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The torsion provisions in the ACI Building Code (318-89)
were proposed in a series of papers by ACI Committee 438,
Torsion, in 1968 and 1969'? and adopted in the 1971 ACI
Building Code. Shortly thereafter, a radically different de-
sign procedure based on a thin-walled tube, space-truss anal-
ogy was proposed in Switzerland.>* This paper gives the
background for revisions recently adopted by ACI Commit-
tee 318 to replace the current ACI design method for torsion
with one based on the thin-walled tube, space-truss analogy.
This design method is currently included in the CEB Model
Code’ and the Canadian code,® among others.

The change is proposed primarily because the new method
is considerably simpler to understand and apply, and is
equally accurate. The new method can also be used for pre-
stressed concrete loaded in torsion, a case not covered by
ACI 318-89. There are a number of more “accurate,” but
more complex, design procedures in the literature.”® The
method presented here has intentionally been kept as simple
as possible while maintaining ratios of measured to comput-
ed strengths for test specimens that are equivalent to or better
than those for ACI 318-89.

RESEARCH SIGNIFICANCE
This paper reviews the derivation of a design procedure

for reinforced and prestressed concrete beams loaded in tor-
sion, which will be included in the 1995 ACI Building Code.
The method is compared to test data from the literature.

BASIC THEORY
The test data' for solid and hollow beams plotted in Fig. 1
suggest that, once cracking has occurred, the concrete in the
center of the member has little effect on the torsional
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strength of the cross section and can be ignored. The beams
can, in effect, be considered to be equivalent tubular mem-
bers. This observation is the basis of the design procedures
for torsion presented here.

The new torsion design provisions are based on a thin-
walled tube, space-truss analogy in which the beam cross
section is idealized as a tube, as shown in Fig. 2(a). After
cracking, the tube is idealized as a space truss consisting of
closed stirrups, longitudinal bars in the corners, and concrete
compression diagonals approximately centered on the stir-
rups. The diagonals are at an angle 0, generally taken as 45
deg for reinforced concrete beams, as shown in Fig. 2(b). Al-
though the tube analogy is less obvious before cracking, it
will be used to predict cracking to maintain the consistency
of the model.

Shear stresses in thin-walled hollow tube
Textbooks on mechanics of materials explain that, for any

shape of thin-walled hollow member with continuous walls,

the shearing stress T due to torsion can be calculated from

1= L 1)

where T 'is the torque, A, is the area enclosed by a line around
the tube at the midthickness of the wall, and ¢ is the thickness
of the wall of the tube.

For solid cross sections, it is necessary to define the wall
thickness of the equivalent thin-walled tube. Prior to crack-
ing, the wall thickness is defined as a function of the area and
perimeter of the uncracked concrete section. Expressions
will be given later. After cracking, the resistance to torsion
comes from the stirrups, longitudinal bars, and outer con-

*ACI Committee 318 has endorsed early publication of this paper which serves as
background to upcoming code revisions.
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crete skin, A, is empirically taken as 0.85 times the area A,
enclosed by the outermost closed stirrups in the section, and
tis taken as A ,/p, where pj, is the perimeter of the centerline
of the closed stirrups.

In this paper, the design method is referred to as the thin-
walled tube analogy because this is the terminology used in
mechanics of materials textbooks. The thickness of the walls
of the tube representing a solid member is actually on the or-
der of one-sixth to one-quarter of the minimum width of a
rectangular member.

DERIVATION OF TORSION DESIGN EQUATIONS
The proportioning equations presented in this section of

the paper were derived about 20 years ago, and the reader
should refer to the earlier publications for more discus-
sion. 34

Torsion causes inclined cracks, which tend to extend
around the member in a spiral fashion. After cracking, a rect-
angular beam subjected to pure torsion can be idealized, as
shown in Fig. 2(b). The beam is modeled by a space truss
consisting of longitudinal bars in the corners, closed stirrups,
and concrete compression diagonals, which spiral around the
member between the torsional cracks. The width and height

600
Over-reinforced "
500 beams -
3
] "
¥ 400f
= A U
o Maximum T, by
=3 1989 ACI Code
= 300
L
o * Solid
© © Hollow
£ 200
=) »"~—Average cracking torque, T,
'Y, -Solid sections
100 v Average cracking torque, T,
-Hollow sections '
1 1 1 i

0
0 100 200 300 400 500
x1Y1Atfy/s, in.-kips

Fig. I—Comparison of torsional strengths of solid and hol-
low beams
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of the truss are x, and y,, respectively, measured center-to-
center of the sides of the closed stirrups. The angle of the
cracks is 8, which initially is close to 45 deg for nonpre-
stressed beams, but may deviate from 45 deg at high torques.

Area of stirrups
The shear force per unit length of perimeter, at any point

on the perimeter of the tube, is referred to as shear flow g =
Tt, where T is the shear stress due to torsion, and ¢ is the
thickness of the wall of the tube at the point under consider-
ation. From Eq. (1)

g=1=5; @

o

The total shear force due to torsion in a given side of the
tube is g times the length of the side. Thus, the shear force in
one vertical side is

T
24,

V, = =, 3)

Similar forces act on all four sides, as shown in Fig. 2(b).
These forces are oriented to cause a torque about the axis of
the member to resist the applied torque.

A portion of one of the vertical sides is shown in Fig. 3.
The inclined crack cuts n = y, cot 0 /s stirrups, where s is the
stirrup spacing. The force in the stirrups crossing the crack
must equilibrate V,. Assuming all the stirrups yield at ulti-
mate

A
V, = e Vy”cote 4
s
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Fig. 2—Thin-walled tube and space-truss analogies
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where fyv is the yield strength of the stirrups. Substituting the
value of V, from Eq. (3) and taking T equal to T, the nominal
torsion capacity, the design equation for computing the re-
quired area of closed stirrups, is

. 2A0AtfyvC

n

oto 5)

where 0 may be taken as any angle between 30 and 60 deg.
For nonprestressed concrete, the new code statement sug-
gests that O be taken as 45 deg. This corresponds to the value
assumed in the equations for the design of stirrups for shear
in the ACI Building Code.

For prestressed concrete, 0 is considerably less than 45
deg, due to the effect of the axial compression stress f,. on
the inclination of the principal tensile stresses, and also be-
cause prestressed members frequently have more longitudi-
nal steel than required for torsion. The new code statement
suggests 6 = 37.5 deg in this case, arbitrarily taken halfway
between the lower limit on 0, 30 deg, and the value used to
design stirrups for shear, 45 deg.

Longitudinal reinforcement
As shown in Fig. 4, the shear force V, in Side 2 can be re-

solved into a diagonal compressive force D,, parallel to the
inclined compression struts, and an axial tensile force N,
where D, and N, are given by

D, = V,/sin6 6)

N, = V,cot0 @)

Since the shear flow ¢q is constant along the side of the
member in a thin-walled tube, D, and N, act at midheight of
the side. For a beam with longitudinal bars in the top and bot-
tom corners of the side as shown, half of the tension force N,
in Side 2 will be resisted by each corner bar. Similar force
components N, N3, and N, exist in the other three sides. For
a rectangular member, as shown in Fig. 2(b), the total longi-
tudinal force is

N = 2(N,+N,) (8)

Substituting Eq. (3) and (7) into Eq. (8) and taking T =T,
gives

Tn
N = ﬁZ (xo+y0) cot® (9)

o

where 2(x, + y,) is the perimeter of the closed stirrup pj,.
Longitudinal reinforcement must be provided for the entire
axial force N. Assuming the longitudinal steel yields at fail-
ure, the required area is given by setting A, f,, = N which
gives

cot® 10)
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Fig. 4—Resolution of shear force in Side 2 of space truss

For convenience in design, A, can be expressed in terms of
the area of the torsional stirrups. Substituting Eq. (5) into Eq.
(10) gives

A= (%)ph(%)cotze (11)
y

If a value of © less than 45 deg is used in Eq. (5), the area
of stirrups A, /s, required for a given torque 7, decreases.
This saving is offset by an increase in the required area of
longitudinal steel A,, as shown by substituting 6 less than 45
deg into Eq. (10). The revisions allow the use of 6 from 30
to 60 deg to allow designers to optimize the relative amounts
of stirrups and longitudinal reinforcement if they wish. How-
ever, the same value of 8 must be used in Eq. (5) and (10) or
(11) when designing a given member for torsion.

Because the forces N; through N, each act at the middle of
one of the walls, the resultant force N acts along the centroi-
dal axis of the cross section of the space truss. The line of ac-
tion of the force in the longitudinal bars Af,, should coincide
with that of N. As a result, the longitudinal torsional steel
must be distributed around the perimeter of the section, es-
sentially as required in ACI 318-89.

Combined shear and torsion
In ACI codes prior to 1995, a portion of both the shear and

the torsion are resisted by the concrete terms V, and T,. A
significant part of the complexity of the previous ACI design
procedure arises from the assumed circular interaction be-
tween V, and T,. In the new design method, V, is assumed to
be unaffected by the presence of torsion, and 7T, is always
taken equal to zero. This greatly simplifies the calculations.
Design comparisons prepared by the subcommittee that de-
veloped these revisions showed that for combinations of low
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V, and high T,, with v, less than about 0.8(¢2 A/]T’ ), the new
method requires more stirrups than ACI 318-89. For v great-
er than this value, the new method requires marginally fewer
stirrups than ACI 318-89.

For prestressed concrete, ACI 318-89 Eq. (11.10), (11.11),
and (11.13) are used to compute V. and Eq. (11.17) is used
to compute V. These have been retained because ACI Com-
mittee 318 did not want to change the shear design provi-
sions for prestressed concrete at this time. The design of
stirrups for shear is based on Eq. (11.17), which assumes that
the crack angle 0 is 45 deg. On the other hand, the stirrups
and longitudinal steel for torsion are computed using Eq. (5)
and (11), in which one is permitted to take 6 =37.5 deg. De-
spite this inconsistency in angles, the nominal strength com-
puted by the new method compares well with test results, as
shown later in this paper.

Combined torsion and moment
Torsion leads to an axial force N, shown in Fig. 4, which

must be resisted by longitudinal reinforcement. If torsion oc-
curs in a region of a reinforced concrete beam where moment
also acts, the longitudinal torsion reinforcement in the flex-
ural tension zone is added to the flexural reinforcement. In
the flexural compression zone, the compression due to flex-
ure reduces the need for longitudinal torsion reinforcement.
This allows a reduction in the area of the longitudinal torsion
reinforcement in the compression zone by the area of steel
corresponding to the flexural compressive force M, /(0 £
0.9d). '

In prestressed concrete beams, the total longitudinal rein-
forcement, including tendons, at any section must be able to
resist the factored moment at the section, plus an additional
concentric longitudinal tensile force equal to A, f,, from Eq.
(11) for the factored torsion at that section. In the flexural
compression zone, the longitudinal torsion steel may be re-
duced as a result of the flexural compressive force in the
same manner as for reinforced concrete beams. Here, also,
the longitudinal torsion reinforcement must be spaced
around the perimeter of the section.

Maximum shear and torsion

A member loaded in torsion may fail by yielding of the
stirrups or the longitudinal steel, or by crushing of the con-
crete diagonals between the cracks. A serviceability failure
may result if the inclined crack widths are excessive at ser-
vice loads. The limitation on shear stresses in Section
11.5.6.8 of ACI 318-89 was originally derived to limit shear
crack widths and will be used for that purpose here. The
shear stress due to direct shear is V./(b,,d). From Eq. (1) with
A, after torsional cracking taken equal to O.85A,, and f =
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APy, the shear stress due to torsion is T,p, /(1.7 A,,%). In a
box girder, these are directly additive on Side A, as shown in
Fig. 5(a), and the limit is given by

T
—“+—L”2§¢(vc+sjff) (12)
JA

If a box girder has a wall thickness less than A, /p, the
second term on the left-hand side of Eq. (12) becomes
T,/(1.7A,t) or more correctly, T,/(2A ).

In a solid section, the shear stresses due to direct shear are
assumed to be distributed uniformly across the width of the
section, while the torsional shears only exist in the walls of
the assumed thin-walled tube, as shown in Fig. 5(b). For this
reason, the direct summation of the two terms tends to be
conservative, and a root-square summation is used

1.7A

VN (T 2
J(ﬁ) +[—“pi2] <o (v, +8,Jf) (13)

oh

Failure can also occur due to crushing of the concrete in
the web. In the next few paragraphs, it will be shown that this
gives a higher limit on the stresses than Eq. (12) and (13).

The diagonal compressive force in a vertical side of the
member shown in Fig. 2(b) is given by Eq. (6). This force
acts on a width y, cos®, as shown in Fig. 4. The resulting
compressive stress is

v

_— 14
ty,cos0sin6 (14

Jea =

Substituting Eq. (3), again taking A, equal to 0.85 A, and
approximating f as A, /p, gives

Tup h

T2 (15)
1.7A ,cosOsin®

fea =

The compressive stresses due to shear may be calculated
in a similar manner as

14

Jea = b, dcosBsin® (16)

Because the compressive stress due to shear may be as-
sumed to be distributed uniformly across the width of the
web, while that due to torsion exists only in the walls of the
assumed thin-walled tube, a root-square summation is used.
Thus, for a solid section

e )2 LR
= - +
d b, dcosBsin6 1 ,7A0hzcos Osin0

The value of f,,, from Eq. (17) should not exceed the crush-
ing strength of the cracked concrete.in the web f,,. Collins
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and Mitchell” have related f,, to the strains in the longitudi-
nal and transverse reinforcement in the web of the beam. For
0 =45 deg, and longitudinal and transverse strains equal to
the yield strain of Grade 60 steel, € = 0.002, Collins and
Mitchell predict f,, = 0.549f,” . Setting f,; in Eq. (17) equal
to 0.549f.” and evaluating cos@sin® for 6 = 45 deg, the
upper limit on the shears and torques as determined by crush-
ing of the concrete in the web becomes

Vu 2 Tu Py 2 ’
(———) +| —— | = 0.275f, (18)
b,d 17A,,

The limit given in Eq. (13) has been set at v, + 8 j)? to
limit crack widths. For reinforced concrete with v, taken
equal to 2 A/}76—’ , the shear stresses necessary to cause crush-
ing, as given by Eq. (18), will exceed the crack width limita-
tion for f.” greater than 1324 psi. For prestressed concrete,
assuming 6 =37.5degandv. =5 A/E’ , the crushing limit in
Eq. (18) becomes 0.20f,”, which exceeds the crack width
limit in Eq. (13) for .’ greater than 4225 psi. Since rein-
forced concrete members will always have f,” exceeding
1324 psi, and the majority of prestressed members will have
f,” exceeding 4225 psi, only the crack width limit has been
included.

Lower limit on when torsion should be considered

Section 11.6.1 of ACI 318-89 allows torsion to be neglect-
ed if the torque is less than a quarter of the cracking torque
in pure torsion. The same reasoning has been retained in the
new method. In pure torque, the principle tensile stress o,
due to torsion is equal in magnitude to the shear stress due to
torsion. Thus, for a thin-walled tube

6, =1T= (19)

To apply this to a solid section, it is necessary to define the
wall thickness of the equivalent tube prior to cracking. The
Euro-International Concrete Committee (CEB)® approxi-
mates  as A, /p,,, where p,, is the perimeter of the concrete

~ section, and A, is the area enclosed by this perimeter. The
Canadian Code® assumes that, prior to cracking, the wall
thickness is 0.75 A.,/p., and the area enclosed by the tube
centerline is 2A4.,/3. Substituting the latter values into Eq.
(19) gives

(20)

Setting ¢, equal to the tensile strength of concrete in bi-
axial tension-compression, taken as 4 «/J? , gives the torque
at cracking

A 2
T, = 4#5’[—”—’] 1)

Pep

If T, exceeds a quarter of T, or

A 2
N/ (—”] (22)

Pep

torsion must be considered in design. The limit given for pre-
stressed concrete is obtained in a similar way, allowing for
the effect of the prestress on the principal tensile stress, de-
rived using a Mohr's circle. The resulting limit is

A I3
0 fc’(ﬂ) /1+_P—C- 23)
' Pep 4.lf;

Minimum torsional reinforcement
The minimum closed stirrup reinforcement for shear and

torsion given in the new procedure is the same as in ACI
318-89. For pure torsion, this is equivalent to A, =
25b,,5/f,,

In Hsu's tests! of rectangular reinforced concrete members
subjected to pure torsion, two beams failed at the torsional
cracking load. In these beams, the total ratio of the volume
of the stirrups and longitudinal reinforcement to the volume

Table 1—Comparison of tests to design procedure

Test/calculated strength
ACI New method
Coefficient of Coefficient of
Loading No. Mean variation Mean variation

Reinforced concrete

Pure torsion 100 1.028 0.165 1.276 0.161

Combined bending and torsion 42 1.332 0.227 1.383 0.168

Combined bending, shear, and torsion | 38 1.382 0.156 1.359 0.106
Prestressed concrete*

Pure torsion 48 — — 1.417 0.180

Combined bending and torsion 49 — — 1.642 0.200

Combined bending, shear, and torsion | 63 — — 1.773 0.234

*The ACI method does not apply to prestressed concrete.
deg.
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Fig. 6—Comparison of measured and computed failure tor-
sions for 100 reinforced concrete beams—Pure torsion
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Fig. 7—Comparison of measured and computed failure tor-
sions for 38 reinforced concrete beams—Combined torsion,
shear, and moment
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of the concrete was 0.802 and 0.88 percent, respectively. A
beam with a volumetric ratio of 1.07 percent failed at 1.08
times the cracking torque. All other beams had reinforce-
ment ratios of 1.07 percent or greater and failed at torques in
excess of 1.2 times the cracking torque. This suggests that
beams with similar concrete and steel strengths loaded in
pure torsion should have a minimum volumetric ratio of re-
inforcement on the order of 0.9 to 1 percent. Thus

A, .5 A
emin® | 2Py 60 (24)
Acps Acps
or
A
Aypin = 0014, =2 (25)

If the constant 0.01 is assumed to be a function of the ma-
terial strengths, Eq. (25) can be rewritten as

. 7.5JE’AC A, (&) (26)

¢,min fy . P s fye

In the 1971 and subsequent ACI Building Codes, a transi-
tion was provided between the amount of steel required by
the equation for A, ,,,,;, for pure torsion and the much smaller
minimum reinforcement required for beams subjected to
shear without torsion. This was accomplished by multiply-
ing the first term on the right-hand side of Eq. (26) by T/(T
+ v). During the committee ballot process to approve the new
procedure, Professors Mattock and Hsu developed simpli-
fied expressions approximating T/(T+ v) as a function of v
only, and as a function of T only, respectively. Hsu showed
that the practical range of behavior of beams with A, satis-
fying Eq. (11) could be represented by taking T/(T +v) equal
to 2/3, which gave Eq. (27) for the minimum longitudinal re-
inforcement

i - SJJZAW ) (?)ph(%) @7

Comparison with the results of tests of prestressed con-
crete beams indicates the same amount of minimum longitu-
dinal reinforcement was needed in prestressed beams.*

COMPARISON OF STRENGTH PREDICTIONS BY

NEW DESIGN PROCEDURES TO TEST RESULTS
The strengths predicted by the new design procedure were
compared to reinforced and prestressed concrete test data
from the literature. Many of the test specimens in the litera-
ture had unrealistic reinforcement ratios, excessive stirrup or
longitudinal reinforcement spacings, or torsional reinforce-
ment combinations, which would not occur if design were
carried out by the new design method. Criteria similar to

*Mattock, A. H., Personal communication, Jan. 1993.
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Fig. 8—Comparison of shear stress limit in Eq. (13)to
shear stresses at failure of reinforced concrete beams failing
due to web crushing—Pure torsion

those proposed by Hsu and Mo® have been adopted for re-
jecting unrealistic test specimens. Beams having stirrup
spacing in excess of the code limit of pi/8, having longitudi-
nal reinforcement spacing in excess of the code limit of 12
in., or having torsional reinforcement content less than the
amount required to develop the cracking moment given by
the new design procedures, have been excluded.

Reinforced concrete
The results of tests of reinforced concrete beams were

compared to the failure torsions predicted by the ACI 318-89
code and the new design procedures. The results are summa-
rized in Table 1.

Histograms of the test-to-calculated strength ratios are
given in Fig. 6 for 100 beams loaded in pure torsion. The
lowest strength ratio for these 100 beams was 0.453 for ACI
318-89 and 0.895 for the new design method.

The ratios of the test to predicted torsional strength of
beams subjected to combined shear, bending, and torsion are
shown in Fig. 7. The extreme strength ratios for the beams
examined were 0.940 and 1.827 for the 1989 ACI code pro-
cedure and 1.034 and 1.698 for the new design procedure.

In Fig. 8, the limit on shear stresses given by the right-
hand side of Eq. (13), with v, set equal to 2 «/J? is compared
to the shear stresses at failure of 20 reinforced concrete
beams that failed due to web crushing. The fact that the com-
puted values of the shear stresses at failure for all the beams,
except one, are larger than the suggested limiting value of
10 A/]T’ indicated that these specimens failed at a higher level
of shear stress than that predicted by the criteria given in Eq.
(13). Although the limit 10 JE is extremely conservative for
some cases, it is a safe and easily applied lower bound value
for reinforced concrete members subjected to pure torsion
and experiencing web crushing.

Comparison of the predicted strengths with test data for re-
inforced concrete beams suggests that, although the new de-
sign procedure is simpler to understand and apply, it predicts
test strengths at least as well as the ACI 318-89 procedure.

ACI Structural Journal / March-April 1995
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Fig. 9—Comparison of measured and computed failure tor-
sions for 48 prestressed concrete beams—Pure torsion

Prestressed concrete

The new design procedure is compared to prestressed con-
crete test data in Table 1. No comparisons are given for ACI
318-89 because that code did not treat prestressed concrete
in torsion. In the new design procedure, the crack slope has
been taken equal to 37.5 deg in calculations related to tor-
sion.

Histograms of the test-to-calculated strength ratios are
given in Fig. 9 for 48 prestressed beams loaded in pure tor-
sion based on crack slopes of =45 deg and 6 = 37.5 deg.
It can be seen that the predictions using 6 = 37.5 deg, al-
though conservative, show much better agreement with the
test results. This can be attributed in large part to the fact
that, due to prestress, the crack angle is usually less than 45
deg. Fig. 10 shows a comparison between tests and the
strengths computed using the new design procedure for 6 =
37.5 deg for 63 prestressed concrete beams under combined
shear, bending, and torsion.

The results of 19 tests of prestressed beams in which web
crushing failures occurred due to combined shear and torsion
are compared to the design limits in Fig. 11. The two lines
represent the shear stress limits given by the right-hand side
of Eq. (13), with v, having the extreme high and low values
from the ACI Building Code Section 11.4.1. Once again the
web crushing criteria given from Eq. (13) are extremely con-
servative in some cases. However, the lack of ductility in
web crushing failure makes it highly desirable to be conser-
vative in this area.

CONCLUSIONS
A design method for torsion in reinforced and prestressed

concrete is proposed to replace Section-11.6 of the ACI
217
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torsions for 63 prestressed concrete beams—Combined tor-
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Building Code. The derivation of the design equations is pre-
sented. Comparison of predicted strengths with test data
shows at least as good agreement as the current ACI Build-
ing Code procedure for reinforced concrete beams. Good
agreement is also obtained for prestressed concrete.
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NOTATION

A, = gross area enclosed by the centerline of the shear flow path

Aon, =  gross area bounded by centerline of outermost closed stirrups

Acp = gross area bounded by outer perimeter of concrete cross sec-
tion

A, = area of longitudinal reinforcement required for torsion

Ay =  cross-sectional area of one leg of closed stirrup

b, =  width of rectangular cross section

d = distance from extreme compression fiber to centroid of longi-
tudinal flexural tension reinforcement

D, = diagonal compressive force in Side 2 of space truss

f c' = specified compressive strength of concrete

Jed = inclined compressive stress acting on compressive struts
between inclined cracks

fee = crushing strength of cracked concrete in web of beam

Joe =  compressive stress due to effective prestress at centroid of
section

fy‘ = yield strength of longitudinal torsional reinforcement

Fyw = yield strength of stirrups

M, = factored flexural moment at section being designed

N = total axial tension force due to torsion

Ny, Ny = axial tension forces in Sides 1 and 2 of space truss

Pep =  outer perimeter of concrete cross section-

pr =  perimeter of centerline of outermost closed stirrups

q = shear flow

s = spacing of stirrups in direction parallel to longitudinal axis of
member

t = wall thickness of thin-walled tube
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Fig. 11—Comparison of shear stress limit in Eq. (13) to
shear stresses at failure of prestressed concrete beams fail-
ing due to web crushing—Combined torsion and shear

Tycy = failure torque computed by ACI 318-89

T, = torsion carried by concrete in ACI Building Code

1., = torsional cracking torque under pure torsion

T, = nominal torsional strength of member

Tyrop failure torque computed by new procedure

Ties =  measured failure torque

T, = factored torsional moment

X = center-to-center length of shorter side of closed rectangular
stirrup

X = mean value of T}, /T, prop

Yo = center-to-center length of longer side of closed rectangular
stirrup

Ve = shear stress carried by concrete

Ve = shear force carried by concrete

vy = shear stress corresponding to factored shear force

Vi = factored shear force

V1, Vo =  shear forces in Sides 1 and 2 of space truss due to torsion

[] = strength reduction factor

(] = principal tension stress

T = shear stress due to torsion

0 = angle of inclination of diagonal compressive stresses to longi-
tudinal axis of member

v = coefficient of variation
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