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ABSTRACT

This paper describes tests on the torsional behavior of high strength concrete beams.

The major

variables considered are the longitudinal steel ratio, p;, and the transverse steel ratio, p,. All 19 beams,
including 3 beams with no reinforcement, 4 beams with longitudinal steel only, and 12 beams with different

longitudinal and transverse steel, were cast.

The results revealed that the torsional strength of beams

with stirrups at 12 cm spacing ( p=0.01) could be maintained without a drastic drop in torsional strength
although the spacing of stirrups was larger than the value suggested by ACI code. A regression equation
was derived, based on this study (£, 4.=950 kgf/cm?), for ultimate torque of reinforced high strength

concrete beams under pure torsion.
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‘I. Introduction

The term high-strength concrete is generally used
for concrete with a compressive strength higher than
420 kgf/cm2 (ACI Committee 363, 1984). Further
evaluation of the properties of concrete, such as the
brittle behavior of high strength concrete over the 420
kgf/cm?, is important for the design of torsion. The
object of this research was to study the behavior of
reinforced high-strength concrete beams under the action
of pure torsion,and to evaluate the applicability of the
provisions suggested by ACI code.

Il. Basic Equations

St. Venant (1856) invented a semi-inverse method
to solve the torsion problem for noncircular cross
sections, and found that the maximum shear stress,
Tpax, Will occur at the midpoint of the wider face for
a rectangular section:

Tmax=kGOx. Q)
The torsional moment, T, is:
T=Bx*yG6. 2)

The relationship between T and 7,,, is as follows:

T=0X>Y Typaxs 3)

where
x=shorter dimension of a rectangular cross section;
y=larger dimension of a rectangular cross section;

k= (1_;2n 1,3,5..

h”y)

-n2cos

_1.,7_192x 1 P
p=1a1 L. L)

Bach and Graf (1912) first used elastic theory.
The following failure criterion is assumed: Torsional
failure of a plain concrete member occurs when the
maximum principal tensile stress equals the tensile
strength of the concrete, f , that is:

T=axyf , @)

where =St. Venant’s coefficient.

Nylander (1945) surmised that the extra strength
could be contributed by the plastic property of con-
crete. The plastic failure torque, T, can be expressed
as:

-235-



W.H. Chen and M.Y. Chen

T,= %y f (5)
where
o,=(05 —6% ).

Hsu (1968a) presented the skew-bending theory
with the results of tests on rectangular plain concrete
beams and gave the nominal torsional strength, T, as
follows:

x2
T,=5 £, (6)

where f,=modulus of rupture of concrete.

Also, according to tests by McHenry and Karni
(1958), the perpendicular compression will reduce the
tensile strength of concrete by 15%, so Eq. (6) is further
revised as follows:

x%y
Tnp =73

0.85f. ™

Bakhsh et al. (1990), through ‘the test results of
13 rectangular plain high-strength concrete beams (400-
900 kgf/cm?) subjected to pure torsion, found that the
skew-bending theory is suitable for predicting the
torsional capacity of plain high-strength concrete beams,
provided that the splitting tensile strength, f;,, is taken
to represent the concrete tensile strength, i.e.:

2
L= 4 ®)

Rausch (1929) proposed the Space Truss Analogy
theory for reinforced concrete subjected to torsion and
derived the torsional strength, T,, as:

2 0A,
7= b ©)

where

x; = shorter center-to-center dimension of closed rect-
angular stirrup;

y1 = longer center-to-center dimension of closed rect-
angular stirrup;

A, = area of one leg of a closed stirrup;

Jiy = yield stress of stirrup;

s = spacing of stirrups.

Andersen (1935) suggested that Rausch’s equa-
tion should be modified by an efficiency coefficient
less than unity, and that the concrete should also
contribute to the torsional resistance. Andersen’s

equation is expressed as follows:

2x1)’1Atny
];l = T + A‘——s—— N

; (10)
where
T,= 0x%y f =torsional resistance of plain concrete taken
as the elastic torque;
A = efficiency coefficient of reinforcement.
Cowan (1950), using a strain energy method,
derived and suggested the efficient coefficient 1=0.8,
that is:

2x1)’1Atﬁy _ xl)’lAtﬁy
K - s

T=T,

e

+0.8 T+

€

16 (11)

Hsu ' (1968b) proposed a new failure surface
with the results of tests. This surface is assumed to
be a plane perpendicular to the wider face and in-
clined at 45° to the axis of the beam, and they then
derived the ultimate torque of beam, T,, having the
form:

TL,=T +Q

’ xyAf
oy (12)

where

7' =205 2y /" (kgf —cm);

Q = 066m+0333L;
1

SA[ . X ) ﬁy -
"= A ) if fi#f,,, multiply m with 7

A; = Section area of total longitudinal steels (cnr);
A, = Section area of one leg of a stirrup (cm?);
fiy=Yield stress of longitudinal steel (kgf/cnr).
However, this equation is only suitable for the
underreinforced condition in which both longitudinal
and transverse steel yields before the failure of con-
crete.

ACI Committee 318 (1971) established the design
provisions for reinforced beams subjected to torsion,
that is:

X 1)’1Atﬁy
S I

T,=0212x%/ £ +@, (13)

where 0,=066+033 -)yc-ll <1.50.

McMullen and Rangan (1978), from the results
of torsion tests on ten rectangular reinforced concrete
beams with the principal variables being the aspect
ratio and the amount of reinforcement, showed that,
other things being constant, the strength decreases with
an increase in aspect ratio, and that the efficiency
coefficient of reinforcement is related to Vm’ :
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’ 7 A
T,=0636\ £ ky+14Vm _”“gyﬁ (14)

where

sALf,y

0.5 :
k= <033, m=nr o .
T NEETDY A

1+

<=

For a beam subjected to pure torsion, a minimum
amount of torsional reinforcement must be provided
such that T,,=T,,, and a minimum torsional reinforce-
ment, A; n, (cm?), is required to ensure the ductility
of the beam when it cracks (Hsu, 1984):

A= F TCOFH GO GOV 1 (15)

lll. Test Program

In view of the heterogeneity of concrete, this
study was carried out by testing to analyze the behavior
of members subjected to pure torsion. The principal
parameters considered were the longitudinal steel ratio,
P, and transverse steel ratio, p,. All 19 beams were
cast, including 3 beams of plain concrete, 4 beams with
- longitudinal steel only, and 12 beams with both lon-

gitudinal and transverse steel. Details of the beams
are shown in Table 1. In the designation of a specimen,
the letters A and B represent the same size of longi-
tudinal steel with differing yield stress, N represents
beams with no longitudinal steel, the first number is
the longitudinal bar size, the second number is the size
of stirrups, the third number is the spacing of stirrups,
and the last number is the specimen number.

All test specimens were 15x30 cm in section and
230 cm long, with a clear torque span of 90 cm. To
prevent failure at the ends of beams, extra reinforce-
ment was added to the two end parts of each beam. The
concrete was placed for each beam in one batch using
a tilting mixer. All beams and control specimens,
comprised of 10x20 cm cylinders and 15x15x50 cm
beams, were cast and cured under the same conditions.
A general purpose type I portland cement was used.
Aggregates were from the Ta-Han river. Coarse ag-
gregates had a maximum size of 1.5 cm. Elkem
Microsilica was used. Superplasticizer was used to
lower the water content requirement of the concrete
mix, provide good workability, and increase the strength
by virtue of a low water-cement ratio (w/c). Table 2
shows the details of the mix proportion. Concrete
strengths are shown in Table 3. Reinforcement used
in this study were from the Shin-Zon steel company.
The steel properties are shown in Table 4.

Table 1. Details of Specimens

Series  Specimen Longitudinal bar Stirrups m’ Protal
code No. o} Sy No. Py S
kgf/cm? kgf/cm?

1 N-0-0-00-1 i
N—Q-O-OO—% —, --- --- - - - - ---
N-0-0-00-3

2 A-4-0-00-1 4-#4 0.0107 3905 - --- --- -~ 0.0107
A-4-0-00-2 4-#4 0.0107 3905 - - --- - 0.0107
B-4-0-00-1 4-#4 0.0110 3438 - - --- --- 0.0101
B-4-0-00-2 4-#4 0.0110 3438 - - --- --- 0.0101

3 B-4-3-12-1 A-#4 0.0110 3438 #3@12 0.0101 4071 0.920 0.0211
B-4-3-12-2 4-#4 00110 3438 #3@12 0.0101 4071 0.920 00211

4 A-4-3-09-1 4-#4 0.0107 3905 #3@9 0.0134 4071 0.766 0.0241
A-4-3-09-2 4-#4 0.0107 3905 #3@9 0.0134 4071 0.766 0.0241
B-4-3-09-1 4-#4 0.0110 3438 #3@9 0.0134 4071 0.693 0.0244
B-4-3-09-2 4-#4 0.0110 3438 #3@9 0.0134 4071 0.693 0.0244

5 A-5-3-06-1 4-#5 0.0174 3707 #3@6 6.0201 4071 0.788 0.0375
A-5-3-06-2 4-#5 0.0174 3707 #3@6 0.0201 4071 0.788 0.0375
B-5-3-06-1 4-#5 0.0173 3603 #3@6 0.0201 4071 0.762 0.0374
B-5-3-06-2 4-#5 0.0173 3603 #3@6 0.0201 4071 0.762 0.0374

6 A-6-3-04-1 4-#6 0.0257 3800 #3@4 0.0302 4071 0.794 0.0559
A-6-3-04-2 4-#6 0.0257 3800 #3@4 0.0302 4071 0.794 0.0559
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Table 2. Concrete Proportion (unit: kg/m?)

Coarse aggregate Fine aggregate

Cement

Silica fume Superplasticizer Water
990 660 530 80 12 152
Table 3. Test Results of Concrete Strength
Compressive strength Splitting strength Modulus of rupture
average standard coefficient average standard coefficient average standard coefficient
deviation of varience deviation of variance deviation of variance
kgf/lem®  kgflcm?® % kgf/cm? kgf/cm?® % kgf/cm? kgf/em? %
948.8 141.9 14.96 57.74 4.98 8.62 63.95 7.04 11.00
Table 4. Properties of Reinforcement The beams were tested under the action of pure
torsion. A special-design setup was made by a local
Barno.  Diameter (cm) Area (cm”)  Yield stress (kgf/em®  machine factory and is shown in Fig. 1. Special bear-
#3 0.967 0.734 4071 ings ‘flt the support 1n§ured that the test beam was free
#4 (A) 1.239 1.206 3905 to twist at one end while the other end was held against
#4 (B) 1.253 1.233 3438 torsional rotation. The angle of twist was measured
#5 (A) 1.580 1.961 3707 over a 90 cm gauge length. There was a pair of clamps
#5 (B) 1.573 1.943 3603 with a cantilever arm which were 90 cm apart and had
#6 (A) 1.919 2.892 3800

Hydraube 0i) Jnckj[Ic i
Load Cell—

=
Torque Loading Arm—/
H200x200x1300

B20x400x400
/ Bolt $25x850

Stitfener
P20x30x160

T Tested Beam
T—5—R20x200x200

558

an arm length 77.5 cm away from the beam axis, as

shown in Fig. 2. Then the twist angle per unit length
could be obtained by dividing the relative displacement

4

450 450

Gauge Length

'
—E20x400x400

)

Tested Beam

Tested Beam

iug 40

Arc Radi Circular Steel Bar
{Inner Side of 8t Plate,

45— $10x200

2500

Section

Front View

Fig. 1. Torque loading setup.
(Unit: mm)
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reading equipment, including a load cell and dial gauge,

/ Dial Gage were used to record the magnitude of load and displace-
ﬁ L60x60x5 ment during the loading. Data were read at a fixed time
] Welded interval and load increment.
) N
Glas
/;]_60}8{60}(5 i 1 \\\ //" :--——Tested Beam |V. TeSt ReSUItS
Bearing Bolt— % XA i
N VaE B The test data are summarized in Table 5. The
Bolted\m‘ff"---a ) - behavior of the tested beams under pure torsion is
2 > described as follows:
~—160x60x5 . .
(1) Series 1, specimens N-0-0-00-1, N-0-0-00-2 and N-
/—L60x60x5 0-0-00-3, were cast with plain concrete. The T-
e . 0 curves were almost straight, and one of these
5 = N curves is shown in Fig. 3. Failure of beams oc-
curred immediately after cracking initiated.
(2) Series 2, specimens A-4-0-00-1, A-4-0-00-2, B-4-
0-00-1 and B-4-0-00-2, only had four #4 longitu-
dinal steel. The torque-twist curve does not deviate
excessively from a straight line. The torsional
capacity descended vigorously to some residual
strength after cracking occurred, shown as Fig. 4.
It can be seen from the splitting phenomenon at the
Fig. 2. Twist Measuring Arrangement. beam section corner that the residual strength was
obtained from the dowel action of the longitudinal
steel.
between the ends of two cantilever arms by the gauge (3) Series 3, specimens B-4-3-12-1 and B-4-3-12-2,
length, 90 cm, and cantilever arm length, 77.5 cm. Data were arranged with 4-#4 longitudinal steel and #3
Table 5. Test Results of Beams
Series  Specimen Ultimate Cracking - 6, [ (d—T) (ﬂ)
‘ code torque torque 9% 9
; . (kgf-cm) (kgf-cm) (rad/cmx107%) (rad/cmx107%) (x10%) (x10%)
1 . N-0-0-00-1 P 92552 92552 3.068 3.068 3.568 3.359
' N-0-0-00-2 . 86679 86679 9.004 9.004 2.721 2.742
- N-0-0-00-3 i 106260 106260 3.047 3.047 3.642 3.615
2 A-4-0-00-1 110572 110572 3.355 3.355 3.425 3.415
A-4-0-00-2 100331 100331 3.111 3.111 3.891 3.615
B-4-0-00-1 133749 133749 4.330 4.330 3.775 3.468
B-4-0-00-2 100331 100331 3.470 3.470 3.718 3.464
3 B-4-3-12-1 134673 107184 53.505 * * *
B-4-3-12-2 130977 100947 50.194 2982 3.876 3.645
4 A-4-3-09-1 138369 95711 65.419 3.455 3.535 3.254
A-4-3-09-2 148841 120736 51.584 * * *
B-4-3-09-1 - 154770 108416 760.215 3.412 3.913 3.630
B-4-3-09-2 163394 101871 68.416 3.283 - 4111 3.720
s A-5-3-06-1 200739 96635 46.681 3.498 3.763 3.596
A-5-3-06-2 181951 92939 46.093 - 2.910 3.881 3.578
B-5-3-06-1 194887 84007 64.932 3.340 3.748 3.291
B-5-3-06-2 197967 84931 64.229 3.312 4.096 3.712
6 A-6-3-04-1 221760 67298 68.616 2.867 3.274 2.887
A-6-3-04-2 215908 71918 60.330 2.767 3.625 3.233
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= 1 soeaai
50000 ] ]
; 0} T
] R L ©.00E+0 4.Q0E- 4 8.00E- 4 1.206-3
2.00E+0 4.00E-4 B.00E-4 1.20E-3 Twist (rad/cm)r

Twist (rad/cm)
. . . . Fig. 5. Torque-twist relationship of B-4-3-12-2.
Fig. 3. Torque-twist relationship of A-0-0-00-1.

and #3 sturrups at 9 cm spacing, have T-0 curves
] with a larger plateau and could still resist increas-
250000 ing torque, consistent with a larger twist angle,

] until failure of beams occurred. One of the curves
200000 is shown in Fig. 6.

E 1 (5) Series 5, specimens A-5-3-06-1, A-5-3-06-2, B-5-
13) 3-06-1 and B-5-3-06-2, had 4-#5 longitudinal steel
lmﬂsaeee—: and #3 stirrups at 6 cm spacing. Specimen A-5-
A 3-06-1 was loaded with cyclic loading (loading and
© unloading). It can be seen from the T-8 curve,
3,1000%27 shown in Fig. 7, that the torsional stiffness did not
5 decay distinctly if the inclined concrete struts
&= 50000 ] between the cracks did not fracture. Specimen A-

] 5-3-06-2 was subjected to an initial load such that
the inclined concrete struts themselves had second-
oooe-o | 4.00E-4 | B.o%E-a | 1.206-3

Twist (rad/cm)

Fig. 4. Torque-twist relationship of A-4-0-00-1.

250000

i i i : . 200
stirrups with 12 cm spacing. The torsional stiffness 200000 ]

of this group of beams was reduced distinctly after 5
cracking. At the same time, the longitudinal bar l'm
began to take the loading to maintain the cracking =
torque of the beam, and after that, there was a o
continuous increase of twist angle but with little g
increase of torque capacity while number of added 5

B

cracks and the width of the cracks increased. The .
T-0 curves have a large plateau as shown in Fig. %
5. The beams did not fail until the inclined concrete 3
struts between the cracks on the wider face of the PN I P LI A
beam fractured. Twist (rad/cm)
(4) Series 4, specimens A-4-3-09-1, A-4-3-09-2, B-4-
3-09-1 and B-4-3-09-2, with 4-#4 longitudinal bar Fig. 6. Torque-twist relationship of A-4-3-09-1.
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250000
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150000
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T
. QCE-4 8.00E-4 1.20E-3
w

4
Twist (rad/cm)

Fig. 7. Torque-twist relationship of A-5-3-06-1.

ary cracks, and was then subjected to cyclic load-
ing. It can be seen from the 7-6 curve, shown in
Fig. 8, that the torsional stiffness decayed continu-
ously and that the torsional capacity no longer
increased.

(6) Series 6, specimens A-6-3-04-1 and A-6-3-04-2,

which had 4-#6 longitudinal steel and #3 stirrups
at 4 cm spacing, had a much smaller value of
cracking torque compared with that for plain con-
crete beams having the same section. The torsional
stiffness did not decrease very strong after cracking
and had no distinct plateau, as shown inFig. 9. The
beams did not fail until the inclined concrete struts
between cracks fractured.

250000

INEEEREN

2eeeee
~ |

150000 5

100000

Torque {kg—cm

50000

leeggrcaiailag

o
e®
Q

£+ 4.00E-4 B8.0CE-4 1.20E-3

Twist (rad/cm)

Fig. 8. Torque-twist relationship of A-5-3-06-2.

250000

E
200000
150000 J

100000

INERNNE N ENENENEI

Torque (kg—cm)

50000

SRR EREN]

Q17T rrrrry T
0.00E+0 4.0é€—4 8.@éE—4 1.20E-3

Twist (rad/cm)

Fig. 9. Torque-twist relationship of A-6-3-04-1.

V. Discussions

From the characteristics of the7T-8curves of beams
and related analysis, we can conclude that:

(1) Basically, there were two different types of
failure, brittle and ductile. For beams with no
reinforcement or longitudinal steel only, brittle
failure occurred. Beams with both longitudinal and
transverse steel could still resist the external load
added after cracking, but with torsional stiffness
decay. The saw-tooth shape shown in the 7-0
curves is due to the reduction of torsional resistance
from the cracking of concrete during torque load-
ing.

(2) The cracking torque for each beam can be obtained
from the points of the T-8 curves, at which the slope
of torsional stiffness has distinct change.

(3) For reinforced high strength concrete beams sub-
jected to pure torsion, the T-0curve before cracking
is nearly straight. After cracking, the decrease of
torsional stiffness depends on the amount of total
steel to resist torsion. There is a larger plateau for
the beam with less torsional reinforcement. Table
5 shows the initial stiffness and the stiffness value
which is the slope of the line connecting the initial
point and the point equivalent to half of the crack-

_ ing torque. .

(4) A regression equation for the ultimate torque of
reinforced high strength concrete beams under pure
torsion was found as the best fit for the test data

and 1is:

7 A 2
4:—1.096( I'm rxl—ylffy,)
Xty £ sxy/ f;
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+2054(/m” 2 ) 6001, 16) 120
sx2y\ £
:
and the square of the multiple correlation coeffi- 100
cient, R? is 93%. This equation shows that there’ ’
is a limited ultimate torque capacity with increas- o 0.80
ing torsional reinforcement due to the limit of A i
concrete strength, as shown in Fig. 10. N: 0.60 ,
(5) Table 6 shows the results of comparing the tested < 1 ,’/
ultimate torque with the calculated value using the & 0.40-
formula suggested by ACI and other related for- {
mulas. It can be seen that the formula suggested 0.20-
by ACI code, when used to predict the ultimate
torsional strength of reinforced high strength con- 0.00 .
crete beams in this study seems to be unconservative. ' N

K 0.00 0.20 0.40 .
However, there were better results with the formu- 060 080 100

las of Hsu and McMullen. From Eq. (16) of this
study, T, is smaller than that of ACI-89 Eq. (11- T Axiyify
21). This may be due to the reason that the con- ‘/—”‘_W
tribution of concrete in this study is smaller than
that of ACI-89 Eq. (11-21). From truss model

theory, this may be due to the different softening Fig. 10. Ultimate torque vs. steel parameter.

properties (Hsu and Mo, 1985) of normal and high

strength concrete with cracking under shearing. fracture (Hsu, 1968a) to predict the torsional
(6) Using skew-bending theory with modulus of strength of plain high strength concrete beams

Table 6. Test Results Compared with Reference

Series SPeCimen Tl'l,tesf T;A,Iest 7;,m: T;A,test 7;r, test Tr:‘r, test
code Ty eq.13) Tieq (12) T, eq 1) T, eq(16) Lr ee Lroeq®

1 N-0-0-00-1 0.76 0.71

N-0-0-00-2 0.71 0.67

N-0-0-00-3 0.87 0.82

2 A-4-0-00-1 0.90 0.85

A-4-0-00-2 0.82 0.77

B-4-0-00-1 '1.09 1.03

B-4-0-00-2 0.82 0.77

3 B-4-3-12-1 0.92 0.88 0.96 1.00 0.88 0.83

B-4-3-12-2 0.89 0.85 0.94 0.97 0.83 0.78

4 A-4-3-09-1 0.77 0.78 0.86 0.90 0.78 0.74

A-4-3-09-2 0.82 0.84 0.93 0.97 0.99 0.93

B-4-3-09-1 0.86 0.90 1.00 1.04 0.89 0.83

B-4-3-09-2 0.90 0.95 1.06 1.10 0.83 0.78

5  A-5-3-06-1 0.81 0.84 0.91 1.03 0.79 0.74

A-5-3-06-2 0.73 0.76 0.82 0.94 0.76 0.72

B-5-3-06-1 0.78 0.82 0.89 1.01 0.69 0.65

B-5-3-06-2 0.79 0.83 0.91 1.03 0.69 0.65

6 A-6-3-04-1 0.63 0.67 0.71 1.01 0.55 0.52

A-6-3-04-2 0.61 0.65 0.70 0.99 0.59 0.55

Average 0.79 0.81 0.89 1.00 0.80 0.75




Torsion of High Strength Concrete

seems to give better results than with splitting
tensile strength (Bakhsh et al., 1990), but
both are still unconservative, as shown in Table 6.

(7) This study has shown that all the beams could still
maintain cracking torque after the beams cracked.
The pya(=pr+p;) varied from 0.0211 to 0.0559
while m” was 0.693~0.920. Furthermore, T,/T,,
was 1.28~3.16, and T, was 100000~70000 kgf-
cm.

(8) Specimens B-4-3-12-1 and B-4-3-12-2 with stir-
rups at 12 cm spacing, where the spacing was larger

than the value (x1 Z A

=9cm) suggested by ACI code

to avoid the decrease of torsional strength, could
still maintain the torsional capacity.

(9) As shown in Fig. 5, the cracking torque was
maintained until the failure of the specimen. This
means that A,=0.734 cm?® used in series 3, which
is larger than the minimum reinforcement 0.479
cm?® calculated by Eq. (15) for normal strength
concrete, is sufficient to ensure the ductility of the
beam.

VI. Conclusions

From the test results and discussion above, where

Protal Was in the range of 0.0211~0.0559 and m’ was

0.693~0.920, we can conclude that:

(1) The torsional strength of beams with transverse
steel ratio p,=0.01 can be maintained at a value not
less than the cracking torque even if the spacing
of stirrups is over the limit value suggested by ACI
code. '

(2) Aregression formula derived as Eq. (16), based on
this study (f 4.=950 kgf/cm®), can be used to
estimate the ultimate torque of reinforced high
strength concrete beams.
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