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In this lecture

We will explore

<+ Types of openings

<+Behaviour of beams with large
openings

<+Design for ultimate strength

<+Crack Control

wDeflection Calculation
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At the end of the lecture

You should be able to

+Understand the behaviour of beams
with openings under bending and

shear

<+Design the opening using Mechanism
Approach, Plasticity Truss Method or

Strut-and-

le Method

<+Detall the reinforcement to satisfy
serviceability and ultimate limit states:, wus
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Opening In beam

-
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Classification of Openings

o By geometry:
— Small opening If

Depth or diameter < 0.25 x beam depth
and Length < depth

— Large opening otherwise.
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e By structural response:

— Small opening If

Beam-type behaviour persists.

1 !

— —1

— Large opening otherwise.

i
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DESIGN TOOLS

o Finite element analysis:
e elastic stress state
e area of stress concentration

e Truss analysis (Strut-and-tie model):
* lower bound approach
e detailing for crack control and strength

o [ests:
* specific cases
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BEHAVIOUR of
BEAMS WITH LARGE
OPENINGS
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- (b} Free-body diagram {c) Free-body divagram
at opening of chord members
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Flastic hinge
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Case 2(b)
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Contra-
flexural
points
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DESIGN & DETAILING
of OPENINGS - General guidelines

. sufficient area to develop ultimate
compression block in flexure

. openings to be located more than D/2
from supports, concentrated loads and
adjacent openings

. opening depth £ D/2

. opening length
o stability of chord member

o deflection requirement of beam
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e Crack control

o principal tensile stress direction
e Stress concentration
e congestion of reinforcement
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e Strength requirement
— 2 general approaches:

. mechanism approach

¢ failure at an opening is due to the
formation of four plastic hinges, one at
each corner of the opening
. truss model approach
¢ plasticity truss method
¢ strut-and-tie method

¢ applied loads are transferred across
opening to supports by a truss system

¢ lower bound approaches
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Mechanism Approach

e Rigorous method

1. Calculate M, and V, at centre of
opening.

2. Assume suitable reinft. for
chord members.
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3. Determine N, in chord members
and hinge moments (M,)-. from

I\Iu = [Mu B (Ms)t B (Ms)b]/z

where

(Ms)t - [(Mu)t,l +(Mu)t,2]/2
(Ms)b = [(Mu)b,4 +(Mu)b,3]/2

and (M,).. are related to N, by the
respective M-N interaction diagrams.
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No= =M, ~ %[(MJ-J + (M),2 + (M)ys + (M), JIW} = % i

S
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4. Calculate V, Iin chord members
from

(Vu)t = [(Mu)t,Z B (Mu)t,l]/g
(Vu)b = [(Mu)b,4 B (Mu)b,B]M

where / Is the opening length.

5. Check that (V,)+(V,), OV,.
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o Simplified method
- ' N, N, M, M, V,, V,
— 3 equations:
M, +M, + Nz = M
N, + N, =0
V. +V, =V

= Assume

where
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EXAMPLE

A simply supported reinforced concrete beam,
300 mm wide and 600 mm deep, contains a
rectangular opening and Is subjected to a

series of point loads as shown. Design and
detail the reinforcement for the opening if the
design ultimate load P, is 52.8 kN. Material
properties are: f.'=30 MPa, f,,=250 MPa, and
f,=460 MPa.

St = Arg N mMm

= == L X
l nt
pgt 4 180 2 z :E
'”|" MOTE: All dime-r:ml-:-na”bﬁ




Solution by Mechanism Approach

Assume point of contraflexure at midpoint
of chord members and that 40% of shear
Is carried by bottom chord member.

At centre of opening,
M, =171.6 KNm
V,=79.2 kN
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1. Bottom chord member

(N,), = M, /z = 408.6 kN
(V,), = 0.4V, = 31.7 kN
(M), =(V,),¢/2 = 15.1 kNm

2A, = 1954 mm?
(3T20 top + 4T20 bottom)

A.,/s =400 mm?/m (minimum)
(M6 @ 100 mm spacing)
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2. Top chord member

(N,),=408.6 kN; (V,)=47.5 kN;
(M,)=22.6 KNm

2A, = 516 mm?
(2712 +1T10 top & bottom)

A.,/s =525 mm?/m
(M6 @ 100 mm spacing)
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ME @ 100 mm cfc

2T12 + 1T10

N

2T12 + 1T10

2T16 + 1Ti0 ™

T8
¥T16 + 1Ti0 ™

TS

2T16 + 1T10*

=
2T16 +1T10 *

3T20

11

4T20

~— MB @ 100 mm clc —»‘
* for crack control
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o Plasticity
truss

(AlJ
approach)

i
da
57

_rd,. col :\

(a) Amangemeant of reinforcement

T
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{b) Truss action
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e Shear capacity

V=2 bdvspvfyv Cot @

where
cot @, = \/(vfc’/pvfyv -1)<2
vt 'Ipfy, 2

p, = Af /bs

VARVAY,

v=0.7-f./200

o Longitudinal reinforcement

T, = A f, =V, 02d,,

sn'y —

© Tan KH Ty = Asffy =V (f +d s COt @, )/Zdvs
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oo hergoliB T 1 poltos sei

' decotes = o P dacnty

(a) Arrangement of diagonal reinforcement

(o) Truss action
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Solution by Plasticity Truss Method (AlJ)

1. Calculate v.
v =V,/(2bd,Vif.’)=0.089

2. Determine shear reinforcement.

From v =V(1-g), obtain
Y =pf,,/vi, =0.008
- Py, =0.00053 < p, nin = 1/3f, = 0.01
A, /s =400 mm?/m
(M6 @ 100 mm spacing)
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3. Determine longitudinal reinforcement.
A, =V 02fd, =957 mm?

y“vs

Asi = Vu(g +dvs cot @ )/nydvs

= 1080 mm?
= 3T20 (near) + 4T20 (far)

ME @ 100 mm cfc

: i R e 4720

! | \! 3T20
2T16 + 1Ti0 * 2T46 + 1T10 *

E
: 13 Te* A
2T16 + 1T10 2716 + 1T10 *
s M& @@ 100 mm &/
© Tan KH * for crack control \
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e Strut-and-tie method
General Principles

1. Idealize structure as comprising
concrete struts and reinforcement ties,
joined at nodes.

. follow stress path given by elastic
theory; refine as necessary

. equilibrium of strut and tie forces

. deformation capacity of concrete

. angle between struts and ties

© Tan KH
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2. Calculate forces in struts and ties from
equilibrium.

. check stresses in struts (< 0.6f_,)

. detail reinforcement according to
calculated tie forces

» check for anchorage of
reinforcement
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Solution by Strut-and-Tie Method

1. Postulate strut-and-tie model.

12 @ 500 mm = GO0 mm

l o e s
B2.3 | 52.8 52.8 52.8

¥ y427 440 f440 414 fa7 250 _*12&
7, (0 5 5 P o R S s L
! e g W OF =44 Tan g @ 185 s
T Vo *y J Ty R e,
465 439 413 335 953 128 b

(a) Strut-and-tie model (Farces in kM)

i
13z

(b} Bending mornent diagram (kMm

132

© Tan KH () Shear loree diagram (ki)
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2. Calculate member forces.
Top chord takes 91% of total shear.
Stirrup force = 3.3 times shear
(Model may be simplified.)

: 2 :1. .'1 4 ..'1 .ll-
x i x ! P
| £ ] . F & | |
| £l £ 3 | & ¥ I
_-193 bl = 43& "I‘E‘g

4 & 8 ¥ B 9 10 1%
lEﬁi}mm‘JEB Zo0 e

¥

fe—————10 O 100 mmn = 1000 mm -

(d) Oponing segment (Forces in kM)
© Tan KH
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3. Longitudinal reinforcement.

Top chord
Top steel: 1298 mm?2 (4T20)
Bot. steel: 1741 mm? (4T25)

Bottom chord
Top steel: 171 mm? (2T12)
Bot. steel: 590 mm? (2T20)

© Tan KH
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4. Transverse reinforcement.

Top chord
A, /s= 1567 mm?/m (T8 @ 65 mm)

Bottom chord

A, /s= 284 mm?/m (M6 @ 65 mm)

l— TB U-slimups @ 65 mm &¢ —

b

-— ME U-stirmups @8 85 mam &fe—

T2
ZTiz
4T20

* for crack controd
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CALCULATION OF DEFLECTIONS

Rigid

/Abutment

\> M+AM

/N
- Stirrup | i
dg M-AM | V Hinges
. g
Ad-
P

A/P Tan K H, NUS
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O, O,

§_T of hinge w.r.t. one end
of opening due to V O =

(I, based on gross concrete section; 3 E. ( e + 1p )

@7—1._. Relative displacement RS
‘)

|, based on a fully cracked section)

- Relative displacement _ Vv /3
of one end of opening [d, =20 = €
w.r.t. the other end 12E,. ( I + |b)

Midspan deflection of beam

0 = 5W + (5V )openingl L (5V )openingz T

A/P Tan K H, NUS 54




Calculate the midspan service load deflection of the
beam described in the Example.

SOLUTION

Service load, P, =P,/ 1.7=52.8/1.7 = 31.1 kN;
V= 1.5P,=46.6 kN.

Effective length of chord members, 7, = (950 + 50)

= 1000 mm.
Assume l, =1, =300 x 180%/12 = 146 x 10° mm*;
l, :le146x106 mm#* = 15 x 105 mm*
Also,
E.=4730V30 =26 x 102 MPa
Hence,

O, =V ISITIZE(] + 1p)]
= 46.6 x 1012/ [12 x 26 X (146 + 15) x 10°]
= 0.93 mm

A/P Tan K H, NUS 55



Midspan deflection, g,, of the beam is 11PL3/144E¢l,
where | can be conservatively estimated as the
moment of inertia of the beam at a section through
the opening. That is,

| = 2x[300x 1803/12 + 300 x 180 x 2107]
= 5054 x 106 mm*

As the span L is 6 m, therefore,
Q, =11x 31.1 x 103 x (6000)3 / [144 x 26 x 5054 x 10°]
=3.91 mm

Hence, the total midspan deflection is calculated as

0=, +q,=0.93+3.91=484mm
< L/360 = 16.7 mm

A/P Tan K H, NUS 56



Method Crack control Ultimate Def| :
strength eflection
Corner reinft.: |Rigorous:
Mechanism |e factor of 2 e N, M from
approach e vert. stirrups interaction
~25-50% diagram
e diagonal bars |* V
~50-75% Simplified:
¢ pt. of contra-
flexure at
midspan Add deflection
e Vi/Vb = k/lb due to shear
: e check Vu at each opening
Pfas,rfcity truss against Vinuss
method (AIJ) o Asn, Asi
¢ shear reinft.
over dvs cot ¢s
e check stress |e check stress
Strut-and-tie in tie against in strut
method allowable (<0.6fcq)
value ¢ reinforcement
(eg. fy/2) according to
© Tan KH tie forces
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