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Learning Outcomes

o At the end of this lecture, students will be able to;

> Understand the behavior and mechanics of RC Members under
Shear and Torsion.

> Design RC Members for Combined Shear and Torsion
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Section - |
Design of RC Members for Shear
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General

O Introduction

Prof. Dr. Qaisar Ali

Unlike Flexural failure, shear failure is difficult to predict accurately.

Despite many decades of experimental research and the use of
highly sophisticated analytical tools it is not yet fully understood.

Furthermore, if a beam without properly designed shear
reinforcement is overloaded to failure, shear collapse is likely to
occur suddenly, with no advance warning of distress.

Therefore, reinforced concrete beams are generally provided with
special shear reinforcement to ensure that flexural failure would
occur before shear failure.

Shear Failure of RC Beam

CE 5115: Advance Design of Reinforced Concrete Structures
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General

O Shear stresses in Homogeneous Elastic Rectangular Beam

e The shear stress (v) at any point in the cross section is given by

49,

V=—

Ib
Where;

V = Total shear at section.

I = Moment of inertia of cross section about neutral axis.

b = Width of beam at a given point.

Q = Statical moment about neutral axis of that portion of cross section
lying between a line through point in question parallel to neutral axis and
nearest face (upper or lower) of beam.
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General

O Shear stresses in Homogeneous Elastic Rectangular Beam

e For the calculation of shear stress at level d-c in the given figure, Q
will be equal to A,,.q4 ¥, Where A,,.; 1S area abcd and y is the
centroidal distance of area abcd from N.A

a dA — b
Y.
A //////////g e /
A
o C T h/2
3|/1 T_/ y
| Y
h o N.A f
Yy - 4@«
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General

O Shear stresses in Homogeneous Elastic Rectangular Beam

e For shear at neutral axis, we have

Q = Aapes7 =2 x % T :
— fagbe - A 7 Vs \
by, h? oA e
= ////////// //////////// )
12 0000 000007
h Voo 0 000000 L
e f N.A
Therefore,
Vo  V(b,h%/8)
’V = = L A e
Ib ~ (b,h3/12)xb,, - X -
Y w 7

which on simplification gives,

1.5V

Umax = bw_h
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General

(J Shear Stresses in Reinforced Concrete Beam

e When load on the beam is such that stresses are no longer
proportional to strain, then equation v = VQ/Ib for shear stress
calculation does not govern.

e The exact distribution of shear stresses over the depth of reinforced
concrete member in such a case is not fully known.
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General

(J Shear Stresses in Reinforced Concrete Beam

e Tests have shown that the average shear stress in a RC beam can
be expressed by :

Vavg = V/ bd

e The maximum value, which occurs at the neutral axis, will exceed
this average by an unknown but moderate amount.

Vavg = V/ bd
a b f

A
oe L
h/4 Umax
I e e B Rt Cebath ot SR N.A
e f f
\
< b > > Vavg [
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General

O Shear Strength in Presence of Cracks

Prof. Dr. Qaisar Ali

Many tests on beams have shown that in regions where small
moment and large shear exist (web shear crack location) the
nominal or average shear strength is taken as:

Ver = 3.5V f¢

However, in the presence of large moments (for which adequate
longitudinal reinforcement has been provided), the nominal shear
strength corresponding to formation of diagonal tension cracks can
be taken as:

VCTZZ\/E

CE 5115: Advance Design of Reinforced Concrete Structures
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General

O Shear Strength in Presence of Cracks

e The same has been adopted by the ACI code (refer to ACI
22.5.5.1).

e This reduction of shear strength of concrete is due to the pre-
existence of flexural cracks.

e It is important to mention here that this value of shear strength of
concrete exists at the ultimate i.e., just prior to the failure condition.
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General

O Diagonal Tension in RC Beams Under Flexure and Shear
«» Conclusions

e The tensile stresses are not confined to horizontal bending
stresses that are caused by bending alone.

e Tensile stresses of various inclinations and magnitudes resulting
from shear alone (at the neutral axis) or from the combined action
of shear and bending, exist in all parts of a beam and can impair
its integrity if not adequately provided for.

e It is for this reason that the inclined tensile stresses, known as
diagonal tension stress must be carefully considered in reinforced
concrete design.
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General

O Diagonal Tension in RC Beams Under Flexure and Shear
«» Conclusions

e The cracking pattern in a test beam with longitudinal flexural
reinforcement, but no shear reinforcement, is shown in Figure.

e Two types of cracks can be seen. The vertical cracks occurred
first, due to flexural stresses.

e The inclined cracks near the ends of the beam are due to

combined shear and flexure.
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General

U Types of Cracks in Reinforced Concrete Beam
1. Flexural Cracks
2. Diagonal Tension Cracks

i. Web-shear cracks
o Formed at locations where flexural stresses are negligibly small.
i. Flexure shear cracks

o Formed where shear force and bending moment have large values.

Distributed load

= Web-shear “£—Flexural and
cracking Flexure-shear cracking
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Web Reinforcement in RC Beams

O Nominal Shear Capacity V},

e The general expression for shear capacity of reinforced concrete
beam is given as:

. =V.+V, (ACI22.5.1.1)

Where;

V. =Nominal shear capacity of concrete,

V. = Nominal shear capacity of shear reinforcement.

e Note that in case of flexural capacity, M,, = M, + M, where M, = 0, at
ultimate load. However, in case of shear capacity, the term . # 0.
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Web Reinforcement in RC Beams

L Nominal Shear Capacity 1,
« Calculation of V.

e Test evidence have led to the conservative assumption that just
prior to failure of a web-reinforced beam, three internal shear
components contributing to the total shear, the sum of which is
referred as shear capacity of concrete V..

Ve=Vez + Vg +Vyy

V., = Internal vertical forces in the
uncracked portion of the concrete.

V; = Internal vertical forces across the
longitudinal steel, acting as a dowel.

Viy = Vertical component of sizable
interlock forces.
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Web Reinforcement in RC Beams

L Nominal Shear Capacity 1,
« Calculation of V.

e Nominal Shear capacity of concrete shall be calculated in
accordance with ACI Table 22.5.5.1.

Table 22.5.5.1—V, for nonprestressed members

Criteria

Ay 2 Ay min Either of:

MNotes:
|. Axial load, N, is positive for compression and negative for tension.

2. V. shall not be taken less than zero.
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Web Reinforcement in RC Beams

O Nominal Shear Capacity V},
« Calculation of V.

e The equation which is applicable in most of the cases is given as
follows;

VC=

2A F + Ny b,,d
fC 6Ag w

e In case of beams, Axial force N,, is very small and can be ignored.
Taking N, =0 and A =1 (normalweight concrete), the above
equation reduces to;

Ve = Zﬁbwd
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Web Reinforcement in RC Beams

L Nominal Shear Capacity 1,

«» Calculation of V|

e Shear capacity of reinforcement V, can be determined in
accordance with ACI 22.5.8.5.3 as:

Vs = nd,f,

n = number of stirrups

A,, = shear reinforcement

fy = yield tensile strength of steel

Setting n = d/s

P~ dand 6 ~ 45°

Vs = Ayfyd/s
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Web Reinforcement in RC Beams

O Nominal Shear Capacity V},

e Now the total shear capacity is determined as;
V,=V.+V,= or @V, =0V.+ 0V

For no failure, @V,, = V,,. Setting oV,, = V;,, we get

Vi, =0V, + @V

Where;

Substituting value of 1
Vi — OV = QVs

PA.f,d

=0V + A, = nA,. For 2-legged stirrups

B @Avfyd AU=2Ab
7
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Web Reinforcement in RC Beams

O Location of Critical Section for ultimate shear 1/,

e In most of the cases, for the design of shear, critical shear is taken
at a distance “d” from the support instead of maximum shear at the

face of the support. This is due to the following reason.

Prof. Dr. Qaisar Ali CE 5115: Advance Design of Reinforced Concrete Structures 23



Updated: Nov 28, 2023 Department of Civil Engineering, University of Engineering and Technology Peshawar, Pakistan ﬁ

Web Reinforcement in RC Beams

O Location of Critical Section for ultimate shear 1/,

e In most of the cases, for the design of shear, critical shear is taken
at a distance “d” from the support instead of maximum shear at the
face of the support. This is due to the following reason.

This load is delivered straight to the column and hence
has no effect on shear demand.

Only this load contributes to the shear demand on beam.
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Web Reinforcement in RC Beams

U Location of Critical Section for ultimate shear 1,

e The critical section for shear is taken at different positions in
different situations, as shown in the diagrams below.

ti]

(c) (f)

Concentrated load within distance “d” Inverted T beam Suspended slab held by tie column
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Web Reinforcement in RC Beams

] Design of RC Beams for Shear

e Consider the following typical Shear force diagram, and shear
capacity diagram of beam.

A

lc/c

oV. = 20\/1.'b,d

LecooooZ

|
|
1
1
1
1
1
1
1
1|
I
1|
1|
1|
1|
1
1
1
1
1
:
1

Shear Force Diagram (SFD) ! Shear Capacity Diagram

(Varies along the length of beam) (Remains constant throughout the length of beam)
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Web Reinforcement in RC Beams

] Design of RC Beams for Shear

e If shear capacity is plotted on shear force diagram, then depending
on the value of V,;, the following three cases are possible.

+ Casel T I T IT111]
Pz, K e .
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Web Reinforcement in RC Beams

] Design of RC Beams for Shear

e If shear capacity is plotted on shear force diagram, then depending
on the value of V,;, the following three cases are possible.

Wy

¥ HEEEEENNNNEN

« Casell

aV, Vs
BVe= V,, but —* < Vy N

SFD -
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Web Reinforcement in RC Beams

] Design of RC Beams for Shear

e If shear capacity is plotted on shear force diagram, then depending

on the value of V,;, the following three cases are possible.
Wu

¥ HEEEEENNNNEN

= lc/c

« Case lll

OV, <V,
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Web Reinforcement in RC Beams

] Design of RC Beams for Shear
<+ Casel: oV, /2 >V,
e No web reinforcement is required.
<+ Casell: V.=V, ,butov,./2 <V,

e Theoretically no web reinforcement is required. However, minimum
web reinforcement in the form of maximum spacing S,,,, shall be
provided (ACI 9.7.6.2.2 and 10.6.2.2).

Avfy  Avfy d

) )_)24"
50by " 0.75./f.'b,, 2

Smax = Min
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Web Reinforcement in RC Beams

] Design of RC Beams for Shear
% Caselll: oV, <V,

e Web reinforcement is required. The required spacing s can be
calculated using:

_ DA,fyd

S
W — OV

< Shear Checks
oV, < 88\/f.'b,,d — depth of beam is OK!, otherwise increase depth

oV, < @4./f.'b,,d - S,,4 is OK!, otherwise divide S,,,, by 2.
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Web Reinforcement in RC Beams

] Design of RC Beams for Shear

+ Placement of Reinforcement

-
S
-
~

> d «—— § —«— Spax >i< No web reinforcement is needed ~—>|

\ ln/2

Y
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Section - I
Design of RC Members for Torsion
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Design of RC Members for Torsion

O Torsional Stresses

e A moment acting about the longitudinal axis of a member is called a
twisting moment, a torque, or a torsional moment, T.

e The shear stress induced due to applied torque on a member is
called as torsional shear stress or torsional stress.

Longitudinal axis
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Design of RC Members for Torsion

J Torsional Stresses
< Circular Solid Members

e Torsional stresses in solid circular members can be computed as:

T'p
T=—

J
Where;

T = applied torque,
p = radial distance,

J = polar moment of inertia.

Shear stress distribution
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Design of RC Members for Torsion

 Torsional Stresses
«» Rectangular Members

e Torsional stress variation iIn
rectangular members s
relatively complicated.

e Torsional stress close to the
faces of the rectangular
member is much greater than
that of interior section.
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Design of RC Members for Torsion

 Torsional Stresses
«» Rectangular Members

e The largest stress occurs at the middle of the wide face . The
stress at the corners is zero.

e Stress distribution at any other location is less than that at the
middle and greater than zero.

Tmax abza

Variation of a with ratio a/b.

oz om [om o
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Design of RC Members for Torsion

 Torsional Stresses
«» Rectangular Members

e As can be observed in the figure, Torsional stresses are
concentrated in a thin outer skin of the solid cross section.

e This leads to the concept of thin-walled tube analogy.
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Design of RC Members for Torsion

0 Thin-Walled Tube Analogy (ACI R22.7)

e A beam subjected to torsion is idealized as a thin-walled tube with
the core concrete cross section in a solid beam neglected. The
strength is assumed to be provided by the outer skin of the cross
section roughly centered on the closed stirrups.

e The product of the shear stress T and the wall thickness t at any
point in the perimeter is known as the shear flow (q), which remains
constant within the thin walls of the tube.

— Shear flow (qg)
\
el

(a) Thin-walled tube (b) Area enclosed by shear flow path

Prof. Dr. Qaisar Ali CE 5115: Advance Design of Reinforced Concrete Structures 39



Updated: Nov 28, 2023 Department of Civil Engineering, University of Engineering and Technology Peshawar, Pakistan

Design of RC Members for Torsion

 Torsional Stress Formula

Shear stress 7 = Force / Area
Vi
Ty =—
L7 x,t

Shear flow = Shear stress x thickness
q1 =Ty Xt =V1/%x,

Gz = T2 Xt =V2/y,

According to thin-walled tube theory,
1 = 492 = q3 = 44 = q = constant
il _Vs_Va_

Xo Yo *o Yo

q

q = 1t (for same wall thickness)
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Design of RC Members for Torsion

[ Torsional Stress Formula

As the terms V, through V, are induced shear and cannot be easily
determined, therefore, they can be expressed in terms of torque.
Taking moments about centerline of thin-walled tube.

=y (D% +n B+ E) = +rwR 0+

SinceV, =V; and V, =V,;

" v,
G =— and q,=-2

X
) szo + Vl)’o ° Yo
Vi =q1x, and V, =q,y,

Yo

T = (2V) ;

2)+(2V1)(

Substituting the values of V; and 1, Gy =y = =Tt
1 — 42 — 4 —

T = (q250)%0 + (q1X0)Yo = 2q X,Y, = 2(Tt)A, XoVo = A,

T
Y
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Design of RC Members for Torsion

O Torsional Strength of Concrete
In case of shear, shear strength of concrete is given as:
Ve =24 f¢
Since average shear stress v,,,, = V/bd therefore, V/bd = 2,/ f,
Vv =2f/bd

In case of torsion induced shear stresses (torsional stresses), ACI
22.7.5 states that “cracking is assumed when tensile stresses reach

4,/f! . Therefore;

T.=4/f ———(a)
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Design of RC Members for Torsion

O Torsional Capacity of Concrete

From the previous discussion on torsional stresses in thin-walled tube

———(®

YT oAt

Equating eq. (a) and (b), we get
T, =4\ f; X 2A,t

According to ACI R22.7.5;
A, = (Z/B)Acp T = (3/4)Acp/pcp

Where; A., = xy, P, = 2(x +y) (full section of the member)

Substituting values of A, and t equation (b) becomes;

[Tc =4[ Acpz/pcp]
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Reinforcement Requirement for Torsion

O Review of Reinforcement Requirement for Flexure

e To understand the reinforcement requirement for torsion, recall the
concept of flexural design of RC beam.

« Elastic Range Flexural Capacity

For an uncracked concrete beam, the flexural stresses are given by:

My
F=7
Taking f = f. = 7.5,/f/
il
M:Mcr:%

I
Mcr =7.5 fC’ ;
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Reinforcement Requirement for Torsion

O Review of Reinforcement Requirement for Flexure

Prof. Dr. Qaisar Ali

Ultimate Flexural Capacity

For a cracked RC beam at ultimate stage, the flexural capacity is
given as:

M, = M, + M

As concrete is weak in tension (Refer ACI 9.5.2.1 for concrete
tensile strength), M. = 0, therefore,

M, = My = Af, (d—g)

Hence, the tension reinforcement along with the concrete in
compression acts as a couple to resist the flexural demand on the
member.

CE 5115: Advance Design of Reinforced Concrete Structures
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Reinforcement Requirement for Torsion

O Review of Reinforcement Requirement for Shear
e Similarly, recall the concept of shear design of RC beam.
Elastic Range Shear Capacity

For an uncracked concrete beam, the shear stress is given by:

_Ve

T

According to ACI Code, v =, =2,/f/ is the nominal shear
strength corresponding to formation of diagonal tension cracks.
Therefore, shear capacity of section at that stage is:

V1D

Ver = =5 = 2./f/ 1b/Q
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Reinforcement Requirement for Torsion

d Review of Reinforcement Requirement for Shear

Prof. Dr. Qaisar Ali

Ultimate Shear Capacity

For a cracked RC beam at ultimate stage, the shear capacity is

given as:

Applied load
VnZVC-l-VS Applied load —

Unlike flexure, the term V_ # 0 because

from test evidence:

Vo = Viy + Vg + Vi, =2f/ b,d [ACI22.5.5.1]

Therefore, shear steel (stirrups) along with the contribution of
concrete (V.) acts together to resists the shear demand due to
applied load on the member.
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Reinforcement Requirement for Torsion

O Torsional Capacity of RC Beams
e The total design torsional capacity of an RC member is given by

@OT, = 0T, + QT

Where, T, = 4/ Acp®/Pep

e AClI Code (R22.7) requires that the concrete contribution to
torsional strength shall be ignored. Therefore,

@Tn — ¢TS

e OT, can be determined from space truss analogy discussed next.
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Reinforcement Requirement for Torsion

O Space Truss Analogy

e From thin-walled tube analogy, internal effects in the form of induced
shear forces (V, to V,) will be generated due to applied torque T.

e Such internally induced
shear forces will crack
the member.

e Due to cracks, the

member splits up into
diagonal compressive
portions or struts.

Concrete compression
diagonals (struts)
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Reinforcement Requirement for Torsion

O Space Truss Analogy

e If the compressive force in the strut is C, then it can be resolved
into two components.

Cy = horizontal component

Cy = vertical component

e Longitudinal reinforcement
shall be provided to resist

Cy and vertical stirrups

Concrete compression
diagonals (struts)

shall be provided to resist
Cy.

e This leads to space truss analogy.

Prof. Dr. Qaisar Al CE 5115: Advance Design of Reinforced Concrete Structures 50



Updated: Nov 28, 2023 Department of Civil Engineering, University of Engineering and Technology Peshawar, Pakistan

Reinforcement Requirement for Torsion

O Space Truss Analogy

e In space truss analogy, the concrete compression diagonals
(struts), vertical/transverse reinforcement in tension (ties), and
longitudinal reinforcement (tension chords) act together.

e The analogy derives that torsional stress will be resisted by the
vertical stirrups as well as by the longitudinal steel.

Long. Reinforcement 4,  Concrete compression  Trans. reinforcement A,
acts as tension chord diagonals acts as ties
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Reinforcement Requirement for Torsion

O Transverse Reinforcement A,
Refer to figure (a), we have
Cy =V,

From figure (b)

Prof. Dr. Qaisar Ali

y,cotl
Vo =nX At fyr = ——— X Aefyr
Figure a) Face 4
Since V, =V, so, S
cotfA : Za
Vz _ V4 _ Yo tfyt —_— (I)
S \l/ Atfye
_ ||
Similarly, AJJ Aefye
S
x,cot6A . Yocoth
v, =V, =2 Jye . (ii) |
S Figure b)
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Reinforcement Requirement for Torsion

O Transverse Reinforcement A,

e IfV,toV, are known, A, can be determined

from previous equations.

e However as discussed earlier, it is
convenient to express V, to V, in terms of T
by taking moments about centerline of thin-
walled tube.

V4x0 szo Vlyo V3yo
I
n 2 T 2 T 2 T 2

With V, =V, and V; = V3, we have

T, = Vox, + V1Y,
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Reinforcement Requirement for Torsion

O Transverse Reinforcement A,

Substituting values of V, V, from eq (i) and (ii), the equation becomes

cotfA xX,CcotOA
(3’0 tfyt) . +( 0 tfyt) }’o

S S

Ty =Voxo + V1Y, =

Which on simplifying gives

24 The value of 6 shall not be

t

T, = Tfytxoyo cotf taken less than 30° and greater
than 60°. It is permitted to take

Setting x,y, = A, and taking 8 = 45° 6 = 45° for non-prestressed
members (ACI| 22.7.6).

24,
T, = S fyt A,
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Reinforcement Requirement for Torsion

O Transverse Reinforcement A,

For no failure, torsional capacity of the member shall be greater than
or equal to torsional demand i.e. @T,, = T,, (where @ = 0.75)

For @T,, = T,, equation (iii) becomes

@—ZAt A,=T A Tus
= > =
S fyt Ao =T “T20f, A,

Note that A; is the steel area of single leg of stirrup. For 2-legged
stirrups, we have

T,s
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Reinforcement Requirement for Torsion

O Transverse Reinforcement A,

e The total shear reinforcement requirement is therefore the sum of
the shear reinforcement requirements due to direct shear and
torsion both.

(h —0V)s — Tus
v+t v(2leg) t(2leg) ®fytd @fyt AO
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Reinforcement Requirement for Torsion

O Longitudinal Reinforcement 4;

Refer to figure b and c for face 4
AN4 — V4C0t9 — V4 (8 — 450)

Similarly,
AN]_ — Vl ’ANZ — VZ &AN3 — V3

Total longitudinal reinforcement
for torsion is:
AN — ANl + ANZ ~+ AN3 + AN4

AN=V1+V2+V3+V4

As V; = V; and V, =V, therefore,
AN = 2V1 + 2V4 Figure c)
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Reinforcement Requirement for Torsion

O Longitudinal Reinforcement 4;

Substituting values of V; and V,

AN = 2V, + 2V,
X,cotlA cotfA
AN = 220 tfyt + 2)’0 tfyt
S S
Atfyt

AN = 2(x, +vy,) .

Sett|ng AN = Alfyl & Z(XO + yO) = Ph

Aifyr = PhAcfye/s

. Atphfyt
A =——=
Sfyl

Figure c)
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Reinforcement Requirement for Torsion

O Longitudinal Reinforcement 4;

Now, as derived earlier

T,s
At(11eg) = m

Therefore, the preceding equation becomes

_Atthyt_ Iys thyt_ Iy Py,

A = = X X
Sfyl szytAo Sfyl Q)ZAO fyl
TuPh
A =—— This expression can be used to find longitudinal reinforcement due to torsion.
Q)ZAofyl

Prof. Dr. Qaisar Ali CE 5115: Advance Design of Reinforced Concrete Structures 59



Updated: Nov 28, 2023 Department of Civil Engineering, University of Engineering and Technology Peshawar, Pakistan

ACI Code Provisions for Torsion

 Concrete Contribution in Torsional Capacity (ACl R22.7.6)

e In the calculation of T, all the torque is assumed to be resisted by

stirrups and longitudinal steel with T, = 0.

e At the same time, the shear resisted by concrete V_ is assumed to be

unchanged by the presence of torsion.
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ACI Code Provisions for Torsion

] Definition of Various Terms related to Torsion

A, = area enclosed by outside perimeter of concrete cross section

P, = outside perimeter of the concrete cross section

A, = area enclosed by centerline of the outermost closed transverse torsional reinforcement
A, =0.854,,[1]

P, = perimeter of centerline of outermost closed transverse torsional reinforcement

Note:

[1] It should be noted that A, = 2/34,,
serves only as part of the derivation
for calculating the cracking torsional
capacity. However, in the design
context, the value used for 4, is taken
as 0.854,, (ACI 22.7.6.1.1).
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ACI Code Provisions for Torsion

U Definition of 4,;,

Closed stirrup— ,—Opening

"—Opening

A, = dark shaded area
Fig. R22.7.6.1.1—Definition of A
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ACI Code Provisions for Torsion

4 Cracking Torsion T,

e Cracking torsion T, shall be calculated in accordance with ACI Table
22.7.5.1. For nonprestressed members, we have

* =0.75

A? N

1 D u

Q)Tcr = QA4 fc, (_> 1+ = | = N,is positive for compression and negative for tension
Pcp 4Ag/1 fc

O Threshold Torsion T,

e The threshold torsion is defined as one-fourth the cracking torsional
moment T, (ACI R22.7.4).

cr

Ty, = —~
0T, = =
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ACI Code Provisions for Torsion

] Consideration of Torsional Effects

Type of Torsion Conditions

Tu < QTth

Equilibrium
(determinate)

T, = 0Ty,

u

A? N
P11+

Pep YNNI

_ e Ty < OTin

OT., = O4+/f! (

Compatibility
(Indeterminate)

Ty = 0Ty

Prof. Dr. Qaisar Al CE 5115: Advance Design of Reinforced Concrete Structures

QTcr > Tu = QTth

Decision

Neglect torsion

Design for T,

Neglect torsion

Design for T,

Design for
T, = 0T,
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ACI Code Provisions for Torsion

O Cross sectional Limits (ACI 22.7.7)

Cross section shall be selected such that (a) or (b) is satisfied

a) Solid Sections

Vu N, (Tapn ) (Y
b,,d 1.7A%, b,d fe

Direct shear stress  Torsional shear stress Shear capacity  ACI restriction

b) Hollow Sections

Vu Tu Pn
+ <
byd 1742 =0

Why Size Limits?

section is limited for two reasons:

As per ACI R22.7.7.1 The size of a cross
b d fC

1. To reduce unsightly cracking

Direct shear Torsional Shear ACI

stress shear stress capacity restriction 2. To prevent CrUShmg of the surface

concrete due to inclined compressive
stresses due to shear and torsion.
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ACI Code Provisions for Torsion

1 Reinforcement Limits (ACI 22.7.7)

a) Minimum Transverse Reinforcement (ACI 9.6.4.2,9.7.6.3.3)

A ; b

(v+t), [£71

Y S min = max (075 fc, 50) f_W ; Av+t = Av + At(Z leg)
yt

Calculated spacing shall not exceed S,

S, . = min (%”, 12 )

b) Minimum Longitudinal Reinforcement (ACI 9.6.4.3)

5[ A A 25b
Al,min _ fc cp max ( t(2leg) , w) phfyt
fy 2s  fye ) By
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ACI Code Provisions for Torsion

O Reinforcement Detailing (ACI 9.7.5)

e Transverse torsional reinforcement shall be detailed in the same

Prof. Dr. Qaisar Ali

manner as shear reinforcement.

Longitudinal torsional bars should be evenly distributed around the
perimeter of the cross-section, with spacing along the depth not
exceeding 12 inches.

The longitudinal reinforcement shall be inside the stirrup or hoop,
and at least one longitudinal bar shall be placed in each corner.

The diameter of longitudinal bars should be greater of 3/8” and
0.042s where s is spacing of stirrups.

CE 5115: Advance Design of Reinforced Concrete Structures
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ACI Code Provisions for Torsion

O Reinforcement Detailing (ACI 9.7.5)

e The torsional moment varies from maximum at the face of the
support to zero at span mid-length.

e Bars can be discontinued per the following criteria. however, in
practice, bars are extended over the full length of the beam.
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ACI Code Provisions for Torsion

0 Summary of Steps for Torsion Design
e Step 1: Determine factored torsion T,
e Step 2: Determine special section properties
e Step 3: Check need for torsional reinforcement
e Step 4: Check adequacy of cross section for torsion
e Step 5: Determine torsional reinforcement
e Step 6: Apply minimum torsional reinforcement and spacing checks

e Step 7: Perform detailing of reinforcement
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Design Example

J Problem Statement

e A 54-in long RC cantilever beam supports its own dead load plus a
concentrated load P which consists of 20-kip dead and 20-kip live
load. The beam also supports an unfactored axial compressive
dead load N of 40 kip. Using f¢ = 3 ksi and f,, = f,, =60 ksi, Design
the beam for Flexure, Shear and Torsion.

N = 40 kip

P = (20 + 20) kip
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Design Example

O Solution
> Step 1: Selection of Sizes

Minimum depth for cantilever beam as per ACI 9.3.1.1 is given by

[ 54 .,
hmin — § — E — 675

Though any depth of beam greater than 6.75" can be taken as per ACI
minimum requirement, we will use a depth equal to 24”.

Assume width of 14" and effective depth of 24 - 2.5 = 21.5".
So finally selected sizes are:

b, = 14", h=24"and d = 21.5"
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Design Example

1 Solution

> Step 2: Calculation of Loads

Factored Self-weight

14 X 24
144

W, =1.2(b,h X y,) = 1.2< X 0.150> = 0.42 kip/ft

Factored Concentrated Load
P, =1.2D + 1.6L = 1.2(20) + 1.6(20) = 56 kip
Factored Axial Compressive Load

N, = 1.2D = 1.2(40) = 48 kip
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Design Example

1 Solution

> Step 3: Analysis

<+~ Factored Moment

0.42 kip/ft

W l2 438 kips
Mu = ; + Pu(l - 05) N
O .4‘ 2 4 . 5 2 Diagram
u = (2 " 56(4) = 228.3 ft.kip

Shear Force
Diagram

o 10.22 kip

+ Factored Shear

Vu,max — Wul + Pu — 0_42(4_5) + 56 = 57.9 klp | Bending Moment

Diagram

-228 kip-ft = o
T, = 28.0 kip-ft

] 28.0 kip-ft 77777771 28.0 kip-ft
V = 5 7. 1 kl " ; S 4 - Torque Diagram
u,d p : S

<+ Factored Torsion

T, =P, X 0.5 = 56 x 0.5 = 28 ft. kip
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Design Example

1 Solution

> Step 4: Determination of Reinforcement
Flexural Reinforcement

Axial load can be ignored in the flexural design if:

N, < 0.14,f;
0.144f; = 0.1 x 14 x 24 x 3 = 100.8 kip

N, = 48kip < 0.14,f/ = 100.8 kip — axial load can be neglected

In case N, > 0.14,f;, the member shall be designed for bending and axial
load both.
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Design Example

1 Solution

> Step 4: Determination of Reinforcement
Flexural Reinforcement

Determine required reinforcement A,

g | 2614My |, 2614(2283x12) o,
B ffb ' 3 x 14 -

M, 228.25 x 12

" of, (d-5) T 0.9x60 (215 - 222)

= 2.63 in?

As

Using #6 bar, with 4, = 0.44 in?

2.63

=m:5936

n
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Design Example

1 Solution

> Step 4: Determination of Reinforcement
Flexural Reinforcement

Apply minimum and maximum checks on flexural reinforcement

b, d 14 x 21.5 |
Agmin = max (3 fc’,zoo)fly = max (33000, 200) — o500 = L0’
and
fe 3 X 14 x21.5 ,
Asmax[60] = 223 = 523 = 4.01 in?

Agmin = 1.0 < Agppq = 2.64 < Ag maxieo) = 4-01 - 0K
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Design Example

1 Solution

>

Prof. Dr. Qaisar Ali

Step 4: Determination of Reinforcement
Shear Reinforcement

The shear reinforcement due to direct shear is required if:
®Vc < Vu,d

The design shear capacity of normal-weight concrete neglecting size effect
factor is given by;

. N, 48 x 1000
@%-@[2 fc+@]bwd_0.75[2\/3000+6(14XZ4) 14 x 21.5 = 30104 Ib

@V, = 30.1 kip < V,, 4 = 57.1 kip - Shear reinforcement is required.
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Design Example

1 Solution

> Step 4: Determination of Reinforcement
Shear Reinforcement

The required spacing of shear reinforcement due to direct shear is given by:

_ DAyfyed
Vu,d - Qﬂ/c

From which we get

Ay, Vya—0V,  571-301
s Ofyed  0.75%x60 %215

A
?" = 0.0279 in?/in ---- (a)
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Design Example

1 Solution

> Step 4: Determination of Reinforcement
- Torsion Reinforcement

1) Special Section Properties
Acp = byyh = 14 x 24 = 336 in®
P, =2b, +2h=2X14+2X24=76In
With
x, = 14 — 2(1.5) — 4/8 = 10.5"
y, = 20 — 2(1.5) — 4/8 = 20.5"
Aon = X,Y, = 10.5 X 20.5 = 215.25 in?

A, = 0.854,, = 0.85(215.25) = 182.96 in?
Py, = 2x, + 2y, = 2(10.5) + 2(20.5) = 62 in
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Design Example

1 Solution

> Step 4: Determination of Reinforcement
- Torsion Reinforcement
2) Check Need for Torsional reinforcement
The given system is determinate, so this is equilibrium torsion case.
Az N 3362 48 x 1000
OT,, = 04 (—p) 1+———= 0.75><4\/3000< ) 1+
“ VE Pep 44\[f! 76 4(336)v3000

@T.. = 313731.79 in.1b or 26.14 ft. kip

0T,  26.14
4 4

OT,p, = = 6.54 ft.kip

Since, @Ty, = 6.54 ft.kip < T,, = 28 ft.kip — Torsional reinforcement is required
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Design Example

1 Solution

> Step 4: Determination of Reinforcement
- Torsion Reinforcement

3) Check Adequacy of Cross section

2 2
Vu Tuph Vc
— + < +8\/f,

2 2
57.1x 1000 28 %X 12 x1000) x 62 30.1 X 1000
j( Vo xe2)’ + 075 3000

14 x 21.5 1.7 x 215.252 14 x 21.5

325.48 psi < 428.63 psi — the section is adequate for torsion.
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Design Example

1 Solution

> Step 4: Determination of Reinforcement
+ Torsion Reinforcement

4) Transverse Reinforcement A,

At(z leg) I _ 28 X 12
s Ofyed, 0.75x 60 x 182.96

= 0.0408 in?/in

The total shear reinforcement requirement is the sum of the shear
reinforcement requirements due to direct shear and torsion both.

Av+t _ Av n At(Z leg)

S S S

= 0.0279 + 0.0408 = 0.0687 in?/in
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Design Example

1 Solution

> Step 4: Determination of Reinforcement
- Torsion Reinforcement
4) Transverse Reinforcement A;

Check for minimum transverse reinforcement

A , b 14
<”+;>'"‘”" = max (0.75/f;, so)f—w = max(0.75v/3000, 50) = = 0.0117 in?/in > OK
yt

Using 2-legged #4 closed ties;

o 040 5 g"
- 0.0687
[ pn d (62 AR .,
Smax = min 3,12,5 = min 3,12,7 =10.8" >5.8" - 0K
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Design Example

1 Solution

> Step 4: Determination of Reinforcement
- Torsion Reinforcement

5) Longitudinal Reinforcement A4;

TPy (28 x 12)62

A, = = = 1.265 in?
LT 24,f,  0.75 X 2 X 182.96 X 60 i

Check for minimum longitudinal torsional reinforcement

A = S—VfC,ACp_max At21eg) 25bw \ Prfye
T 25 " fye ) fy
5v3000 x 336 0.0408 25 x 14 60,000
Apmin = — max , Y = 0.269 in?
’ 60,000 2 60,000 60,000

Al > Al,min - 0K
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Design Example

1 Solution

> Step 5: Detailing of Reinforcement
<+ Total Transverse Reinforcement
o 2-legged #4 closed ties will be provided throughout the span @ 5" c/c.

e The first stirrup will be placed at a distance S/2 = 2" from the face of

support.
<+ Total Longitudinal Reinforcement

e The bar diameter for longitudinal torsional reinforcement shall be at least
greater of (3/8, 0.042s) = 0.21" and the spacing must not exceed 12 in.

e Using #6 bars with A, = 0.44 in?;
Number of bars = 1.265/0.44 = 2.8 = 3.
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Design Example

1 Solution

> Step 5: Detailing of Reinforcement

<+ Total Longitudinal Reinforcement

e Reinforcement will be placed at the top, mid depth, and bottom of the
member, each level to provide not less than 1.265/3 = 0.422 in2.

e 2 - #6 bars will be used at mid depth, and reinforcement to be placed for
flexure will be increased by 0.422 in2 at the top and bottom of member.

e Final flexural reinforcement is given by

A, = 2.62 + 0.422 = 3.042 in2 (7 #6 bars)
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Design Example

1 Solution

> Step 6: Drafting

#@5"clc
— Tttt
iRiiaiceedtiiai
B4

(5+2) - #6 bars

#4@5"clc
2 - #6 bars

I yTE—

Section A-A
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Appendix

 Calculation of Distances of Shear Reinforcement Regions

Comparing AADE < AABC

AD DE L 9V/2 .

= = = )
AB BC L /2—-d Vg4 Vi oV,
' E oVe/2: p A

V. (1
h=®c ——d
2V a \ 2

Similarly, comparing AADE < AAFG =‘d I
Q >< I _d

AD DE [ V./2
N 1 — @ c/ —
AF  FG L+, oV

L 1 L+l

Y

L S
L+, 2 = L 2 = 1+E_2 which gives [ L= J

!
b3=§—d—2h}
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Appendix

d Special section properties for Solid Sections

The formulae for calculating geometric parameters related to Torsion Design
for solid rectangular and T or L sections are tabulated below.

Parameters Solid Rectangular Section Solid T or L Section
T TR
2(b,, + h) Z(bf+h)

(b, —3.5)(h — 3.5) (b,,—3.5)(h — 3.5)

2(b,, — 3.5) + 2(h — 3.5) 2(b,, — 3.5) + 2(h — 3.5)
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