Prestressed Concrete Structures

5.6 Design for Torsion (Part Il)

This section covers the following topics.
e Design of Transverse Reinforcement
e Detailing Requirements

o Design Steps
5.6.1 Design of Transverse Reinforcement

For the design of the transverse reinforcement, the capacities of concrete to resist the
torsion and shear need to be determined. To consider the simultaneous occurrence of

flexural and torsional shears, a linear interaction between the two is considered.

The capacity of concrete to resist torsion is reduced from T, the capacity under pure
torsion. Similarly, the capacity of concrete to resist shear is reduced from V., the

capacity in absence of torsion.

Capacity of Concrete under Pure Torsion

The capacity of concrete is determined based on the plastic theory for torsion. The
capacity is equal to the torque generating the first torsional crack (Tg).
For a reinforced concrete beam, T, is estimated by equating the maximum torsional
shear stress (zmax) caused by T, to the tensile strength of concrete (0.2Vfx). The
estimated tensile strength is less than that under direct tension because the full section

does not plastify as assumed in the plastic theory.

The estimate of the cracking torque (T.,) for a rectangular section is given below.

2
T, ~0.2 fcka(1- D ]
2 | 3D

T, =0.1 b2D(1-3tz_)j f (5-6.1)

For flanged sections, the section is treated as a compound section. A compound section

is a summation of rectangular sections.

The cracking torque is estimated as a summation of the capacities of the individual

rectangular sections. Since the interaction between the rectangular sections is
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neglected in the summation, the estimate of the cracking torque is a lower bound

estimate.

The following flanged section is shown as a compound section of five rectangles. For an

individual rectangle, the short side is b and the long side is D.

Ty I.':_ ".I:,-I RS e
v ) W b By <

Figure 5-6.1 Flanged section as a compound section

The estimate of the cracking torque (T.,) for a compound section is as follows.

! 2 b
T,=20.1b 0(1-3[)) For (5-6.2)
Here, the summation is for the individual rectangles.

For a prestressed concrete beam, the strength of concrete is multiplied by the factor A4,,

which is a function of the average effective prestress (fcp).

e e 215 (5-6.3)

The value of fg, is taken as positive (numeric value). It can be observed that the strength
increases with prestress. The cracking torque (T.) and the capacity of concrete to
resist torsion (T;) for a prestressed concrete beam are thus estimated as follows.

TC = Tcr

b -6.4
TC=ZO.15b2D(’I-3D)Ap f, (5-6.4)
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In the previous expression,
b = breadth of the individual rectangle

D = depth of the individual rectangle.

Interaction of Shear and Torsion

In presence of flexural shear, the torsional capacity of concrete reduces. Similarly, in
presence of torsion, the flexural shear capacity of concrete reduces. This is referred to
as interaction of shear and torsion. The capacity of concrete under shear is explained
in Section 5.2, Design for Shear (Part 1). A linear interaction of the shear and torsion
capacities of concrete is considered as shown in the following figure. In the horizontal
axis, the shear demand is normalised with respect to the capacity of concrete under
flexural shear. In the vertical axis, the torsional demand is normalised with respect to

the capacity of concrete under pure torsion.

1.0

W

VvV, 1.0

Figure 5-6.2 Interaction diagram for shear and torsion

The interaction equation is given as follows.
T, .V
Ty (5-6.5)
This is a linear interaction equation.
In the previous expression,
T, = applied torsion at ultimate
V., = applied shear at ultimate
T. = capacity of concrete under pure torsion.

V. = capacity of concrete under flexural shear.

Based on the interaction equation, the reduced capacity of concrete to resist torsion

(T¢1) is given below.
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e
R1=E(e+e) (5-6.6)

<T,/2

T¢1 is limited to T,/2 to restrict concrete reaching its capacity.

The parameter e is the ratio of torsion and shear demands at ultimate. The parameter
e. is the ratio of the corresponding concrete capacities.
e=TJV, (5-6.7)
ec=Td Vs (5-6.8)
The reduced capacity of concrete to resist shear is given below.

e

Ve =V, e+cec (5-6.9)

Calculation of Transverse Reinforcement
The transverse reinforcement is provided in the form of closed stirrups enclosing the
corner longitudinal bars. The amount (As,) is equal to the higher value determined from

two expressions.

The first expression is based on the Skew Bending Theory.

Mtsv

=Tl 5-6.10
TG ( )

The notations are as follows.
b = distance between the corner longitudinal bars along the short side
dy = distance between the corner longitudinal bars along the long side.
M; = additional bending moment from torsion.
Sy = spacing of the stirrups
f, = characteristic yield stress of the stirrups.

The dimensions b1 and dy are shown in the following sketch.
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Figure 5-6.3 Dimensions between the corner bars

The second expression of A, is based on the concept of total shear.

Asv = AV + 2AT (5'611)

The first component A, corresponds to the flexural shear to be carried by the stirrups.
The second component A; corresponds to the torsional shear to be carried by the
stirrups. The factor 2 considers that the torsional shear is additive to flexural shear in

both the legs.

The following sketch shows the addition of flexural and torsional shears for a hollow

section.

Due to V, Due to 7,

Figure 5-6.4 Distribution of flexural and torsional shears for a hollow section
The two shears are additive in the left web, whereas they are subtractive in the right
web. Since, the stirrups have equal areas in the two legs, the torsional shear is

considered additive to flexural shear in both the legs.

In solid sections, the two shears are not additive throughout the web. The flexural shear

is distributed, whereas the torsional shear is restricted in the shear flow zone. Thus for
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solid sections, the expression of As, is conservative. The following sketch shows the

addition of flexural and torsional shears for a solid section.

L 2 =

Due to V, Due to 7,

Figure 5-6.5 Distribution of flexural and torsional shears for a solid section
If the breadth of the web is large, the two shears can be designed separately. The
stirrups for flexural shear can be distributed throughout the interior of the web. For

torsional shear, closed stirrups can be provided in the peripheral shear flow zone.

The expressions of A, and A; are derived from the truss analogy for the ultimate limit

state.
3 (Vu _Vc1 )Sv
A, 0.871,d, (5-6.12)
— (Tu & Tc1 )Sv
T 0.87fbd, (5-6.13)

The minimum amount of transverse reinforcement is same as that for shear in absence

of torsion.
Ao = P2 (5-6.14)
5.6.2 Detailing Requirements

The detailing requirements for torsional reinforcement in Clause 22.5.5, IS: 1343 - 1980

are briefly mentioned.

1) There should be at least one longitudinal bar in each corner. The minimum diameter

of the longitudinal bars is 12 mm.
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When any side is larger than 450 mm, provide side face reinforcement (As, sf)» as per
the following.

Minimum amount As,sf,min =0.1% bD

Maximum spacing Smax = 300 mm or b, whichever is less.

This amount is sufficient to check thermal and shrinkage cracks.

2) The closed stirrups should be bent close to the tension and compression surfaces
satisfying the minimum cover. The stirrups should be perpendicular to the axis of the
beam. Closed stirrups should not be made of pairs of U-stirrups lapping one another.

This is clarified in the following sketch.

Incorrect detailing Correct detailing

Figure 5-6.6 Detailing of closed stirrups
3) The maximum spacing is (x1 + y1)/4 or 200 mm, whichever is smaller. Here x4 and y,

are the short and long dimensions of the stirrups respectively.

4) Proper anchorage of stirrups as mentioned under detailing requirements of shear
reinforcement. It is recommended to bend the ends of a stirrup by 135° and have 10
times the diameter of the bar (dp) as extension beyond the bend. The following sketch

clarifies the detailing of end hooks.

135°

o~

Figure 5-6.7 Detailing of end hooks for stirrups
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5) The stirrups should be continued till a distance h + b,, beyond the point at which it is

no longer required. Here, h is the overall depth and b,, is the breadth of the web.

5.6.3 Design Steps

The following quantities are known at the selected section.
M, = factored flexural moment
V, = factored shear

T, = factored torsional moment.

For gravity loads, these are calculated from the dead load and live load.
The grades of concrete and steel are selected before design. As per IS: 1343 - 1980,

the grade of steel for stirrups is limited to Fe 415.

For the design of longitudinal reinforcement, the following quantities are unknown.
The member cross-section.
Mg1, Mgy, M3 = total equivalent flexural moment
A, = amount of prestressing steel,
P. = the effective prestress,
e = the eccentricity
As = area of longitudinal reinforcement

A’ = area of longitudinal reinforcement in opposite face.

Prestressing steel A, may be provided in the opposite face.
For the design of stirrups, the following quantities are unknown.

V1 = shear carried by concrete

T.1 = torsion carried by concrete

Asy = total area of the legs of stirrups within a distance sv

Sy = spacing of stirrups.
The steps for designing longitudinal and transverse reinforcements for beams subjected
to torsion are given.

1) Calculate M,, V, and T, at a selected location. Select a suitable cross-section.

For high value of T,, as in bridges, a box section is preferred.
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For longitudinal reinforcement
2a) Calculate Me1.
2b) Design A, and As. The design procedure involves preliminary design and final
design, which are explained in the Section 4.2, Design of Sections for Flexure (Part
I) and Section 4.3, Design of Sections for Flexure (Part Il)
3a) Calculate M, if M, < M.
3b) Design As'. The design procedure is similar for a reinforced concrete section. If
A, is provided, the design is similar to a prestressed concrete section.
4a) Calculate M3 if M, < M.
4b) Check the adequacy of transverse bending based on the corner bars. If
inadequate, design side face reinforcement (Ass). Assr includes the corner bars.

The design is similar to that for a reinforced concrete section.

For transverse reinforcement
5a) Calculate T, Eqn. (5-6.4).
5b) Calculate V, from the lower of V, and V.
5c) Calculate e (if not calculated earlier) and e..
5d) Calculate T.1 and V4. Limit T, to T,/2.
6) Calculate A, / s, from the greater of the values given by Eqns. (5-6.10),
(5-6.11), (5-6.12), and (5-6.13).
Compare the value with the minimum requirement Eqgn. (5-6.14).
7) Calculate maximum spacing and round it off to a multiple of 5 mm.

8) Calculate the size of the stirrups based on the amount required.

Repeat the calculations for other locations of the beam if the spacing of stirrups needs

to be varied.
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Example 5-6.1

Design a rectangular section to carry the following ultimate loads.
Ty =44.5KkNm
My =222.5 kNm (including an estimate of self-weight)
Vy =89.0 kN.
The material properties are as follows.
fek = 35 N/mm?
f, = 250 N/mm?
fox = 1720 N/mm?

The prestressing is f,e = 1035 N/mm?.
Solution

1) Calculate Me1.

Let D/b =2

M, =T, 1+ 22
b

=44.5J1+2x%x2
=99.5kNm

M4 =M, + Mr
=222.5+995
= 322.0 kNm

2) Select section. Design A, and As.
Select
b =250 mm
D =500 mm
d =450 mm.
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Provide (2) 16 mm diameter corner bars. The flexural design results are as follows.
As =2 x 201
= 402 mm?.
Required amount of prestressing steel with d, = d =450 mm is A, = 484 mm?.
Provide 11 mm diameter strands with area = 70 mm?.
Required number of strands =484 /70=6.8 - 7

Provided amount of prestressing steel

Approv =7 %70
= 490 mm?

3) Calculate Mg, .

Since M, > M; , design for M, is not required.
4) Calculate M3 .

Since M, > M; , design for M3 is not required.

5a) Calculate T .

1
> |, U

<P

()

xA,J

bD
_1035% 490
~ 250x500
=4.06 N/mm?
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fcp < 0.3 fck . OK

T, =0.15b2D(1- o
3D

JEe
1

=O.’I5><2502><500><(1-
3%

2)x1.55\/£ Nmm
=35.8 kNm

5b) Calculate V; from the lower of V., and V., .

1004, _100x490
bd  250x450
=0.43

From Table 6, for M 35 concrete, 7. = 0.46 N/mm?.

= P, Pe?
A

507,150 507,150% 2007
125,000 2.604x10°

=-11.85N/mm?

Here,
e =450 - %2 500
=200 mm
| =250 x5003/12
= 2.604 x 109 mm®*,

/
M, =081,

2.604x10°
200

=0.8%x11.85x
=123.43kNm

f
V, =|1-0.552 rcbd+M0i
pk Mu

=(1-0.55%0.6)x +123.43x 2

222.5

0.46x250x450 89
3

=84.0kN

Here,
foelfox = 1035/ 1720
=0.6.
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V,, =0.67bD,/f? +0.8f, f,

=0.67 x 250 x 5007/1.42 +0.8 x 4.06 x1.42
=215.6kN

Here,

f. =0.24+/35
=1.42 N/mm?

oo Vo= V;=84.0 kN

5c) Calculate e and e .

o=lu i
VU i \/C
_ 445 35.8
 89.0 " 840
=0.50m =0.43m

5d) Calculate T, and V.

e
c
ete,

& T

0.50
0.50+0.43
=19.26 KNm

=35.82x

e

= ©

‘ete,

c1

0.43
0.50+0.43
=38.84 kN

=84.0x

T

T, < OK.
2

(o

6) Calculate As,/ sy
A M,

s, 1.5bdf,
_ 995x10°
1.5x 200 x 400 x 250

=3.3mm?*/mm
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Estimated values

b+ =250-50
=200 mm
d1 =500-100
=400 mm.
i: Vu _Vc1
s, 0.87f4,
_(89.0-38.8)x10°
0.87%x250x400
=0.58 mm?/mm
&: Tu_Tc1
s, 0.87f,bd,
_ (44.5-19.26)x10°
0.87x250%200%x400
=1.45mm?/mm
ASV - i+2x&
SV SV SV

=0.58+2x1.45
=3.48 mm?/mm

Minimum amount of stirrups

A, _ 04

bs, 0.87f,

A, _ 0.4x250
s, 0.87x250

v

=0.46 mm?/mm

Select
As, /S, = 3.48 mm?/mm.
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7) Calculate maximum spacing

S S X1+y1
! 4
< 204 + 422
4
<156 mm

Estimated values

X1 =250 — 46
=204 mm
Y1 =500-78
=422 mm.

The other values of s, do not govern.
8) Calculate the size of the stirrups

Select 2 legs of 12 mm diameter stirrups.
Ay = 2x113
= 226 mm?

226

SV =y kil OR

3.48
=65mm

The spacing can be increased by bundling the stirrup bars.

Designed section

250
— 12 mm diameter stirrups

| — @ 65 mm c/c

CGC

500
(4) corner bars

y 16 mm diameter

_ . (7) 11 mm diameter strands
Dimensions in mm. with 2, = 507.15 kN

As D > 450 mm, side face reinforcement is required.
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