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INTRODUCTION
: T . In many structures such as plates, shells, various contain- -
. ment structures, concrete tension membrane roofs, ribbed panel(§fFGE=‘

‘tures, or even wafflelike systems, cbnerete is shbjected o multidirec-

tional stress. Little attention is given to multiaxial st f

concrete in present recommended de&%gn practices. In fact, most struc-

ﬁtﬁpns cause combined stress states. Such sjmﬁ?if%cation can be accept-

!
Ao
tural designs are based on uniaxial strength, even where working condi- ‘—_““‘“‘j§\_,
-~
able for locations under multidirectional compression since, as it well

e : " known, strength of -concrete is higher in multiaxial compression. However,
% ~

‘% : " “there is not enough data to justify such simplification for multiaxial

-
LI A

tension which may have significant consequences on structures such as

: . R
those mentioned above. (3’

¥

‘At the present time, there is available ample experimenta]

i

R
»

data for the comb1ned stress conditions of compress1on-compress1on and

, compressignwtension. However, only 11mited test data are ava11ab1e for
o . N : biax1a1<tension, and resulits obtained by various researchers dev1ate k
\; ) from each otheri - \ : e
o One of theﬁmajor problems in condgcting tests on concrete

subjected to biaxial stresses is the development of a well-defined un-
o » ' qutructed uniform biaxial stress state in the specimen. Discrepancies
. . 'between';vailable test results often are due to differences in the

- qtress state developed in test specimens.
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‘ agd Karni(4), used hollow cylinders subjected either to torsion and

A BRIEF REVIEW OF LITERATURE -

The strength of concrete subject to biaxial states of stress
has been uﬁder investigationl for the past seventy years. The research
in this area can'be divided into three cate'agon"es, depending on the
tyﬁe'of specimen used. ’ . « .
| chhart, Bran“&tzaeg, and Brown(]) us;d a 'cyliindrica%ﬁ :
men to stusiy the behaviour of concrete in bi-directional compressiori. ' :

In this tvestigation, a"cy"linder'\ was loaded longitudinally and wag . - -

subjected at the same time to hydrostatic pressure in rad1a1 directions.

R S

The invest1gators admitted that in order to develop a tru]y biaxial

PR

stress state, restraint of the cyhnders at the top and bottom should

be avmded and penetratmn of the pressure fluid 1nto cracks or. pores
¢

on the surface of the concrete shou]d be prevented. Realizing that

both o,f these requirements may not have been fully satisfied, the inves-

B T AN

tigaors limited their conclusion to the statement that the strength of

concrete in two dimensional compression was at least as great as the

. \ N
strength in simple compression, and in most cases, it was greater. ‘Tbe
ultimate”failure occu/rred by a sudden fracture of the specimen into two

parts along a plapé approximately normal to the axis of the cylinder.

T}/study the behaviour of concrete under combined compresswe
and tensile stresses, Bresler and P1ster(2) Goode and He]m_y(3) McHenry
“"axial’compression or to internal hydraulic pressure and qxia] compression.
Large ratios of wall thickness to diameter of the specimen may lead to
noticeable deviations from a uniform stress distribution actross the .

thickness of the cy]inder'. However, the resuits from thg various invek-

&




¢ ' . | |

tigations are in comparative]y’good‘agreement and giVe a clear indica-

’

tion of the linear behaviour of concrete subjected to a combination of
tensile and compréssive stresses. Be]]mmy(s) used hollow cylinderst
subjected to external pressure and aiia] coﬁpression. Values of the
biaxial compressive strengtn up to 2;69 t;mes the uniaxial strength
were recorded, ‘

‘Concrete'plates were used for”§tudies of biaxial strengtn
over the entire range of stress combinations by Tasuji, Slafe, and
NiT;on(s), Kupfer, H{1sdorf, and édsch(7), Liu, Ni1§2n, and Slate(a),
Carino and S]ate(g). P]gtes weré 1baded'without é;traingtby replacing
the §P]id bearing platens of a convenﬁiona] testing machine with fila-

ments in the form of "brush bearing platens“. These platens consist

of a series of closely-spaced small steel bars which are flexible enough .

to follow the concrete deformations without generating significant re-
straint in the test sample. For-tensile tests the filaments can be

\
concrete. The results of thelabgye—mentioned investigators

_ are

~

pression-compression and compression-tension. It is concluded that the

very good agreement over the combined stress conditions of com-

ultimate strength of.cond;ete in biaxial conpression is greater than in
un%axial (maximum strength increases of approximately 22 to 27 percént).
Under b1ax1a1 compression-tension, the compressive strength decreases
almost 11near1y &S the applied tensile stress is 1ncreased "Tasuji et
al(s) and Kupfer, et a1(7),on the basis of their tests have.n;i1ced
increase and no change respectively, in biaxial tensile strength as

~ compared with uniaxial. They haveﬁp]}o measured strains in the three
principaI directions of fested concrete plates and have found that in

-

uniaxial and biaxial compression, the canpressive strain at maximum

.
5 Pl AR AL 3w M i i Lt
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* those of other researchers. . . ;

— s cgr o e N —_

load was about -2500 micrdstrain; in unfaxial and biaxial terffsion, “ <:
the tensile strain at maximum load was about +150 microstrain.
Figure 1-0 shows experiﬁental biaxial ultimate: strength S

envelopas_obtained from various sources.

RESEARCH OBJECTIVE ;
: ‘ - |

The objective of this research was to develop a simple
test model and to produce more dafa‘on biaxial tensile strength of

concrete in-relation to uniaxial, and to compare the results with

!

In this investigation, a new test specimen is introduced
. ‘ \‘q“"_‘ ' "
which appears to be simple enough and appropriate for comparable

definition of flexural tensile strength of concrete in uniaxial and

biaxial loading. . . :
. -~ ' ' , . @
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Fig..1-0 Experimental biaxial ultimate §§rength envelopes obtained

from various sources
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INVESTIGATION .PROGRAM

The test program included: g

. (1) One-way ribbed slab specimens subjected to unfaxial tension

-

. E
and \

(2) Two-Qay ribbed slab specimens subjected to uniaxial aﬁd,biaxial

tension. . \ qké,,/”//fﬁﬁ\
) The specimens raﬁgigénted part of a wafflelsk€ structure

(Fig. 1) and consisted of thin'slab and deep riBs.. The slab was 2 in
(50.8'mm) thick with a width varying from 24 in (609.6 mm) in the centre
t04.00 in (]d].ﬁ mm) at the ends.‘ The ribs were 6 in (152.4 mm) deep

| ' and 3 in (76.2 mm) wide: \

In tota]z 30 specimens
grouped in 5 series were \\
tested. The test series,
eicept No: 5, each contained
% :' 6 two-way.ribbpd specimens
=¥ (Fig. 2) of which 3 were
tested uhiaxia]1y and 3 bi-
axially. Series No. 5 con-
sisted of 3 one-way "(Eig. 3)
and 3 two-way ribbed specimens,
all tested uniaxially.

-~ Each test series was accom-
paniea by 3 con;ro] cylinders

6 x 12 in (15x30cm), tested in

Fig. 1 Wafflelike floor system on uniaxial cohpression for the
{g;;ﬁggui:? 32??;ﬁxb;nZEgTonton determination of the standard

Zielinski) ' . : «

SO e S M
.

Tt e

W




%

A AT T TR AR o e T R P AT AR ATV L S e

Pl

. uswloads qeys paqqias Aem-om] 2 °6i4

. u01393s sS04 pue

M3LA 3pLS “M3aLA doj (q)

vl NV

-

]
|
|
l
I
|
{

O

S —

TTTTTTTA

>

.4

e MIA IS

<

M

M3LA Dpa3BuKSEXY ()




- . a3 TN n einge ey oo

 ; V=V NOII53S teg >

UoL3I95.55040 pue
MaLA 3pLs ‘Maia doy (q) o

°

»-,,Z-<

Ve

MIIA_3QIS

B e




. A .

uniaxial compressive strength f; (résults are shown in Table 1). In -

addition, test series No. 3 and 5 were accdmpanied by split cylinder
Al A ; .

. tests (6 cylinders for series No 3 and 3 for series No. 5).

AN

The specimens were made out of p1ain ready—m1xed concrete

provided by M1roh\1nc Five types of concrete with an uniaxial comp-

‘ressive strength of 3430, 3830, 3720, 4020, 4350 psi (23.66, 26.41,

25.66, 27.72, 30.0 MPa) werfe tested. Type 10 normal cement was used
and gravel w1tp maximum aggregate size ‘of 20 mm (0.8 in). The water-
ement ratio for the f1rst four types of concrete was 0 71, 0.63, 0.45,
0\ 37 respect1ve1y. The sand-cement ratio was‘0.23, 0.32, 0.44, 0.61 .
and- the aggregaté;cement ratio 0.25, Of252 0.37, 0.46 respectively.
' -The specimens were cast in wooden fonnd (Fin. 4) and the

. cylinders in standard plastic
jmpervious molds. A single é
reinforcing bar of 0.125 in

{3 mm) in diameter was placed

in compression zone of the : ]

sample along the perimeter of

the slab, as shown in F1g 5,

for structural purpose (hand-

Fig. 4 Specimen Formwork

11dg strength).

Concreté was compacted with a vibraior. Samples were removed
from molds after 3 days and then stored 1n the laboratory under control-
led conditions (temperature of 72F (22C) and relative humidity of 65
percent until time of test. ~ ' . R

-Before testing, electric straiﬁ gauges of the type CEA-06-
250UN-120 from Vishay Intertechnology Inc., were attached to the bottom

\‘




TABLE 1.

' COMPRESSION TEST RESULTS OF CONTROL CYLINDERS

10

< .
S s a0 et Yoo B b Pt st -
Aailath s T TN

5 = .
=2| 5 2= =2 = e
& o= ks zag& HO 0,
1bs(KN) Ths (KN} psi(MPa)
] 2) (3 p {(4) - (5)
07T Y7,600(43%.7) T ]
1| 20/2 92,800(412.9) 96,933(431.3) ﬂﬁ_n;430(23.66)
20/3 | 100,400(446.7) -
| 25/1 | 112,000(498.5)
-2 | 25/2 ]110,000(489.4) | 108,333(482.0) 3830(26.41)
25/3 | 103,000(458.2)
30/1  {-101,500(451.6) .
30/2 96,800(430.7) ,
30/3 | 104,800(466.3) | 105,083(467.5) | 3720(25.66)
3 1 30/4 |118,000(525.0) |
30/5 | 100,000(444.9)
30/6 | 100,400(486.7)
35/1 | 120,000(533.9)
4- | 35/2 " |112,0000(498.3) | 113,667(505.7) 4020(27.72) ~
35/3 | 109,000(485.0)
30.1/1 | 114,600(508.9) |
5 | 30.1/2{130,000(578.4) | 123,033(547.4) 4350(30.0)
30.1/3 | 124,500(553.9) : ' :
J
\
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'
face of the ribs in two Tocations (Fig..ﬁ):c | ( .
(1) At the centre of the joint core , L .

and
’ \
(2) .Along the edges of the joint core.

’
hd -

v

Adhesive M-bond AE-10 was used to glue strain gauges to con-
créte surface. Gauée installation was done according to Vishay Inter-

technology specifications.’

Fig. 5 Specimen formwork with the reinforcing
~bar in the slab area
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TESTING PROCEDUR /

<ndd Gl S

»

) ‘ \ Tests were done on a

\ " Tinius Olsen testing machine

(Fig. 7). Tf//¢est speci-

_men was placed in the cen-

tre of the machine (Fig.8)

e e,

on rolling supports which
- cansisted of steel bar and
steel platen (Fig.9b).
Uniaxial tension st}ess
‘.state'was a;hieved by sup~ .
. portigg the specimen at
the ends of one r16’0n1y
(Fig.9), leaving cross rib

Y

s free or unsupported, (in

AR 203 & e s > e BT £ 4% oy

cass,of two-way ribbed

PRC

.Fig. 7 dera11 view of testing machine . specimens). T
y , .Biaxial tension was

achieved by supporting the

’
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specimen at the ends of each

Nt

rib (Fig. 10). Attention

was given to supports so

that each could be activat-
ed from the instant the spe-
cimen was placed on the ma-

- chine, In some cases of-

‘ . biaxial loading, shims were

Fig. 8 Strain indicator and specimen o called for propbr adjust-

~ testing machine
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ment .of ‘specimen on the rollers.. In both support conditions, load

was applied in }ﬁe middle of the slab.

.

indicator seen in Fig. 8.
[

. During the test,(%train deformations were recorded at doad
[

- increments.of 500 1bs (2.2 kn) using the Visha} intertechnology strain

Fig. 9 Support .«

.. conditions for

uniaixial temnsion

tests L

(a) One-way, ribbed
slab specimen-

. A
?
b
%
# < ]
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(b) Two-way ribbed

51ab<spec1men L
. 5 .
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Fig. 10 Support condition for biaxial tension tests
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TEST RESULTS -
© FAILURE MODES .
{\ \\~ Figures 11 and 12 show crack patterns in'the specime;s

After failure. In most cases, one continuous crack across the spéci-
men perpendicular t6 the tensile strains was formed in the saﬁpies
~ tested under uniaxial tension. No other cracks, apart from the
“fatal" crack were observed. -
In biaxial tension, behaviour ;as different. Basically,
two types of cracks were ohserved: a single diagonal crack, having an
‘aﬁgfé of 45° or so to the Brincipa1 tensile strains, or a Y-shaped .
. ~crack starting from.the joint core area and branching towards the slab
. : periﬁeter. Additional microcracks on bottom slab surface and around
the supports were observed as well,.
3 In both uniaxial and biaxial tension tests, failure was

suddenf“ At the instant of failure, load commenced decreasing, indicat-

ing that the specimen had failed before cracks could be observed. , %

THE STRAINS -~ . B

4
R T

Strains in the principal directions were recorded for aﬂln‘>

| 4 tests. Figures 13 through 19 show the variation of strain e versus
%' P/fc wheré P stands for the applied concentrated load and f for the
| - compressive strength of concrete ,egtablished on’§tandard ijn (15 cm) :
diameter cy]%nders. | _ §} |
Figure 13 shows comparison of tensile strain in the uniaxial
(Qng-gay ribbed specimens)‘and biaxial (tﬁo-way ripped specimens)

stress states. Tensiie strain e; in biaxial loading is approximately

one-third of the tensile strain eE 1B'uniéx1a1 Toading, with maximum
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Fig.. 1as Failure Modes of Specimens Tested Under Biaxial Loading,' -
< Seén from the Bottom side (Series No. 1 and No. 2)
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Fig. 11b. Fajlure Modes of Specimehs Tested Under Biaxial Loading,
Seen From the Bottom Side (Series No. 3 and ‘No. 4)
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Fig. 12a. Failure Modes of Specimens Testgd Under Uniaxial Loading,
Seen from the Bottom Side (Series No. 1 and No. 2) ‘

v




o

n

Fig. 12b. Failure Modes of Specimens Tested Under Uniaxial Loading,
Seen from the Bottom Side (Series Ho. 3 and No. 4)
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Fig. 12c. Failure Modes of Specimeﬁg Tested Under Uniaxial Loadit}g,.
Seen from the Bottom Side (Series Mo. 5) '
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- DATA FOR CURVE A

SERIES 30.1
7
[P PR Y STRAIN(uin/in) AVERAGE
(psi) | (bs) | & o7 gpgglm 30.1/6 (ml/\fﬂ)
375 |09 | 10 6 | (13).
875 |0.20 | 19 © 82 (305)
Y 1375 | 0.32 27 39.5 60.5 42.3
1875 [0.43 | 35.5 | 53 | 83.5 57.3
2375 | 0.55 44.5 64 103 70.5
2875 | 0.66 51 38 128.5 85.8
4350 | 3375 (o.78 | 59 8.5 | 152.5 100
3875 |0.89 | 63.5 | 99 182 114.8
175|101 7] e 109.5 | 20 128.8
875 |12 | 70 na.5 | 29 145.8
5375 | .2 | 75 127.5 | 290 164.2
5875 | 1.35 560

TABLE 2a ‘Strain measurements plotted in F%g. 13
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DATA FOR CURVE B - v
| 1
. ‘p b STRAIN(yin/in) AVERAGE |
¢ P SERIES STRAIN !
(psi)| (1bs) c 20 25 . 30 35 (pin/in)
350 | 0.09 | 4.5 (4.5) 2.3 6 4.3 i
850 |.0.23 | 9.5 (9.5) 6.5 8.7 8.6 T
1350 | 0.36 | 17.3 12.7 0 iz 13.2 ’
1850 | 0.49 | 22.5 | 18 13.2 17.5. |  17.8
2350 | 0.63 | 29.% 235 16.2 22. 22.8
%50 | 0.76 | 36.2 8.3 | 19.8 26.8 | .- 27.8 ?
3750 | 3350 | 0.89 | 42.8 34.5 23.8 32.2 33.3
3850 1 1.03 | 48.3 20.3 275 36 38 ;
4350 [ 1061 552 | a3 | 3.2 | 415 | a3 E
4850 | 1.29 | 60.8 4.7 | 35.7 47.2 47.9 ’
- 5350 | 1.43 | 67.3 46.8 '42.7 52.7 | 52.4 ;
. 7| ses0 | 1.56 | 73.3 36.7 50.5 57.3 | 54.5
6350 | 1.69 | 79.2 1 62.5 62.5 | (68.1) |
6850 1:83 82.2 . 66.7 (74.5) % '
7350 | 1.96 | 68.8 j
: 7850 | 2.09 - n.7 *

1 . TABLE 2b  Strain measurements plotted in- Fig. 13
Vo ‘
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J o TENSILE

Fig.

50 100 150 - 200
STRAIN in microstrain >

CURVE (A)IS THE AVERAGE OF 3 TESTS
CURVE(B)IS THE AVERAGE OF 12 TESTS = |

13 Comparison of tensile strains in one-way
‘ribbed specimens under uniaxial loading (Gurve A)
‘and in two-way ribbed specimens under biaxial
loading (Curve B). Strain gauges are attached
to the centre of the' bottom face.
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values about +80 and +165 microstrain respectively. Both strain

variations are almost linear up to failure.

o

» ‘- - N
Figure 14 shows an average uniaxial tensile strain’in one-

way and two-way ribbed specimens. _ATens;iTé"éf—rains change almost

-

equally, with max'imum__yawes“a?bbut +165 and +200 microstrain in one-

c - ! R
way and two-way spec¢imehs respectively.

- f

I

Figure 15 shows an average variation of tensile and com-
pressive strains*in two-way specimens tested uniaxially. Compressive

strain™is nearly one-third of tensile strain all the way up to failure.

" Maximum value of tensile and compressive strain is about + 200 and [-60|

microstrain respectively. ' .

Figures 16 through 19 show the strain variation in each series

individually under uniaxial and biaxial loading.

«
v ’
* compressive strain = strain due to contraction in the free or

unsupported rib ' . ©
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DATA FOR CURVE A’
\
Y TENSILE STRAIN(uin/in) AVERAGE
¢ i SERIES - STRAIN
(psi) |(1bs) 20 | & [ 30 | 35 301 (win/in)
350 {0.09 [13.7 [17.3 | 16.7 27 T B | o |
350 [0.22 |32.7 | 34 30.7 | 30 29.2 31.3
1350 |0.35 |49.7 | 63.7 | 48.7 | 48.7%| 45.5 49.3 ';
1850 [0.48 |69.7 | 68 | 68.3 | 68.7 | 61.7 67.3 ;
2350 |0.61.] 86 | 84.7 | 86.3 887 | 76.7 84.5 _
3870 | 2850 | 0.74 [108  [106.7 {112.7 [113.7 84.3 105.1 ?
3350 | 0.87-]%22,7-[140.3 |138.7 {140.7 | 93.8 82 | !
350 |1.00 | ) |62 |179.3 |172.7 | 102.8 (158.2) | \j~
4350 | 112 192.7 | 237.3 |274.7 | 108.7 (203.4) | it |
4850 | 1.25 C1311.7 | 87.2 1
( 1“ABLE 3a Strain measureme.nts plotted in Fig. l4a.
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" DATA FOR CURVE B N
- SERIES 0.1 ’ o : \
-  STRAIN(win/in) AVERAGE 7
£ p P/ SPECIVEN ] STRAIN ;
(p€i) | (ibs) | ¢ [ 30.1/8 | 30.1/5] 30176 | (uin/in) . '
375 | 0.09 10 | 16 (13 ) *
835 0.20 19 42 ( 30.5) ' 3"
1375 | 0.32 27 39.5 60.5 |o 42.3 i
1875 | 0.43 3.5 | 53 |° 815 57.3 ]
2375 | 0.55 44..5;- 64 103 70.5 i
T 2375 0.66 51 78. 128.5 85.8 “
C 4350 | 375 | 0.78 59 .88.5 152.5 | 100 &
3875 | 0.89 63.5 99 182 | 1148 &
4375 | 1.01 68 109.5 | 209 | 128.8
sg75 | 102 | 70 | nes | 249 145.8
Co | sas | 1 75 127.5 | 290 164.2
| sers | 13 - 560 - | |
TABLE 3b Strain measurements plotted in Fig. a.
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TENSILE

) 0o 50 100 150 200
, ) ‘ STRAIN in microstrain -

Z ]_,,_'

' CURVE (A NS THE AVERAGE OF 1§ TESTS
" : CURVE (B)IS THE AVERAGE OF 3 TESTS

E 4

Fig. 14a Comparison of tensile strains in two-way’
) . ) _ ribbed specimens (Curve A) and in one-way
‘ ribbed specimens (Curve-B), both loaded
.o uniaxially. . Strain gauges are attached
to the centre of the bottom face.
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TABLE 4a Strain measurements plotted in Fig. 14b

stk o, SR — APRTRgS

; DATA FOR CURVE A )
i STRAIN(uin/in). AVERAGE
- ‘ f2 P | P/, SERIES STRAIN
- (pi) | (1bs) ¢ 26| 30 30.7 (uin/in)
350 | 0.09 | 14 | 13.3 | 13.2 13.5
N gs0 | 0.22 | 29.3 | 25.7 | 26.8. 27.3
1350 | 0.35 47.7 | 38.7 | 40 42.1
3833 | 1850 | 0.48 63 | 54 53.2 56.7
| 2350 | 0.61 78.7 | 65.3 | 66.8 70.3
f 2850 | 0.78 | 9271 | 79.7 | & 84.5
T”; — 3350 | 0.87 | 105.7 | 92.3 | 94.8 97.6
3850 | 1.00 |(129) | 106 . |106.3 113.8
> 4350 | 1.13 | (149.5)| 123 | 104.1 125.7
- 4850 | 1.27 124 | 98.3
) 5350 | -1.40 (172)
T e 5850 | 1.53 (183)
<
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) 7 DATA FOR CURVE B
. SERIES, 30.1 .
~ STRAIN(uin/in) m
2 p P/e. ' SPECIMEN STRAIN
(psi) (1bs) c 30.1/4 30.1/5 30.1/6 (nin/in)
375 | 0.09 1.5 | s f ha)
875 0.20 22.5 27.5 " (25)
1375 . | 0.32 38 35 42.5 © 38.5 \
1875 | 0.43 49 47 505 L] - s0.2
. 2375 | 0.55 63.5 | 58 67.5 63
) 4350 | 2875 | 0.66 74.5 68.5 82.5 ]5.2
33755 | 0.78 g8 | 78 | 9,5 88.2
3875 | 0.89 97 77 112 95.3 i
@75 | Lo | 08 79 129 105.3" -
4875 = | 1.12 13 J 84 146 | T 114.3
5375 1.24 | 12 75 160.5 |  120.5
| 5875 | 1.35 , ”n

TABLE 4b Strain measurements plotted in Fig. 14b
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[] &

LSﬂL - Strain !
Gauges
1 * v

‘ . Strain
. . 'Gauges
| " | ‘ / \®\
° xX

a O I ' ' TENSILE
J . 0. 450 +100 +150 1200
i . P

'

STRAIN inmicrostrain

CURVE o IS THE AVERAGE OF 9 TESTS
CURVE 0 IS THE AVERAGE OF 3 TESTS

ol Eegor o ki i

. Fi‘g. 14b Compar'lson of ténsile strains in two-way r1bbed

b specimens (Curve A) and in one-way ribbed specimens
(Curve B), both loaded uniaxially. Strain gauges
are attached along the edges of the joint core.
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COMPRESSI ‘ TENSILE
S i
. =50 — 0 +50 +100 +150 7200

STR AIN in microstrain

CURVES ARE THE AVERAGES OF 15 TESTS

- Fig. 15 Tensile and compressive strain®variation in two-way

An”

3

* compressive strain =

*

¥

ribbed specimens uniaxially loaded. Strain gauges
are attached to the centre of the bottom face.

+

‘/._

strain due to contraction in the free or
unsupported rib
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L / ) %
- SERIES- 20 | | S 3
5 (pSi) | (Wbs)| " TC[20/7 [ 20/3 [ 2075, | (uin/in) y
‘ | 350 | 0.10] 3 | 65| 41 4.5 {
| S ~ |
80| 0.25| 6 |12 | 10.5.| 9.5 !
1350 10.39 |13 | 18 21 17.3 _ g
1850 |0.54 |17 | 24.5 | 26 22.5
2350 |0.63 |21 | 32 35.5 29.5 , - =
2850 {0.83 |26 | 38.5 | 44 36.2
3350 |0.98 | 31.5 | 46 | 51 42.8 |
3850 |1.12 | 35.5 | 52.5 | 57 83 | :
4350 [1.27 | &1 | 60 64.5 55.2 i
4850 [1.41 [ 46.5| 67 | 69 -~ | 60.8 ‘
3430|5350 |1.56 |51 | 75 | 76 67.3
~ |ses0 {1.71 |56 | 82.5 | 81.5 | 73.3 !
6350 (1.85 | 61 | 90.5 | 86 79.2 |
‘ 6850 |2.00 | 58 | 98.5 | 90 82.2 6 : L
7350 |2.14 107 94,5 . ;
‘ 7850 |2.29 14 | 96.5
| n 8350 |2.43 123.5 -| 105 |
8850 |2.58 132 (3 ﬂ
9350 | 2.73 146 | - .
9850 | 2.87 [* 158
03so |3.00 | © |1ed | '

TABLE 6 Strain measurements plotted in Fig. 16a

e
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Tensile .
+50 +100 »  +150 . +200

STRAIN 1n microsteain

Fig. 16a Tensile strain varfation in two-way ribbed specimens
bjaxially loaded of Series 20. Strain gauges are
attached to the centre of the bottom face.
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SERIES 25

{
STRAIN (pin/in)

o | ol R e
(pi)| (bs)| ¢ | 251 | 253 [ 25/5 | (uin/in)
350 | 0.09 & 5 ( 4.5)
850 |0.22° | 9.5 9.5 9.5
1350 0.35; | 14 10 14 12.7
1850 |0.28 | 13 15.5 | "19.5 18
2350 {0.61 24.5 | 20 26 23.5
2850 |0.74 | 30 24 ¥ | 31 28.3
{ 3350 [0.87 | 35.5 | 30 38 34.5
3850 [1.00 | 39 34.5 | 47.5 40.3
3830 -
4350 |1.14 | a4 |- & 48 44.3
ass0 |1.27 | 48 48 47 47.7
5350 | 1.40 | 51.5 | 50 39 - 46.8
5850 | 1.53 | 57 53 0 36.7
6350 | 1.66 | 58 -40 :
6850 | 1.79 | 53
7350 [1.92 | 37 |-
7850 | 2.05 | 47.5
8350 | 2.18" | 31.5

TABLE 7 Strain measurements plotted in i’ig. 16b
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Tensile

+25 +80

+75

STRAIN in microstrain
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Fig. 16b Tensile strain variation in two-way

ribbed\specimens biaxially loaded

of Seridg 25, Strain gauges are
attached to the centre of the

.bottom face.
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8\
SERIES 30 n
z P |P/s STRA%?EE?&Eﬁ}n) g “
(€1 [ (bs) | e [ sont [ Eg{igy///§0/§\\\\\\7(pin/in)
350 |0.09 ] |///, 35 |° 25 2.3
850 |0.23 | 4.57] &5 | (-1.5) 6.5
1350 (0.3 | 7.5 | 16 6.5 10
‘o |10 {050 | 10 20 9.5 13.2
2350 |0.63 | 12 25 1.5 16.2
2850 (0.77 | 15.5 | 29. | 15 19.8
3350 0.9 |- 19 34 18.5 3.8
3850 [1.03 | 22 | .38.5 | 22 21.5
3720 | 4350 |1.17 .| 24.5 | 43.5 | 25.5 31.2
4850 [1.30 |- 27.5 | 48.5 | 31 35.7
5350 |1.44 - 36 51.5 | 40.5 8.7
5850 |1.57 | 41 55.5 | 55 50.5
6350 |[1.71 | 50.5 -| 60 77 6.2
6850 |1.84 | 57 65
7350 |[1.98 | 67 7.5
7850 [2.11 | 75.5 | 76
8350 |2.24 | 79.5 | 80
8850 | 2.38 84
9350 | 2.51 82.5 (

»

TABLE 8 Strain measurements plotted in Fig, l6¢c
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Fig. 16 ¢ Tensile strain variation 'in two-way

.ribbed specimens bfaxially loaded

of Series 30. Strain gauges are ’
$ttached to the centre of the bottom
ace,
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“SERIES 35 »
e
el PP/ STRAIN
(psHY| (bsy | 7€ [ 35,1 | 383 | 355 (win/in)
350 | 0.09 3 5 8 6
850 | 0.21 5.5 9.5 | 8.7
1350 | 0.34 s° | 12 | 12.7
1850 | 0.46 |- 11.5 | 17 2 17.5
" | 230 |0.58 | 15 21 30 22 i
om0 o] w9 | ass |3 26.8 |
330 [0.83 | 225 [ N a3 32.2
850 |0.96 | 25 B | 48 36 - ]
4020 | 4350 | 1.08 | 27.5 | 41.5 | 55.5 41.5 | |
4850 | 1.21 | 32 46.5 | 63 47.2 )
5350 | 1.33 | 35.5 | 82 70.5 52,7 Q‘
5850 | 1.46 | 39 58 75 57.3 |
6350 | 1.58 | 425 | 64 81 £2:5
6850 | 1.70 | 44 * 72.5 83.5 ,2/ 66.7
7350 |1.83 | 37 80 89.5" 68.8
7850 |1.95 | 60.5 | 86.5 | 68 7.7
8350 |2.08 | .58.5 | 94.5
8850 | 2.2 62 101
9350 | 2.33 58 - .
TABLE 9 Strain measurements plot%ed 1’n Fig. 16d
u “ _ . ~
\ .
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Fig. 16d Tensile strain variation in two-way ribbed
specimens biaxially loaded 6f Series 35.
Strain gauges are attached to the centre of .
\ the bottom face. ) ' . : 0




42

R NS
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SERIES 20 {
, - 7
K dff__élﬂﬂégé%%ﬁéﬂn) AVERAGE
fg P | P/e : STRAIN
(psi) | (1bs) ¢ 20/2 20/4 20/6 (uin/in)
7350 {010 | 14| 8] 14413 {-7 | 13.7] -6.3
'(\
. '3Epo 0.25 | 30 |-15) 38 |-11| 30 |-16 | 32.7|-14
v 1350 | 0.39 | 46 |-23 | 57 |-18 | 46 |-25 | 49.7-22,
1850 | 0.54 | 64 |-32| 82 |-25 | 63 |-33 69.7 -504
3430 | 2350 | 0.69 | 78 |-39 {102 |-30 | 78 |-42 86 |-37
2850 | 0.83 | 95 |-46 {133 {-38 | 96 |-50 | 108 |-44.7
\ 3350 | 0.98 | 113 |-54 |160 |-46 (110 |-60 |127.7 |-53.3
3850 | 1.12 | 124 |-62 |, 126 69 | | *°
4350 | 1.27 | 135 {-68 136 |-73
- ' "
TABLE 10 Strain measurements plotted in\?@. 17a
{
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Ct . Fig. 17a Tensile and compressive strain variation in twp-way ribbed
A : g spec}mens un?ax?a]l,y loaded of Series 20. Strain gauges
. N ‘ ’ are attached to the centre of the’ bottom face.. .
‘ " | &
.." 1 l /‘g ’-
. } o L R “ N e
i o *cnmprefss;ive strain = gtrain due to coi}tracf:ion in the free or unsupported
. ib (same in fig. 17b through 17e) .
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SERIES 25
| o et AYERAGE
(psi) | (1bs) 25/2 /4 | 25/6 (uin/in)
350 {0.09| 14 | -5 | 20 {-8 | 18| -8 17.31 -7
850 |0.22 | 32 |-12 | 38 }15 | 32 |-15 34 |14
1350 | 0.35| 53 |-18 | 52 |20 | 56 |-20 53.7 | -19.3
1850 [0.48 | 74 |-24 | 69 |-26 | 61 |-28 | 68 ) -26
3830 | 2350 | 0.61 | 98 |-30 | 80 }32 | 76 |-34 84.7 | -32
2850 | 0.74 |134 |-34 | 94 |-39 | 92 |-40  } 106.7 | -37.7
3350 | 0.87 {212 |-40 | 104 |45 | 105 |-44 | 140.3 | -43
3850 | 1.00 |258 |-42 | 108 |50 | 120 |-50 | 162 |-47.3
4350 | 1.14 |340 |-43 {108 |-52 | 130 |-58 | 192.7 | -49.7
4850 | 1.27 | ‘ 134 |-56
5350 | 1.40 144 |-53

TABLE 11°Strain measurements plotted in Fig. 17b
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Fig. 17b Tensile and compfessive strain variation in two-way ribbed

specimens uniaxially loaded of Serigés 25. Strain gauges are
attached to the centre of the bottom face. °
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. SERIES 30
| STRAIN {uin/in) AVERAGE
g P |Prs. STRAIN
(psi)| (bs) | "¢ | 30/2 | .30/ | 30/6 ( in/in)
350 {0.09]| 20| -7{.18 -8 | 12| -6 16.7 | -7
850 0.23| 36 [-14 | 31 |-14 | 25|13 30.7 | -13.7
1350 | 0.36 | 60 [-20°| 46 |-18—| 40 |-20 48.7 | -19.3
1850 |0.50 | 86 [-25 | 62 |-25 | 57 |-28 68.3 | -2
2350° | 0.63 |109 29 | 78 |-30° | 72 |-34 86.3 | -31.
2850 |0.77 |150 |-3¢.| 98 |-38 | 90 -4z | 12.7|-38
3720 | 3350 |0.90 |192 |-38 | 118 |43 |106 [-50 | 138.7 |-23.7
3850 |1.03 |267 |-46 | 152 |-44 [119 [-60 | 179.3 |-50
4350 |1.17 (410 |-47 {170 |-38 |132 |-69 | 237.3|-51.3
4850 |1.30 -50 | 146 |-38 [250 [-79 -55.7
5350 | 1.44 134 |-38

S

3

" TABLE 12 Strain measurements plotted in Fig. 17¢
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specimens uniaxially loaded of Series 30.
are attached to the centre of the bottom face.

Strain gauges

47 ¢
b »
» ¢ ?
. .
: .
15
‘ ! . \ /Sample4 —
A . \ ~Sampled ’
. ( ) /
; Sample 8 i
. \ LN » / /
: 10 T ! N/ /
5 /‘ Sample2 Average K
Sample 6 ‘
o ’ Strain
a\= Sample 2 Gauges
~ o y , ?
' COMPRESSIVE ) TENSILE | |
50 0 750 FI00 ~ 150 3200 7250
STRAIN in microstrain . o
- Fig. 17¢c Tensile and compressive strain variation in two-way ribbed
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¥ ! SERIES 35
P
§,‘ Yo
| ° T e
fg P | Ple ' STRAIN
- (psi) | (Ibs) c 35/2 35/4 35/6 (win/in)
) 350 (0.0 | 17| -7 | 18 (-8
850 | 0.21 ] 27 |-14 | .29 |-12 | 30 |-2 30 |-15.7
1 N .
f 1350 | 0.34 |.47 |-20 |- 44 |-17 | 60 |-30 48.7 |-22.3
. 1350 | 0.46 | 60 |-28 | 60 |-23 | 86 |-40 68.7 | -30.3
I
g 4020 | 2350 | 0.58 | .76 |-33 | 74 |-28 | 116 |-48 88.7 | -36.3
! I3 - ' ®
‘ R 2850 | 0,71 | 95 |-38 | 94 |-34 | 152.{-58 113.7 | -43.3,
3350 | 0.83 {110 |{-42-| 112 |-40 | 200 |-68 140.7 | -50
3850 | 0.96 |132 [-48 | 134 {-46 | 252 [-70 | 172.7|-54.7
<, . “
o % | 4350 |.1.08]152 |-50 | 141 |-54 | 531 |-80 | 274.7-61.3
. N \
“ 4850 | 1.21 1169 {-57 | 114 |-60 | 652 |-90 311.7 | -69
‘ 5350 | 1.33 (180 |-62 | ~
e
§ e \
; TABLE 13 Strain measurements plotted in Fig, 17d
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{ : ...,;\) '
O i
/ » N
4
- )
] c
_ - s - T R IRy




i e i e SR R S

BT O 1 s e

LR T IO

N

e

v

1

<

49

Amail

o

!
°

°
°

o

‘3%ey W0370Q Syl JO 343uU3d 3y3 03 payoelze aje sabneb ULRAS "GE SIS 4O
popeo| AlleiXeiun suswioads paqqgid Aem-OM} UL UO}IRLUBA ULBUIS DALSSIJdWOD pue 3iisudl PLL *614

a

UIeRSOIIW Ul NIVHLS -

]
s

00t + osc+ . 0o+ oSt +

q o
FUSNIL

%]

9 .__a::wfm/\A
< \

vl\\!.\J.\\u\‘ " - y
R -
/ .

p ojdwes

A

00L+ 0S5+ 0 0S - . O0b-




v % nran Gheeng . . vooge B e b aasi A AR 0 R A S e

EaEatiic i ARGt e Al i it bt bt IV Aoy e e

50
do ‘ : ' SERIES 30.1
NI — o
(psi)| (1bs) | € [ 30,1/ 30.1/2 | 30.1/3 (uin/in)
350 0.08 |11 | -8 n | 45| 16 | -7 12.7 | -6.5
850 |0.20 | 25 {-13 | 28.5|-1 3 |75 | 2.2 |-13.8
1350 |0.31 (40 (<20 | 41.5(-15.5| 55 ‘%6 | 45.5.|-20.5
.1850 10.43 | 583 |-26.57 57 |-21 .| 75 |-34 | .61.7 |-26.8 .
4350 | 2350 |0.54 | 65.5 | -30.5 70 |-26.5 | 94.5|-aa 76.7 |-33.7
| 2850 |0.66 | 80.5 |-37 | 87.5|-33 85 |-52.5 | 84.3 |-40.8
. .} 3350 |0.77 |93 |-41 .| 102 [-39.5| 86.5|-62.5 | 93.8 [-47.7
| 3850 (0.89 (103 |:45 | 119 |-45 86.5|-11 | 102.8 [-53.7 | =~
4350 [11.0 [107.5|-47.5|.131.5 | -51 87 |-80 | 108.7 {-59.5 |
’ 4850 | % |-a9 | 122 |-58.5| 105.5°|-88 | 87.2 |-65.2

- TABLE 14 Strain measurements plotted in Fig. 17e
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Sample 6
/Sampletﬂ Averaad S\ampled
o e age ' Strain
Sample6 \ / ]
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-160 50 0 ¥50 +100

STRAIN in microstrain
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Fig. 17e Tensile and compressive strain variation in

g ) two-way ribbed specimens unfaxially loaded

. of serjes 30.1, Strain gauges are attached
to the centre of the bottom face. ’
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SERIES 30.1 \
o | Lo R ]
(psi) | (1bs) ¢ |30.1/4 | -30.1/5 |, 30.1/6 (yin/in)
375 [0.09 | 10 16 (13)
875 |0.20 | 19 - 42 (30.5)
1375 |0.32 | 27 39.5 60.5 42.3
1875 |0.43 | 35.5 53 83.5 57.3
2375 | 0.55 | 44.5 | 64 103 70.5
2875 |0.66 | 51 78 128.5 85.8
4350 | 3375 | 0.78 | 59 88.5 | 152.5 100
3875 | 0.89 | 63.5 99 182 114.8
4375 [1.01 | 68 109.5 | 209 128.8 ~
4875 |1.12 | 70 ng.s° | 269 145.8
5375 | 1.24 | 75 127.5 | 290 164.2
5875 | 1.35 560 .

TABLE 15 Strain measurements plotted in-fig, 18
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Fig. 18 Tensile strain variation in one-way ribbed specimens of Series

30.1. Strain gauges are gttached to the centre of the bottom
) face. /j :
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SERIES 20
RN 2L "STRAIN
(psi) | (1bs) ¢ |20.2 20.4 20.6 .| (uin/in)
350 |0.10 | 15 | 12 15 | 14
850 | 0.25 | 31 |' 28 29 29.3
1350 | 0.39 | 52 46 - 45 47.7
3430 | 1850 | 0.54 | 70° 60 59 63
2350 | 0.69 | 89 73 74 787
2850 .| 0.83 | 108 - 84 86 92.7
3350 | 0.98 | 128 90 99 105.7
3850 | 1.12 | 146 M2 | (129)
4350 | 1.24 | 173 126 ~ (149.5)

TABLE 16 Strain méasurements plotted iﬁ Fig. 19a
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Fig.

+50 ~ +100 + +150 + 200
STRAIN in ‘microstrain ’

.

19a Tensile strain variation . in two-way ribbed
specimens uniaxially loaded of Series 20.
Strain gauges are attached along the edges
of the joint core.
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SERIES 30
o | | o
(psi) | (bs) € 30.2 30.4 30.6 (nin/in)
350- | 0.09 12 6 | 12 13.3
850 | 0.23 26 27 24 25.7
1350 | 0.36 | "36 a4 % | 38.7
1850 ~0.50 52 60 | 50 54
. | 2350 | 0.3 63 72 61 65.3
3720 | 2850 | 0.77 77 88 . 74 79.7
' 3350 | 0.90 | -89 103 85 92.3
3850 | 1.03 | 105 | M7 x| 9 106
4350 | 1.17 | 119 | 142 - | 108 123
4850 | 1.30 % | 158 | 128 | 128
* | s3s0 | 1.44 72 | (172)
' 5850 | 1.57 183 (183)

o

!

TABLE 17 Strain measuréments plotted in F1;g. 19
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SERIES 30.1
| STRAIN(uin/in)
£ o | pre [ SPECIMEN AR e
(p€i) | (1bs) c | 071 30,1727 30.1/3 (win/in)
350 | 0.08 12 16 | 1.5 13.2
850 | 0.20 21.5 35 23 26.8
J 1350 | 0.31 3 50 | 36 40
1850 | 0.43 4.5 66 a7 53.2 .
7350 | 0.5 9. | 83.5 | 58 66.8
4350 | 2850 | 0.66 | 73 | 99.5 | 70.5 Y
w0 a7 | e | mes | s 94.8
3850 | 0.89 | 89 |.137.5 | 925 106.3
4350 | 1.0. | .73 | 158 83 102.7 "
{0 |1 | 2 195 80 98.3
ﬁ ‘TABLEJ 18 Strain measurements plotted in Fig., 19c 4
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Fig 19¢ Tensile strain variation in two-way ribbed
©° . specimens uniaxially loaded of series 30.1.
- §train gauges are attached along the edges

. of the Joint ‘core.
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ANALYSIS OF TEST DATA -

Figure 20 shows a section of a plain concrete T-shaped beam
under the influence of bending moment Mcps and the stress and strain
diagr}ams. The section of 'specimen was chosen in such a way that the

neutral axis lay in the flange, and full depth of the web was subject-

_ed to tension. It is assumed that at the moment of cracking stress is

distributed according to elastic behaviour in the compression zone

?

and elasto-plastic in tension, as shown in Fig. 20b. -

I
, £
d\ Y o)

e o . NA ] X._.__y__.'_,

V t
‘ Mer
Mo : X1
. . / . ’ X
/
, L Vi

: % | < PO o
_ l‘;—:‘:;ﬂr,o &t

‘Fig. 20 .Cross section of a plain concrete T-shaped beam with
stress and strain diagrams

TN
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The following relationships can be noted based on Fig. 20b .

.
tO = ] ] " ~
W, .o Fx ™ %= (8=x) (M
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From equilibrium of forces and moments IP = Q, IM = 0

we can find:

: i
2 fo. vt f
s - L =1 (d”-x) to A to AR”
zP=0+ 7'fCCXb 2 fto X b+ —— 5 - : (§]+x-d o+

. ' | n + fto(h-x=x1)b‘ R “
e .S J
and . o .
. . ) . 5 ‘
‘. , . . " .
x(1-1)2x2+[2422(1-x) +20(22-1)x D D2 202 (1) +hE(22-1)k]=0 (3)

td

where k= %

_ ﬂh@iﬁg
c(x-1)2 = a
2d-3%(1-x)+2n(22-1)x = 8

 22d-2(1-¢)+hé(2r-1)
\
‘ |
‘Equation°(3) can be v x\ \
. . ‘ | |
) .ax2+3x-y = ( ’ ,, ‘ (4) . \
L3 . " . t * L \
From . o , - . . |
- 21 2x , 1 (d2=x)" 0. 2 (dory) 4 . . .
i fec x? T*7 %% X1 be 3 (d%-x)
’ d:-x ’ ° -d” d -X :
. feot Tto 3T . (x#x -d‘)b'-[(x+x] d7y ) foo X7 * 2y \
. ‘ .2 . 1 ’ l 3. £ d*=x R f‘. .
! 4 o ) & ‘ . to Xy to’
+ (d‘-f)] +-% fto(h-x~x1)b“(h-x+x]) o o
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b (x+x]-—d ) (d -x+2x )= T
© 3b7(xy+d -x) (x#xy-d”)(d"-x) =

“Equation (5) can be written as

* flexural tensile strength in concrete at failyfe. For recorded test

- 4). hpply Eq.(1) to find x,

NEL R [2x3b+‘2(d'-x)3b+b*(x+x]-d‘)z(d‘-x"‘le)ﬁ

¢

+3g(x]+:d‘-x) (x+x]-d’) (d‘l-x)+3b‘x1 (h-x-x] ) (h-“)g+x] )] (5)

Naming . . a

A ]

—

3b'x.I (h-x-x1)(h-x+x])o =y

o

Mc;, =1 fi, (Ste+iaat) ‘ S ‘ - (s)
GX-I ° R . ‘
or .
6x M. /\ . r
f = ] cr ' . ‘ ' k(7)
to - (s+etTrotu) o L M

From the above equations, it will be possible to establish

load at faflure P

o the procédure of calculation consists of the
following steps: 1, ~
1) Calculate moment 51; fatlure, M.
‘2) Cons ider a certain value of pIast'lcity factor,/ L S
3) Apply Eq.(4) to findx % ~ - AR
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5) Apply Eq.(7) to find f,_

Based on the above procéss (considerihgox=1.5), all test

data were utilized in the analysis. The results are shown in Table 19.

STRESS-STRAIN RELATIONSHIP

°

Three cylinders 6x12 in (15x30 cm) were tested in short-time
uniaxial compression (Fig. 51) to study the stress-strain relationship.
Strain gauges were attached to the cylinders along two diametricg}ly
opposed generating lines at mid-height. Measurements of longitudina]
sérains were carried out and recorded at 10 kips (44.48 knf load incre-
mengs. The results ars plotted in Fig. 22,

As can be seen, the curve consists of an initial relatively
straig?t\portaon in which stress and strain are c]ose]y proportional.
It thén bqg1ns to curve to the hor1zonta1, reachxng the maximum stress
fé = 3860 psi\SEE;G MPa), i.e. the compressiveﬂstrength, at a strain
of 0.00153 in/in. |

-The secant at 50% of ‘the canéressive strength fé, considered

—

to represent the modulus of eTasticity, gives:

Yy 0.3(3860 ) = 3.2 x 10%si (21,850 Mpa)

¢ ‘. 9510 x 1078

The corresponding value, according to ACI rquTmended formula,

will be: ‘e
'3W15VP‘3MHM]SV%W=377xw uswomﬂ

Y

A
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TMLE 19
‘ TEST RESULTS
: W 240 iy “
! ‘ = qE v} < 'ﬂﬁ:‘u m:'g a3 2 :5 A
‘ | |8g| B3 | sEE. |35|352) W8 [BgSe | BySg M| 2LEE v 3
NEEIE e LN 3% B z
! (st (%) Tos0M | ain/in “To/Tn THCOR .»
) | (@ (3) (4) 1(8) {8 (7 (8) (9) {10 () (12) §
0/ 4 ns(32.7) | 8§ - - - N09(2.14)| 0.091 | Y j
20/3 : 3 | g |10850(48.3) | 164 | - - |- 458.96(3.17)} 0,133 ] Y
L I, S 1% | smsot.) |08 |- <. o | T 0w Y
0/2 4 ;_ asa21.1) |13 (e8| am - wr3s2m| onr |
/4 3 BSA(12.1) [ 160 {46 | s - | 3220 0.0ss |/
20/6 3 a725(21.01) | 136 |13 126 | - 399.28(2.75)| 0.116 | /
an | 4 8380(37.1) | s8 | - - - 383.21(2.44)| 0.092 | / )
/3 3|8 | a0z | 53| - - 258.03(1.78)} 0.067 | / 3
; B ] e @ ; ssalzm.r) | 48| - e o, | sy
. B/2 3 é m(z1.s) 340 |4 - - 409.83(2.83)} 0,107 | / 4
B/4 < 4500(20.5) j 108 J82 [° - § . @ 388.70(2.68) | 0.100 | /
/8 s 5600(2¢.9) | 144 |53 - |- | em.23.26) |12 |
i} 301 4 8675(33.6) | 19.5| - - |- | ses.952.53 | 0.09 |
/3 T 13 | g | searsen |2 - - |- 406.08(2.80) | 0.109 | / |
X /5 B R R D B 326.77(2.55) | 0.088 | / 1
| s | 2 ; 025(21.9) | 410 |-47 |- s | SENE2I oMz | i
) X 30/4 2 5850(26.02) | 170 (-44 183 - : 494.33(3.40) j 0133 | / i
30/6 5 5350(23.8) | 250 |-79 124 § - 452,08(3.12) i 0.122 | / 3
° L 2 % 9000(40.03) | 62 | - - - 380.7(2.83) |o.098 | Y ’
#13 3| g | s o |- - - 409.25(2.82){ 0.102 | 7
|20 ammg |- ; 700UEN) | 8.8 - T oy | 3412 fo.0m | v
1872 2 5675(28.2) | 180 (-2 - - ) 479.54(3.31) | 0,119 | /
e 2 5000(22.2) | 141 |60 - - s22.5(2.90) |a.08 | /
/8 : 550(n.8) | 852 |-% - - ss2.0803.2) (o112 | >
%01 g, | S8 11075149 © |16 || 409.83(2.83) [o.098 | /
A.1/2 ;5 $350(22.8) 13151588 | 198 f. |, 452.08(3.12) [0.108 | /
; |pn uso('w.o) § (2.0 fios.shee | o8| | 020.9(2.90) (0.097 |
. 0.1/4 i g, | osma | 126 | . T o fony | 4
.18 §3| T0(z.0) fars |- o ws.a8.39) .z |/
) P 0.1/ A 6375(28.4) | 560 |- 74 | - §38.69(3.72) 0.12¢ | /

b
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o} ’ DATA FOR THE STRESS-STRAIN CURVE - C
% lop COMPRESSIVE | AVERAGE COMPRESSIVE STRAIN (win/in) |
» (1bs) STRESS CYLINDER : A
E o 30/1 30/2 30f3 |
! Cpsi) / $ 30 ‘ \
Pt 10,000 354 -138 -99 -56
. 20,000 707 -268 | -323 .| -128
Y 30,000 1061 - -404 -483 -203 j
| 40,000 1415 -546 -631 -280
é 50,000 | 1768 -695 -750 -368
; 60,000 2122 1 -846 -880 -461
i ,
| 70,000 2476 -994 -994 -566 S
5 80,000 2829 -152 -1143 -688
’ 90,000 | 3183 -1327 | =137 , -824 /
100,000 3537 -1530 -986 \
; 110,000 390 : o] -nez
s
TABLE 20 Compressive strain measurements plotted in Fig. 22.
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a Gauges Ahmﬂ | COMPRE§SIVE
Y . " 500 | 1000 500
_STRAIN in microstrain
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‘ COMPARISON OF SPLIT~CYLINDER TEST RESULTS
WITH THOSE OBTAINED FROM TESTIHE“GF«gg;CIMENS

P

In split-cylinder test, the loading condition represents a
Y
special case of the biaxial stress state in which the cylinder is under

compression fct and simultaneous tension ft where fct= 3ft (if it Ts

calculated on the basis of the theory of elasticity as is usually done).

(Fig.23).1f a linear function is to be assumed for'ftc(2’3’4’5’6’7’8’9)

(strength of concrete under combined bi-directional tension and compression)

‘as presented in the diagram in Fig. 24, and f] = 0.0915 f/ (based on test

results shown'in Table 3), then the pure tensile strength of concrete
can be defined as fto = 0.1261 fc and consequently fg = 0.7256 fto' This
means that the uniaxial tensile strength of concrete is approximately

1

= 1.378 of tensile strength as defined by splitting of cylinders.
0.7256 Y

Using the above relationship between f; and fto’ split-cylinder
test resﬁ]ts are transferred to pure ténsi]e strength of concrete and
are compared with those.obtained from tgsting of specﬂnens,'a§ shown in
Table 21. '
‘ On the ba;is of this comparison, it can be stated'that the.used
value of A = 1.5 as the plasticity factor for calculating Eensi]e strength
of.specimens is correct (for concrete strengths ranging from 3720 psi

(25.66 MPa) to 4350 psi (30.0 MPa)).
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I strength particularly is approximately 70% of unlaxfal tension. "~ -
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BIAXIAL STRENGTH ENVELOPE = = . N o~

AN relative fellure l6ads P, for\;nieklal’and biaxial

"Toading cond1tions have been plotted in Fi 5a ,“as fractions of the

" uniaxlal compressive strength of concrete It can be seen that. the

4ratlo Pb/Pu of the avérage load-at failure in biaxial loading to the.
average failure load in uniaxial loadlng equals 0,73. . -
‘ A similar ratio can be/seen in th 25b where all tensile .
stresses at failure for uniaxialiand\ojax1al loading have been plotted :
as fractions of‘the uniaxial-conpressive strength of concrete.
It can be stated on the basis of the results presented here
.that the.flexural tensile strength of concrete subjected to equal bi-
, axial stress states is about 73% of the uniaxial tensile strength or,
stated-otherwise, the uniaﬁlal’ tenslle strength of concrete i about.
" 37% higher than the biaxigl This-observation may be slgnlficant and

can not be ignored in the design of structures such as atomic reactor

: vaults and pressUre Vessels whlch are subjected to the biaxial stress ‘

lstate and. where no cracks are perm1 tted.

. I F1g 26 shows a proposed biaxial strength envelope of con-
crete under all load combinations, i.e. compression-compresslon com-
press1on-tension and tension-tension. to be used in engineering practice.

Under combined compression-compression, strength 1nCreases linearly up f .
to 25% of uhiaxial gtrength f‘ ‘Under combined compresslon-tenslon, the

compress1ve strength decreases tinearly as the tenslle stress is increas-

"‘ ed Eventually. undnp comblned tenslon-tenslon strength decreases in | .

*xcompartson wlth uniaxlal tenslle strength and in equal biaxlal tension

.
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| R DISCUSSION. OF TEST RESULTS
The results obtained are summarized in Fig. 27 which shows
¢ . A
ratios a =’?éé of relative tensile stress ft to uniaxial compressive’

. : C
strength fé

as compared for uniaxial and biaxial loading in one-way -
and two-way specihens. G .
Test results show that the flexural tensile strength of con-
" crete in the biax;al stress state fs'lower than in the uniaxial stress
statei .
Figure 27; reveals the fact that the uniaxial tensile strength
of cencrete is about 37% higher than the biaxial. It should be remem- / o
bered here that our results réfer only to a particu]ar'cése of biaxiel' -
“'strength when stresses in both directions are equal. A |
It can be seen from Fig. 27b\;ﬁizﬁan1axial tensi]e streggiz ‘
in elements with attached cross ribs (two-way system) is about 18% Tow-
. -, oer than in elements with one rib (one-way system - ‘without cross ribs)
F1gure 27c shows that in two—way ribbed specimens, uniaxial tensi1e

M ' " stréngth is 16.8% higher than b1ax1a1 tensi]e\strength.

é .
. - :9

CONCLUSIONS ,
- & o i

.The following conclusions are ‘based on the experimental work ,‘

in this study: ‘ '

1. The flexural tensile strength of concrete in the iniaxial stress

state is about’ 37% highef than in the bTaxial stress state.” The *

I
results refer on]y to a particu1ar case of biaxial strength in

which stresses in both directions are. equal

4

i The unfaxial tensile strength in e1ements with attached Cross r1bs"‘h
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{two-way system)-is about 18% lower than in elements with one
rib fone-way system). ‘

In two-way ribbed specimens, uniaxial tepsi]e strength is 16.8% °
higher than biaxial tensile strength. . ' <
Tensile strain in biaxia] loading is approximately one-third of

the tensile strain in uniaxial loading.

In one-way and two-way ribbed specimens, both tested uniaxja]]y,
tensi]etstraips are approximately equa].‘ﬁ

In two-wéxfspecimens tested uniaxially, compressive strain,

developed in the free rib, is nearly one-third of the tensile

strain.




