffe—
rent from the one of concretes of ordinary quality and the ratio of tenslie
strength to compressive strength is up to in the range of 1/6-1/8.
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for properties of concrete, behaviours of reinforced concrete structures under
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1. INTRODUCTION

The splitting method has many merits as compared with other tensile strength
test methods. This method, therefore, has been prescribed in standards of many
countries as the standard test method for tensile strength of con-
crete.[1],{ 2], 3] There are two practical ways to test by this method. One is
to insert bearing strips between the specimen and bearing plates of the testing
machine and apply load through the strips.[4] The other is to apply load to the
specimen directly without any strips.[ 5] Although these splitting methods are
being used widely in practice, both ways involve some problematic points to be
solved. In other words, portions of a specimen loaded without strips may be
damaged before the whole specimen collapses, and the effects of this phenomenon
on the stress distribution of the specimen, on its failure, on test results and
so on, are very important points to be clarified immediately. The problems with
the method in which strips are used are essentially the same as those with the
method without strips.

This paper describes the results of studies conducted to elucidate these proble-
matic points. Fracture precesses of specimens were analized by means of obser-
vations using a high-speed camera as well as microscopic observations of crac-
king patterns until immediately before failure and measurements on stress
distributions. Based on these tests, it was attempted to clearly reveal
phenomena in fracture processes of specimens subjected to splitting loads, and
the points described above were discussed. Furthermore, the 1limits of
application of the splitting method were studied, based on results of several
kinds of strength tests on materials of which ratios of tensile strengths to
compressive strengths were larger than those of ordinary concretes.

This paper is a summary of the auther's doctorate thesis submitted to the
University of Tokyo. The auther was fortumate to receive a Yoshida Subsidy from
the Japan Society of Civil Engineers for this investigation. This paper was
critically studied by Profs. M. Kokubu and Y. Higuchi. Their helpful comments
are also gratefully acknowledged.

2. BEHAVIORS OF SPECIMENS LOADED WITHOUT STRIPS UNTIL IMMEDIATELY BEFORE
—FAILURE

2.1 Stress distributions

Horizontal strains perpendicular to the vertical planes
which contain the central axes of specimens (hereafter,
this plane will be called only "the vertical plane")
were measured at their top and bottom surfaces and
compared with values calculated usig the elastic theo-
ry.[6] These results showed that measured strains
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2

distance from the central axis
of the specimen

0,1 1 i i
coincide rather well with calculated ones of diametral- 02 ~straint any point.
ly distributed loads, of which distribution widths are d3
1/15 of the diameters of specimens, compared with the

ones of ideal concentrated line loads up to the loading
stage of 20-80% of ultimate load (see Fig.1). This is
because a specimen is crushed locally at the parts near
the contact lines between the surface of the specimen
and bearing plates of the testing machine due to large
compressive stresses of vertical direction, and loads
come to be distributed ones of which distribution
widths correspond to the widths of 1locally crushed
portions. In other words, loads can not be concen-

experiment

—————— theory

Fig.l Comparison of
experimental and theo-
retical strains (wit-
hout strips)
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trated because of the partial crushing, and strains in the specimen become as if
distributed loads are applied.

According to the elastic theory, tensile stresses perpendicular to the vertical
plane which contains the central axis of a specimen are not uniformly distri-
buted along the entire plane but decrease gradually, nearer to the loaded parts,
and finally become compressive stresses. If the distribution widths are not
greater than d/15, however, these stresses can be regarded as uniform in the
region from the central axis to points 0.35d distant and stresses of other
points are not different greatly from those of concentrated loads. In the case
of the testing method in which no strips are used, therefore, stresses which are
nearly equal to the theoretical ones of concentrated line loads may be caused at
almost all parts of a specimen.

Although the facts described above hold true for loads under 80% of the ultimate
load, measured strains in the regions from the central axis to 0.4d also showed
good agreement with calculated ones until a loading stage of 90-95% of the
ultimate load. Central parts of a specimen, therefore, still behave elastically
up ‘to this loading stage and stresses do not differ widely from those of lower
loading stages. Strains in the region from 0.4d to the loading point, however,
did not show good agreement with calculated ones and the rate of increase in
strains grew higher. This may be because local crushing at the loaded portions
developed to the positions of strain gages. :

When loads reach higher levels than described above, microcracks occur also at
the region from the central axis to points 0.4d distant, as described in 2.2.
When microcracks are formed, tensile stresses which had been caused at the
cracked parts are redistributed to other parts and stress conditions at these
local regions become quite complicated. In other words, behaviors of the cen-
tral parts of a specimen become inelastic when the loads are over 90-95% of
ultimate load. The average stress at a region of a specimen also may differ
somewhat from the one under the elastic theory.

2.2 Cracking immediately before failure

In order to make clear behaviors of a specimen immediately before failure,
microcracks occurring at the top and bottom surfaces of specimens unloaded after
loading until immediately before failure were observed using a microscope. It
was indicated from the observations that, although many short cracks perpendicu-
lar to the vertical plane are observed at parts near
the loaded portions, these cracks are limited to those
‘portions and it is not recognized that they advance
into the central portion. At the central portion, rat-
her long cracks perpendicular to the vertical plane are
seen at parts near the vertical plane (see Fig.2).

The reason why cracks near the loaded portions do not
advance into the central portion may be that stresses
perpendicular to the vertical plane become compressive
at parts near the loaded portions because of loads
being distributed due to local crushing. In other
words, cracks occurring near the loaded portions are
prevented from advancing into the central part by these
compressive stresses and it is hardly conceivable that
these cracks cause the failure of a specimen. To make Fig.2 Cracks observed
this more clear, the specimens were loaded again until 1immediately before fai-
failure and all cracks observed at failure were matched lure
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against cracks before failure, and cracks corres— Table 1 Numbers of cracks
ponding to the ones at failure were selected out observed before and at fai-

of the cracks before failure. The result is as 1lure
shown in Table 1 and it is recognized that short

. : number of cracks [nymber of cracks
cracks at the loaded portions rarely correspond portion, immediately before | |\ o

tailure

1 r,entmloa;i‘sj 26 (22%) 14 (54%)

to cracks at failure but cracks at the central
portion of a specimen correspond rather well to
the cracks at failure. This shows clearly that 2 01~02d| 18 (15%) 9 (50%)
specimens are broken down owing to cracks of the 3 02-03d| 22 (18% | 11 (50%)
4
5

central portions advancing to outer portions.
03-04d | 22 (18%) 8 (36%)

0.4d- 33 (27%) | 7 (21%)

loading point

3. BEHAVIORS OF SPECIMENS LOADED WITHOUT STRIPS

AT FAILURE

Total 121 (100%} | 49 (40%)

Although behaviors of specimens until immediately before failure have been made
clear to a considerable extent, it can hardly be stated that where failure
starts from, or whether given strengths depend on the starting position of
failure or not, have been clarified. In order to make clear these points,
motion pictures of either the top or bottom surface of a specimen being tested
were taken using a high-speed camera, and behaviors at failure were studied from
begining to end. An example of fracture processes taken is as shown in Photo.
1. The pictures in Photo. 1 are ones enlarged every 10 to 40 frames (about
1/400 to 4/400 second) of the films. The followings can be comprehended from
Photo. 1.

(1) The first crack which can be recognized by the high-speed motion pictures
occurs at an almost constant position, which is, near the vertical plane and
distant from the central axis by 0.1-0.15d. At that time when this first crack
is recognized, there are no cracks at the parts near loading points. Since such
a microcrack that can not be analyzed by photographs, the possibility that
another microcrack not visible in photographs is a starting point of failure
can not be denied completely. If there is another crack which is the origin of
failure , however, this crack should appear at first in motion pictures though
the period may be later than the time of its formation in a strict sense and
signs of its length and width
increasing accompanied by the
fracture process progressing
might be taken in photographs.
Therefore,it could be con-
cluded that the crack to be
the origin of failure is the
one which is the first to be
recognized on film and appears
at a region near the vertical
plane and distant from the
central axis by 0.1-0.15d.
This result not only corres-
ponds to the already described
fact that failure of a speci- ) ) ) ) ) . )
men is not induced by local 18 16 14 12 10 8 | 2
crushing near the loaded por- compressive stress tensile stress
tions but also corresponds to

the fact which can be predic-

ted to some extent from the Fig.3 Stress Distributions of specimens subje-
relation between the cracking ¢ted to splitting loads

pattern before failure and the

one at failure.
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Photo 1 Example of fracture process of specimen
loaded without strips.

(1) The first crack oceurs. (@) after 1/400 sec (3) after 2/400 sec

(1) after 3/400 sec (® after 4/400sec (8) after 5/400sec
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Photo 1 (cont)

(@ after 7/400sec after 11/400 sec (@ after 15/400 sec

Cracks link upper and lower loaded points.

Figures on photos indicate
distances from upper or
lower loaded point in cm.

after 19/400 sec (11 after 23/400 sec
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Assuming stresses equal to
theoretical ones are caused in
a specimen, the position where
the fracture is most probable
can be predicted from the
results of studies on fracture
strengths of concretes under
biaxial stress. Calculated
horizontal tensile stresses 7

0080

o
=

0,073

and vertical compressive stre-

sses along and perpendicular d,
to the vertical plane are as -
shown in Fig.3 and every point
on the vertical plane of a
specimen is assumed to be
under these biaxial stress
conditions. Many reports have
been published on strengths of
concrete under biaxial stress
but the report published by H.
Kupper and others [7] is con-
sidered to be most reliable
(see Fig.4). Using their re-
sult on the concrete of com-
pressive strength of 315 kg/cn? \
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(30.9 N/mmF) ratios of frac- 20
ture strengths of every point
on the vertical plane to the
one at the central axis

compressive stress{Go/ Gyo)

were  fracture
calculated with the results strips
shown in Fig. 5. It can be
predicted from this result
that a region from 0.35d to 0.40d

has the highest possibility of
failure because the tendancy that
the fracture strength is less than
the tensile stress caused is most
marked at this region. This predi-
ction, however, does not correspond
to the result of the high-speed
motion pictures. The reason for
this probably exists in the fact
that the results of Fig.5 are ones
which take into account only the
stress condition at the vertical
plane without any consideration of
the stress conditions at other
parts somewhat distant from the
vertical plane. According to the
elastic theory, decreases of ten-
sile and compressive stresses at
parts distant from the vertical
plane become larger the farther
from the central axis (see Fig.6).
It can be stated from this tendency
that a part nearer to the central
axis, where stresses are more uni-
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Fig.6 Principal tensile stresses
of specimens subjected to split-
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form than at the region from 0.35d to 0.40d, may have higher possibility of
fracture.

(ii) As time goes by, the crack recognized at first develops to the upper and
lower loaded portions while its width increases. About 1/400-2/400 second after
the first crack appears, other cracks which are not connected to the first one

can be recognized elsewhere. Since the development states of the second cracks
are more indistinct than that of the first one, it may be considered that the
first one has the most dominant influence on the failure of the specimen. As

time goes further by, other cracks are recognized elsewhere and all of those
cracks including the first one develop towards the upper and lower loaded por-
tions. Finally, all cracks are connectes with each other and link the loaded
portions, resulting in failure of the specimen. The time until cracks linking
the upper and lower portions after they first appear is very short, and it was
about 7/400 +to 16/400 second in this experiment though it differed slightly
depending on specimens.

Considering together the development of cracks and the fact that microcracks had
already been formed, it may be said that specimens in the splitting test are
broken much more gradually than assumed. The fact that the time from the
appearance of the first crack until the other cracks wére recognized elsewhere
was very short, however, shows that at the loading stage when such a crack that
can be recognized by high-speed motion pictures occurs, parts near the loading
plane of the specimen are very close to their failures and are at a point
immediately before losing their load-carrying capacities. When loads are in-
creased without controlling the strain rate in the testing method not using
distribution strips, it is not at great error to consider from a macroscopic
view point that the whole specimen will be broken at the same time.

(iii) The fact that no cracks are recognized near the loaded portions at the
loading stage when the first crack is recognized at the central portion of a
specimen does not change even after the fracture process progresses considerab-
ly, and cracks still can not be recognized near the loaded portions until cracks
of the central portion are connected with each other. After this stage, howe-—
ver, cracks which appear from points on the circumference distant from the
loading point by about 1 cm develop towards the central portion. The regions
near the loading points of a specimen subjected to splitting loads show very
complicated fracture characteristics resulting in the misunderstanding that the
loaded portions are the origins of failure.[8],[9] The main reason for this
misunderstanding may be due to cracks of this kind appearing. As described
above, however, the period when cracks of this kind occur corresponds to a
considerably later stage of the fracture process, which is, the period immedia-
tely before the whole specimen loses its load-carrying capacity and is split
open. In other words, cracks of this kind are caused as secondary effects of
failure and do not act as an essential part of the fracture process.

4. EFFECT OF USE OF STRIPS ON BEHAVIORS OF SPECIMENS

4.1 Effects of strips on stress distributions

Splitting tests were carried out using strips made of plywood, with thickness of
3 mm and 10 mm and widths of d/10 and d/5, and horizontal strains of parts along
the vertical plane were measured at the top and bottom surfaces of specimens.
An example of these results is as shown in Fig. 7 and it is indicated that
measured strains corresponed well with ones calculated using the elastic theory,
in which uniformly distributed loads of distribution width equal to the widths
of strips are assumed, until about 80% of the ultimate load. This shows speci-
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mens which are loaded through
strips also behave as if they
are elastic bodies when load
are not near ultimate ones,
and stresses in the specimens
are considered to be nearly
equal to ones calculated using
the elastic theory. The re-
sults of calculations of stre-
sses at various parts of spe-

0.55
0.44
0.3 4
0.2
0.1

2 B e/e, i

0.14
__strain at any point _ :
strain at center 0.24

2 5 efe,
strain at any point

strain at center

cimens subjected to distri- :f_

buted loads of various distri- .

bution widths are as shown in A 0.57

Figs. 3 and 6. The following T experiment T experiment

can be said from these fi- = —————- R theory (d/10)
gures. strips of widths of d/S strips of widths of d/10

(i) Horizontal tensile stres— Fig.7 Comparisons of experimental and theoreti-
ses perpendicular to the ver- cal strains (with strips)

tical plane at the central

axis do not show any change even though the distribution widths of 1loads are
increased. The range in which uniform tensile stresses equal to these stresses
are caused, however, decreases, as the distriubution widths of loads increase
and the region where the stresses change from tensile to compressive is expanded
nearer toward the central axis. This is an important difference between the
methods with and without strips.

(ii) The vertical compressive stresses at the central axis, which are perpendi-
cular to the stresses described above, are also constant not depending on dis-
tribution widths of loads, but the degree to which vertical compressive stresses
increase the nearer to the loaded portions decreases as the distribution widths
of loads are enlarged.

(iii) Principal tensile stresses at parts distant from the vertical plane
become more uniform as distribution width is increased. That is to say, princi-—
pal tensile stresses decrease with more distance from the vertical plane and the
degree of decrease becomes extreme as the distribution width increases.

When loads exceeded 80% of ultimate loads, measured strains became different
from theoretical ones at regions distant vertically from the central axis by
more than 0.4d, and the increase of stresses due to increase of load became
larger than at lower loading levels. The degree of this increase, however, was
less marked than with the methods of testing without strips inferring that the
behaviors of various parts of specimens loaded through strips are more elastic
than those of specimens loaded without strips. This difference concerning the
behaviors of the loaded portions may be due to the difference in the compessive
strsses in the vertical direction. This difference, however, may not be looked
upon as important, because , in the testing method without strips, inelastic
behaviors of the -loaded portions do not have an adverse effect on the test
results, as described previously.

4.2 Effects of strips on cracking patterns immediately before failure

It was indicated in the results that the number of short cracks at the loaded
portions, which are of the same kind as the ones observed in specimens loaded
without strips, decreases considerably (see Table 2). This is because, if strips
are used, compressive stresses in the direction of loads become smaller at the
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loaded portions, besides which the range in which

Table 2

Numbers of

cracks

stresses perpendicular to these compressive stres- observed immediately Dbefore
ses also become compressive is enlarged. It can failure with testing method
be concluded from this fact that the use of strips using strips
is effective in preventing local crushing. Howe-— prom
ver, it must be said to be meaningless for strips none |40, 3mml&ss, 3mm |4r510mm
to be used only to prevent local crushing, because
the local crushing does not have an adverse effect o~of o6 %10 %] 20 % |9 %
on the test results and cracks at loaded portions ’ (22) 14 17 125)
can not be prevented completely even though strips 18 % 29 23
as wide as 1/5 of the diameter of a specimen are or-o2 11s) () (24) 191
used. The meaning of the use if strips, as des- 02-03 | 22 26 % 25
cribed 1later, exists in the point that they can i ug) (e 20| (21
minimize errors in tests results when there is 03-04 | 2 18 22 %
excessive irregularity at the surface of a speci- ” 18} " ng) " 0s) - 120
men. 04-05 27 e 9| 11s)
k7l 100 19 118

In the testing method in which Yotal no0)  noo)| 100} (100)
strips are used, the same as
in . the method without strips,
cracks independent of the ones
at loaded portions occur at
1.:he cen’Fral pOI‘t:!.OI:l gnd there T /e 623 6189 Go _m&? et
is a high possibility that <1330 soe275 oS SESS strength
they correspond to  failure -9.0200 04N 523300 (0. 2aeae)
cracks. Therefore, it may be 6862 0n (065800
considered that failure of a 833308 (0370m]

. 0,958 Oxo (0,94 20x0}
specimen starts from the cen- =Ly 3;3%3&?‘2 ((g:géggzl)
tral portion also when strips 0385 20 {g:gggg:}
are used. {8554 0o (osmste)

Go
4.3  Effects of strips on s 10
compressive stress tensile stress

fracture process

Fig.8
fracture
strips 10/d wide

In order to make clear the
fracture process of a specimen
loaded through strips, high-

Relation between acting stresses
strength of specimen

and

loaded - through

speed motion pictures were d
taken in the same way as des-—
cribed in 3. Photographs .
. -8,31
which were enlarged from the 8313’”
films are as shown in Photo. 2 75
. N g stress fracture
and the following can be reco- 0285 O strength
i 0,522 0o (0,66 80x0)
gnized from these photographs. 0522 Do (086 80w}
0,774 00 (0,84 20%0)
. . . . 0,842 0o (0,8940%0)
(i) The first crack which is g,gggg;g((g.gzé;gxoi
. . ), ), X0
recognized in the photographs g‘géggm{g,ggégg))
occurs at a part distant from o 3 ggg;gm(g,ggggxo)]
. - S— A X0 A X0
the central axis by 0.1-0.2d. e : 0993 0o {0,991 0%)
X X : 0,998 O%o (0,394 0%o)
This crack is not necessarily -300% Fre—s 1,000 G0 {0.9970%0)
the one caused first, as des- 15 10 5
cribed in 3.2, but this crack compressive stress tensile stress

can be regarded as the crack
which acts as the precursor of
failure. As described above,
the location where the crack

Fig.9

strips 5/d wide
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Photo 2 Example of ‘fracture process of specimen
loaded using strips.

@ The first crack occurs @cfter 2/400 sec

after 4/400sec after 5/400sec

after 7/400sec after 13/400sec

e e



Photo 2 (cont)

(7) after 25/400 sec after 49/400sec
Cracks link upper and lower loaded points.

(9 after 61/400sec after 73/400 sec

Figures on photos indicate distances from upper
or lower loaded point in cm.
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acting as the precursor of failure occurs is not greatly different from that in
the method of testing without strips. The location where fracture is most
probable can be predicted also on the testing method using strips by the same
procedure as described in 3, by the elastic theory and fracture strength of
concrete subjected to biaxial stress. The results of this prediction are as
shown in Figs. 8 and 9, and the location where fracture is most probable is in a
region from 0.2-0.25d in the case of strips of d/10 width, and from the central
axis to 0.1d in the case of strips of d/5 width. Since the strips used were
ones 3 mm thick, the distribution widths of loads are considered to be a little
smaller than d/5, and so, the actual location where fracture is most probable is
probably nearer to the loading points than in the predictions described above.
That is to say, it can be stated that the location of the crack which is recog—
nized in the high-speed motion pictures at first and is the precursor of failure
corresponds to the location which is predicted using the elastic theory and
fracture strength of concrete under biaxial stress.

The reason why the location of the precursor of fracture corresponds to the
predicted one in the case of the testing method using strips though it does not
in the case of the method without strips can be found in the difference in
degrees of decreases of principal tensile stresses at regions distant from the
vertical plane. That is to say, the decrease of principal tensile stresses in
case of using strips is smaller than in case of no strip, as shown in Fig. 6,
and therefore, when the first crack occurs at a location which can be predicted
by the elastic theory and fracture strength, a region distant somewhat from this
location has a lower capacity to carry the redistributed stress caused by the
occurrence of the crack, and it is supposed that the crack to be the precursor
of fracture is caused finally at a part near this location.

(ii) ‘As time elapses, the first crack recognized develops towards the loading
points roughly parallel to the vertical plane. Other cracks independent of the
first one can be recognized after about 2/400-4/400 second. The crack which has
a dominant effect on the progress of fracture is the first one since the latter
ones develop more slowly than the first one. As time elapses further, all of
the cracks are connected with each other and reach the loaded portions bringing
the specimen to breakage. The fracture process described above is not greatly
different qualitatively from that of the testing method without strips. When
strips are used, however, not only does the first crack develop more slowly than
the one of a specimen loaded without strips, but also the increase of its width
with time is less marked. Especially, the time when all cracks link the upper
and lower loading points after the first one has been recognized is about
25/400-49/400 second, and almost twice the time for a specimen loaded without
strips, in which it is about 7/400-16/400 second. The reason for the difference
in fracture processes between the two testing methods described above may be
attributed to the difference in stress distributions along vertical planes. In
other words, it 1is recognized from Figs. 8 and 9 that the range where the
fracture strength of concrete under biaxial stress is smaller than working
stress is narrower in the case of using strips than in the case of no strip, and
this is one of the reasons why developing velocities of the cracks are slower
when using strips.

(iii) When strips are not used, crack widths are markedly increased immediately
after all cracks have linked the upper and lower loading points. On the other-
hand, when strips are used, the increase of crack width is much slower and even
after 12/400 second, a great increase in crack width can not be recognized. The
main reason for this is considered to be the friction between strips and the
specimen which prevents the specimen from being divided into two. The existence
of the friction can be recognized by the behavior of the specimen after time
elapses furather, as described in (iv). Even though the effect of the friction
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between strips and specimen on the test results is not clear, it is reasonable
to consider that it 1is one of the reasons why slightly higher results are
indicated because obviously the friction exists before such a crack that can be
recognized by high-speed motion picture occurs. This friction may also be
another reason why the development of cracks is gradual.

(iv) Another crack which occurs from a point on the circumference distant from
the loading point by about 2 cm (d/7.5) and develops towards the central portion
roughly parallel to the direction of loading can be recognized after all other
cracks have become connected with each other between the loading points. The
fact that a crack of this kind is recognized is the same as in testing without
strips but the growth characteristics after its appearance are considerably
different. In other words, the increase in the width of a crack of this kind is
more marked and its width becomes wider than those of cracks along the vertical
plane, whereas, when loaded directly without any strip, it is less marked than
those of cracks along the vertical plane. Furthermore,a crack of this kind
turns towards the vertical plane afterwards and finally reaches the vertical
plane although, unfortunately, this phenomenon is not indicated in the photog-
raphs. Immediately after this phenomenon the spsecimen is broken and fragment
fly to left and right. The fracture process described above is considered to be
strong proof that friction exist between a specimen and strips and the friction
prevents the specimen being divided into two. When strips are used, it is often
recognized that specimens are separated to left and right more abruptly than
those loaded without strips. This phenomenon, as described above, occurs after
the cracks of the central portion have become connected with each other between
the upper and lower loading points and the specimen has lost almost all of its
load-carrying capacity, and does not indicate that the fracture process of a
specimen loaded through strops is more rapid than that of a specimen loaded
without strips. The fracture process until cracks link the upper and lower
loading points after microcracks occur is more rapid in the case of no strips
than in the case of using strips, as described in (ii) and (iii).

5. CONSIDERATIONS ON_RELATIONS BETWEEN SPLITTING STRENGTH AND TENSILE

STRENGTH OF CONCRETE

It has been recognized that the results given by the splitting test are nearly
equal to those by the pure tension test when concretes of ordinary quality are
tested. 10 The reason for this can be made clear to some extent by the facts
already described in considered comprehensively.

According to the results of high-speed motion pictures, specimens subjected to
splitting loads, whether or not strips are used, are broken from a point of the
vertical plane and distant from the central axis by about 0.1-0.2d. At this
region, a horizontal tensile stress and a vertical compressive stress which is
about 3.2-3.8 times larger than the tensile stress are caused (see Fig.3).
Comparing the fracture strength of concrete under this stress condition with the
one under a pure tensile stress condition using Fig. 4, it is evident that the
former is lower than the latter by 15%. It could be concluded,therefore, that
the results given by the splitting test will be lower than that by the pure
tensile strength test by about 15% if every part of a specimen is under such a
stress condition that a uniform tensile stress and 3.2-3.8 times larger compres-
sive stress perpendicular to the tensile stress are acting and the equation
o =2P/ TDL 1is used. Since the stresses in a specimen subjected to splitting
loads are not uniform ones as above, however, the effect of nonuniformity of
stresses on fracture strength of concrete under biaxial stress must be made
clear.
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According to the results of the high-speed motion pictures, each point along the
vertical plane loses its load carrying capacity almost at the same time when
loaded without strips. In this case, therefore, it will suffice for only the
horizontally distributed stresses to be taken into account without any conside-
ration of the vertically distributed stresses. Considering together the fact
that, in flexural strength tests, the center-point loading method gives larger
strengths than the third-point loading method by 20%-25% and the fact that the
decrease of stresses at parts distant from the vertical plane in the splitting
method is less marked than that of the center-point loading flexure test, it is
surmised that the fracture strength at a point which becomes the precursor of
failure is nearly equal to pure tensile strength, the decrease of stresses in
the horizontal direction setting off the effect of compressive stresses in the
vertical direction. In the testing method using no strips, therefore, results
nearly equal to pure tensile strength will be given when concrete of ordinary
quality is tested, since each part along the vertical plane of a specimen loaded
without strips loses its load carrying capacity at the same time, as described
above.

In contrast to this, in the testing method using strips, the part from where
failure originates is under the same stress condition as the corresponding part
in testing without strips, but as shown in Figs. 8 and 9, stresses along the
vertical plane tend to become lower than the fracture strength as the loading
points are approached. Furthermore, it is recognized from high-speed motion
pictures that the fracture process with the method using strips is more gradual
than with the method not using strips and that friction hinders a specimen from
being divided into two. All of these facts infer that strengths indicated will
be larger than those for the testing method not using strips or the pure tensile
strength test method. Since the tendency for stresses along the vertical plane
to be lower than the fracture strength becomes stronger the wider the widths of
strips, the results indicated will also be increased.

In order to confirm the above discussion, splitting tensile strength tests on
concretes of the same compressive strengths were carried out using no strip,
d/10 wide strips and d4/5 wide strips. The results are as shown in Table 3 and
it was recognized that the testing method in which strips are used gives higher
strengths than the testing method without strips by 3-14% in the case of d/10
wide strips and 14-25% in the case of d/5 width strips. As described above,
the strength given by splitting tests differ from each other depending on the
testing method, and when concrete of ordinary quality is tested, results nearly
equal to pure tensile strength will be obtained if the testing method not wusing
strips 1is employed, whereas

considerably higher strengths Table 3 Effect of use of various strips on test
will be obtained if the +tes— results

ting method in which wider m (2)
strips are wused is adopted. canv;:'rlgssive stips | temmie | Tore T Tencie Tatoan | "o
It can be seen in Table 3 that strength (ssg,h VGI‘(;')IOH (1) (stre/ngmth 12) specimens
differences between strengths none UL 5.8 1 274 1 10
indicated which vary depending v Lono-3mm| 354 7.1 103 256 093 7
on the testing method differ 519 kgler? d/10.10mm 351 3.2 102 254 093 3
if strengths of concretes are d/5, 3mm 39.2 7.4 114 (22.0) (0.80) 6
varied. This indicates that d/5,10mm | 391 3.5 114 (220) | (o80) 6
not only the distribution none 285 53 ! 228 ! 5
width of loads but also com- 55% dh0, 3mm 301 38 1.08 218 0.96 5
pressive strength of concrete 360 kgier? | d/5, 3mm | 332 " 116 1187) 10.82) 3
has an impor-tant effect on the d/5,10mm 332 6.4 116 (18.7) {0.82) 3
results obtained by the split- 70% e 2.3 L3 ! 171 ! 5
ting test method. 215 kgl | L1030 | 265 34 114 177 (1.04) 5
d/5, 3mm | 269 23 125 15.1) (0.88) 5
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6. SCATTERING OF THE TEST RESULTS IN SPLITTING TESTS

It can be said that the first cause of scattering of test results is the existe-
nce of irregularities on the surface of specimens leaving openings between
specimens and bearing plates of the testing machine or strips. In order to
study this matter, splitting tests were carried out using specimens on surfaces
of which six kinds irregularities were made. The results are as shown in Table
4. It can be recognized from Table 4 that scattering due to irregularities on
the surface is less for the testing method using strips than for the method not
using strips. The smallest irregularity of the specimens tested was a depth of
0.8 mm and length of 1/6 of specimen length, an extreme condition which ordina-
rily would be inconceivable, so that errors due to such irregularities as would
occur in ordinary specimens can be reduced to a negligible degree for practical
purposes if strips of proper quality are used. This is a prominent advantage of
the testing method using strips. It can be stated from these studies that the
use of strips is meaningful in reducing errors of test results though it is less
meaningful in preventing local crushing at loaded portions.

According to Table 4, errors
due to irregularities can not
be neglected when the testing

method not using strips is irregu-
adopted. It is recognized arity | ' | [::] [::] [::]

from thls I‘esult that scatte_ !/deside!/‘:idcneside 1/30fone side {13 of bothsides [V6 ot one side | V/3df one side

Table 4 Effect of irregularities on  test
results

ring of results due to irregu- strip OPismaer] Ospismater] 1% ey os:q';m/;u:’r 053, Larger 053 la

T v | o larger
lar surfaces can not be ruled o L I P 2% 20k _
out if +tests are performed to) | (1on (93) — (81) (82) N
without any consideration of d/10 311 3.1 0.0 285 203 235 2.7
irregularities and without any amm | 00 | (00 | (98) | (s | (9N | (99) | (&)
strips. In the testing method d/5 336 334 37 — 343 340 —
not using strips, however, it 10mm | (100 (99) (100) (102) (101

is quite easy to inspect whether or not
there are irregularities befo?e testing. Table 5 Effect on test results of
In other words, even small irregulari-
ties can be found by inspection from one
side after a specimen is laid down on
the 1lower bearing plate and the upper

bearing plate is made to lightly touch specimen| ,20 f;{:j’;;":l;g °:2';’°' e-25mm|e,<5mm
the specimen. According to this method, eccentricity .
it is very easy to find irregularities, strip
and even irregularities slighter than
the smallest ones which did not cause
any strength reduction in these experi-
ments can be recognized easily. If remarke specimen: $15xI5-20cm, strip:d/10  thickness:3mm
testing were to be performed carefully concrete; WIC=50% slump =8cm  age= 7days
without neglecting the abovementioned
simple operation, it is thought that
irregularities on the side surfaces of
specimens can be kept to a negligible

degree. 7

eccentrical setting of specimen or
strips

- R 5 -0-5 |e=25 |comespondsto
@:=0 | es=23 la=Smm | e Omm er2a, center of specimen
60 |ez0 |es0 |g=0 |25 |azez0

strength kg/em | 298 | 298 | 29,2 | 298 | 291 | 296 | 289

{ratio} {1,00) | (1.00) [ (0.98) | (1,00) [ (098} | (089) | (0.97)

The eccentrical set up of a specimen on
a testing machine can be mentioned as
the second reason for errors on results
in splitting tests. Especially, with
the method using strips, large errors 7 ZA orier of
may be brought in because not only the specimen
specimen, but also the strips must set

center of machine
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without eccentricity. Splitting tests using bearing strips were conducted with
various kinds of eccentricity, and scattering of results due to the eccentrici-
ties was invented. Table 5 shows the results of this investigation together
with the eccentricities provided.It is recognized from Table 5 that errors due
to eccentricities of a specimen or strips are surprisingly small. That is to
say, the maximum eccentricities provided were the one in which strips were
shifted by 5 mm from the center of the specimen set at the center of the testing
machine, and the one in which the specimen was shifted by 5mm from the center of
the testing machine with the strips remaining at the center of the specimen.
Although such large eccentricities were provided, they caused errors of only
about 3%. The reason for this is considered to be that the effect of eccentri-
cities is decreased owing to the strips being deformed, so that the greater part
of the loads worked at the mid-points of the loaded portions. Also, slight
rotation of bearing plates during loading may cause a decrease of eccentricities
and this is considered to be another reason. In order to confirm this, the
effects of eccentricities were studied further using a testing machine whose
bearing plates do not rotate at all. The specimens and strips used in this
experiment were equal to the ones in Table 5. The experiments were carried out
for no eccentricity and for such eccentricities that the specimen as well as
strips were set apart from the center of the testing machine by 5 mm. The
results of these tests showed slightly greater errors than those of Table 5.
That 1is to say, the decrease in strength was 4% when the bearing plate could
not rotate, whereas it was 3% when the bearing plates could rotate. It can be
stated from these results that in testing using strips, errors due to eccentri-
cities will be larger when the testing machine has unsuitable bearing plates.
The results of later tests, however, show that test errors are larger for the
testing method not using strips than for testing method using though the diffe-
rence between them is small. When tests are conducted under the same condi-
tions, therefore, it may be said that errors with the testing method using
strips cannot be larger than those with the testing method not wusing strips.
This, however, does not negate the fact that setting up specimens and strips
without eccentricity is difficult in testing method using strips. In other
words, the trouble to set both specimen and strips without eccentricity will be
greater when strips are used even though the accuracy of set-up is not required
so much. There is also the risk that the errors due to eccentricities will
become large when strips or the testing machine are not suitable. Therefore,
the difficulties in set-up in the testing

method using strips can be considered as one faple 6 Widths of locally crus-

of the drawbacks of this method. hed parts at loaded portions

It can be said that local crushing of loaded comp st @ﬁﬁ"°$xﬁ? | rumber of
3 4 . specimen |of concrete local. (Dfdiameter | measure-

portions of a specimen is a reason for errors {iglemt)| T930M9 |91 ments

in test results in the testing method not c19 - 20 4 s

using strips. In other words, it is consi- di 30c 175

dered for this testing method that distribu- lengih10-1 30 | 194 21 | @ 8

tion widths of loads differ depending on the 218 201 20 | - 6

widths of +the locally crushed portions and tg

the differences cause errors in test results. ... I 9 86 R ”

In order to clarify this matter, tests were 360 101 21 ﬁ% 2

carried out, and the widths of locally crus- lengthtSam

hed portions were measured using a steel tape s | 15 | iz 10

after load removal immediately before fai- 519 76 1.8 ﬁ% 8

lure. The results are as shown in Table 6. diameter 10cm 4L

Table shows the widths of locally crushed  jgmomon— o d o | %% | %7 ¢

portions may be considered to be almost con- 215 90 06 157 6

stant when strength of concrete and the dia-

meters of specimens are not changed. For the Slump was 8~10cm.

sake of certainty, the relations between Maximum size of coarse aggregate was 25mm.
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maximum loads up to load removal and the widths of locally crushed portions were
investigated, but no correlation could be found between the two. As shown by
this investigation, it can be stated that there is no fear of the widths of
locally crushed portions causing errors in test results. When compressive
strengths of concretes were changed, the widths of locally crushed portions also
changed and the widths became larger as strengths became lower. However, even
when the compressive strength of concrete was greatly decreased from 515 kg/cn?
(50.5 N/mm ) to 215 kg/cmf (20.1 N/mm? ), the changes in widths were extremely
small and they only increased from d/17 to d/15 when specimens of diameter of 15
cm were used. This shows that the distribution widths of loads in the testing
method not using strips are almost constant, not depending on compressive
strength of concrete if the diameter of specimens and maximum size of coarse
aggregate used are constant. When concrete with coarse aggregate of maximum
size of 25 mm is tested using specimens of diameter of 15 cm, the distribution
widths of loads will be in the range of d/15-d/17.

Another cause of errors in test results in the testing method using strips is
the difference in quality of strips. There have been many studies made on the
effects on test results of quality of strips, but a definite theory has not yet
been established. 1In order to study this matter, splitting tests were conducted
using as strips plywood of 3 mm and 10 mm thicknesses and the tensile strengths
obtained were compared with each other. According to the results, tensile
strengths obtained do not depend on the thickness of strips. Since the strips
used in +the tests were different in thickness by more than 3 times, their
deformation characteristics should have been considerably different. The fact
that the results described above were obtained in spite of such a condition
shows that some amount of difference in the qualities of strips does not affect
test results and accordingly errors are not caused. When strips of width of 4/5
were used, however, strains along the vertical plane which contained the central
axis of the specimen tested using strips of 3 mm thickness were somewhat diffe-
rent from those tested using 10 mm thick strips. This suggests that, when the
ratio of width of strip to diameter of specimen is large, loading conditions for
specimens differ depending on the quality of strips, and that the test results
will be affected if comparisons are made using strips of which qualities are
changed more widely than in this study. That is to say, the reason why the
qualities of strips affect the test results is considered to be that the diffe-
rences in deformation characteristics make loading conditions change and,
conversely, the test results will be affected if the characteristics of strips
are changed so greatly that the loading conditions are changed. As for quali-
ties of strips, therefore, materials and thickness should be prescribed to
obtain reliable results even though scattering of qualities does not have a
marked effect such as to produce errors in the test results.

In summary, there are many factors which cause errors in test results with both
testing methods, but if the tests are carried out carefully enough, scattering
of test results with both testing methods will not be greatly different. This
is shown in Table 3 and the coefficients of variations of tests results in this
investigation were under 10% and around 5% whichever testing method was used.

7. LIMITS OF APPLICATION OF SPLITTING METHOD

In order to investigate limits of application of the splitting method to various
materials as a tensile strength test, splitting,flexual,tensile (briquette) and
compressive strength tests were conducted on mortars to which an emulsion was
added.

The test results are as shown in Table 7. Table 7 shows that increases in the
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amount of +the emulsion cause compressive Table 7 Strengths of mortars
strengths of the mortars to be lower and with emulsion additions
flexual and tensile strengths somewhat hig-

her. Since flexual strengths and briquette Qﬂf:tb”dms“”éms£'mﬂfy'wmp5t
strengths may be determined in accordance orhong{ixix1f cmlor 77 5&
with tensile characteristics of materials, We=50% Sel:g/cm' Bailg,tm‘ 27'k7g/cm‘ kg/emt| kg/emt
especially tensile strengths, it may be con- ©:S=t:2[ 116,99 | 1/21.0 [ 11154 | 093
cluded that addition of emulsion makes ten— ™mortar ! 1/300 {17220

. ; - 1 1.36
sile strength of mortar to be higher relative Wics0ml 170 1009 294 33 164

to compressive strength. In contrast, split- Ciset:2 |_Ke/em] kg/em'l kgsenf| kg/em'| kg/en?
ting strengths were decreased as the amounts 1 11,69 |1/432 [1/501 | 086

. . . emulsion 1 112,56 | 173,05
of emulsion were increased. All specimens -Cx05 | 0.8t
for splitting tests, regardless of mix propo- WIC-50%| 250 100 36,6 35.9 232

rtions, failed showing sudden decreases in C:s=1:2 |_kasem| kg/em'| kg/em'| kg/em?| kg/ent
loads after reaching maximum followed by ! 1257 | 683 | 696 | 093

) . . emulsion 1 112,75 2,81
cracks along the vertical planes linking the

=Cx0,4 1 098
upper and lower load?ng points. The fracture wic-eo 259 foo7  [usp  [us2 [2s3
processes were considerably gradual and such C:5e1:p —H/em| kel | kg/em'] kg/em'] kg/em”
a phenomenon as a specimen being shattered emulsion ! ﬁ”s :%2? ::Zﬁ 0.99

into parts and fragments flying to left and .c.o3

1 1.00
right was not seen at all, and almost all

wic=sox| 432 | 894 | 405 53.2 | 426
specimens retained their original shapes. (..,., | _ke/em! ksom’| g/em | “kgront um/m
e e c . 1 114,83 (11107 | 1/812 .99
Within the llm}ts'of observation of the frac- emulsion ] 1221 111168
ture characteristics other than this phenome~  -¢x0,2 1 1. 31

non, it might be concluded that tensile
strengths can be tested by the splitting method. The results of strength tests,

however, do not show a positive correlation between splitting strength and
tensile strength.

As described in 5, the reasons why the splitting test gives strengths not
greatly different from pure tensile strengths exist mainly in the fact that the
fracture strength of concrete subjected to biaxial stress is as shown in Fig. 4
and the fact that fracture of a specimen is initiated from a part where the
stresses cause fracture strength not very different from pure tensile strength.
The splitting method, therefore, can not be applied as a tensile strength test
to materials whose fracture strengths are different from Fig.4. As described
above, since the mortars used in these experiments are the ones of which tensile
strengths are increased relative to compressive strengths, their fracture
strengths under biaxial stress are considered to be greatly different from those
of ordinary concretes, and so, results as described above were obtained.

From Table 7, of mortars to which emulsion was added, in case of that of flexu-—
al strength/compressive strength = 1/4.83, splitting strength/flexual strength =
1/1.68 and splitting strength/tensile strength = 1.31 result, which are nearly
equal to the corresponding values of mortar with no emulsion, in which they are
1/2.20 and 1.36 respectively, but the values of mortars for which flexual stren-
gth/compressive strength is over 1/1.86 differ widely from those of mortars with
no emulsion. Splitting strengths become nearly equal to tensile strengths
unless the ratios of splitting strengths to briquette strengths or flexual
strengths are greatly different from each other. The results of Table 7, there-
fore, show that the splitting method can be applied as a tensile strength test
for materials of which flexual strength/compressive strength is equal to or less
than 1/4.83, but not for materials of which ratio of bending strength to compre-
ssive strength is equal to or over 1/2.86. As a result of repetitions of the
same tests as for Table 7, it was shown that the splitting method can not be
applied as a tensile strength test when the ratio of flexual strengths obtained
by center-point loading flexure tests on mortar specimens of 4x4x14 cm to com-
pressive strengths obtained using portions of specimens broken in flexure be-
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comes 1/4.4-1/4.8, and when the ratio of bri- pap1e 8 Application 1limit of
quette strengths to compressive strengths splitting method
becomes 1/11-1/15.

1 2 211 tersie st.
ordinary mortar increase st
X * copicat comp. st
Based on these results, the rate of increase mortar [y mmrﬁﬁit ]

of tensile strength of the mortar, which is ]
just at the limit of application, to that of bending St 1/7 | 1/4k | 16 | 1/63
N A ompressive st.
mortar without emulsion was calculated, assu-
ming flexual strengths and briquette | S 167 | 1148 | 14 | 1179
strengths are proportional to tensile
strengths, and then, the limit value of ten-
sile strength/compressive strength at which
the splitting method could not be applied was

briquette st. 1720 | 1/145] 1.5 1173
compressive st

calculated further assuming that the tensile | Pos® 121 | 1107 1.9 | 1/58
strength of mortar without emulsion is 1/11
of its compressive strength. It was recognized from this result that it is the

application 1limit when the tensile strength is 1/6-1/8 of the compressive
strength (see Table 8). This estimation gives only a rough value. However, the
fact that the splitting method can not be applied when the tensile strength is
at most 1/6 of the compressive strength should be noticed.

8. CONCLUSIONS

Behaviors of cylindrical specimens carrying splitting loads were investigated in
detail, especially at their failures, in order to make clear the influence on
test results of local crushing at loaded portions, this having been an object of
criticism in case of the method not using strips, the influence of use of strips
on the test results, the relations between splitting tensile strength and pure
tensile strength, and the limits of application of the splitting method. As for
concretes of which qualities are in the range of wide practical use, the follo-
wing can be concluded within the limits of the experiments.

(1) In the testing method in which specimens are loaded without strips, the
loads do not work as ideal concentrated line loads, as has been pointed out for
a long time, but as distributed loads of which distribution widths are about
1/15 of the diameter of the specimen owing to local crushing at the loaded
portions. The greater part of a specimen except near the loaded portions,
however, behaves quite elastically until a rather high loading stage, and its
stresses are near the calculated ones based on the elastic theory assuming
diametrally distributed loads of which distribution widths correspond to the
width of local crushing. According to the elastic theory, stresses of an elas-
tic disk due to distributed loads for d/15 width are not greatly different from
those of concentrated loads. It may be concluded, therefore, that stresses in
the greater part of a specimen are nearly equal to those theoretical ones of
concentrated loads. The regions of local crushing increase gradually when the
load approaches the ultimate stage. Cracks at loaded portions, however, do not
develop into the inner region and the specimen collapses owing to cracks, at the
interior and independent of those at loaded portions, which develop to the upper
and lower parts. As described above, partial crushing at loaded portions of a
specimen loaded without any strip not only does not have any adverse effect on
the stresses of the specimen but also does not cause failure of the entire
specimen at too early a stage.

(2) Observations of the fracture process of a specimens loaded without strips
using a high-speed camera showed that the first dominant crack occurs at a
region which is distant from the central axis of the specimen by 0.1-0.15d and
is near the vertical plane which contains the central axis and that a specimen
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collapses owing to this crack linking the upper and lower loaded points within
such a very short time as 7/400-16/400 second. The pictures further shows that
cracks like wedges at a loaded portion which can be observed after failure occur
as a secondary effect at the end of the fracture process. The region where the
first crack occurs roughly corresponds to the region where the biaxial strength
of concrete and stresses near this region show that fracture is most probable.
The fracture process of a specimen loaded without strips is a gradual one where
a crack -at one part develops to other parts, as described above. However,
another crack independent of the first one occurs at another part after such a
short time as 1/400-2/400 second, and the cracks including the first one develop
extremely rapidly. It may be concluded from these facts without great error
that a specimen collapses due to all of the parts along the vertical plane
losing their load-carrying capacities at the same time.

(3) In the splitting method in which no strips are used, the ultimate strength
of the part where the first dominant crack occurs is considered to be nearly
equal to pure tensile strength when judged according to its stress condition,
and the wultimate strength of each part along the vertical axis is not greatly
different from that of the first crack part. This is the reason why results
obtained by the splitting method are regarded as pure tensile strengths although
specimens are under complex biaxial stress conditions. Within the range of
concretes of ordinary quality, therefore, the splitting strength indicates
strength nearly equal to pure tensile strength because the shapes of envelopes
which indicate ultimate strengths under biaxial stresses are not much different
from each other. It has been claimed for a long time that the testing method in
which strips are used should be adopted, being guided by many countries' exam—
ples. When tests are carried out using molded specimens made of concretes of
ordinary quality, however, the testing method using strips should not be adopted
because the adverse effects of no strips being used on test results are negligi-
ble, as described in (1), and the testing procedure is more simple with the
method of no strips, as will be discussed in (4).

(4) Fracture processes of specimens loaded through strips are recognized as
being much more gradual than those loaded with no strips. The reasons for this
can be attributed to the fact that in case of using strips the degree stresses
along the vertical plane become smaller than failure strength of concrete subje-
cted to biaxial stress is greater the farther from the central axis, and to the
fact that friction between the specimen and bearing strips slows down failure of
the specimen-. It can be concluded from these facts that slightly higher
strength than pure tensile strength will be indicated if the method using bea~
ring strips is adopted. Once ‘this method has been prescribed as the standard
method, the fact that higher strength will be indicated is not an important
matter. If strips are used, however, not only will the testing procedure become
more complicated, but also there will be a risk that scatter in test results
will be caused, if the properties of strips as well as their widths are not
standardized. Use of strips is considerably effective in preventing local crus-—
hing at the loaded portions but, as described in (1), there is little signifi-
cance in preventing local crushing. Generally speaking, therefore, the testing
method in which bearing strips are used can not be recognized as being a supe-
rior method. The only merit in using strips is that the error will be very
small when excessive irregularity in the specimen surface can not be avoided.

(5) As described in (3), it may be readily presumed that the splitting method
can not be applied as a tensile strength test to materials of which ultimate
strengths under biaxial stress differ widely from those of concretes of ordinary
quality. Various kinds of strength tests were conducted on mortars of which
tensile strengths were increased relative to their compressive strength by
adding an emulsion. These results showed that the limit of ratio of tensile
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strength to compressive strength that the splitting method can be used as a ten-
sile strength test is roughly 1/6-1/8, and that, for a material with tensile
strength higher than this limit, the results obtained by the splitting method
can not be regarded as the tensile strength. As described above, although the
splitting method is excellent as a testing method per se, the applicable range
of the splitting method is surprisingly narrow.
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