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Eccentrically Loaded Beams




Beam under torsion

When a beam supports a slab (or when it
carries another beam only on its one side),

it is subjected to direct torsion.
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Torsion in plain concrete members

Rectangular section: t__ T2 \‘;
Xy | K

y/x 1.0 1.5 2.0 3.0 5.0 o0

o 0.208 | 0.219 | 0.246 | 0.267 | 0.290 1/3




Cracking Torque

Plain concrete rectangular section in torsion

Torsion cracks

f, max at 45°
;A

Bending: T, =T cos4s°

Torsion:  T,=T cos4s°




f, max at 45°

Concrete crack occurs when m LT

T -

= 0.80f =0.80x2.0f/ =1.6,/f

f

t,max

f. = Modulus of rupture

2
Sectional Modulus: 5 =1__/(x/2)= 1 ( y jx3 (Ej: Xy

12\ cos45° X 6 cos45°
T 0]
f=-2% =T cos45° bcosas _ 3T, - =1. 6\/7
| Saa X2y X%

Cracking Torque:

2
- X3y (1.6, )
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Torsional Strength of Reinforced Concrete

SDM
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Shear Stress in Thin-walled Tube SDM

ABIULTITRAZENARINTIWONTHIUN L AL AZLAELAKNAIIABNIH

T
Shear flow (q)7 Shear flow: q = —— kg/cm
e —— < /: <+« 2A0
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T, = ———
t
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Cracking Torque (T,
U a g dl d 1 2 T
NITLENININAYBLND T HATED 1.1\/E —_— T, = Z/AC\rt = 1.1yf!
0

o latnwgtauansng T, = 1.1Jf(2A,1)
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AIAMARNIAIAINIUNITUR ¢ = 0.85
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3 ton [fuseugUnIneR pg, = 2(60+30) = 180 .
15 cm 5 4 o o
| Wwnruwee A, = (60)(30) = 1,800 7.
i v A2
T : Anannalanwain oT, /4 = ¢(O.27\/ﬁ)(pcpj
I cp
60 cm-{— ——-+ ,
‘ 1800
l : - 0.85(0.27\/240)( 80 j
| (-9
30 cm = 63,997 nn.-4d. = 0.64 AW-LNAT

TN BADATININT2YIN T, =(3)(0.15) = 0.45 sw-LNK3 < 0.64 An-txns | OK
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Space Truss Analogy
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Combined Shear and Torsion

AWIBUTIROUAINAITRBW: T, =

__________________________________

w
T LNQ t=0. 75ACp/pCp
2A,t LLa‘“ Ay = 2A,/3

__________________________________

AWPLTIROUIINNTTA: T

NHIBULIILRDUIINATLNN:

Hollow section Solid section

e by Moot bbb

Torsional Shear Torsional Shear
stresses stresses stresses stresses

VU

2 2
4 Tu Ph Vu n Tu Ph
b,d  1.7A3 b, d 1.7A3,




Maximum Shear + Torsion Stress SDM

AR R DINAWBIALNEIND N2V IR ABIL LTI Do WIINNTeVIHA LN ABAATN A

(a) For solid sections

2 2
(V“ j | TuPn ) ¢( Ve 2.12ﬁj
b, d 1.7A2, b, d

(b) For hollow sections

Vu Tu ph Vc
+ < + 2.12.ff!
b,d  1.7A%, d’(bw d ¢

For reinforced concrete V., = 0.53./f]




Torsion Design by ACI318-14 SDM
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Minimum Torsion Reinforcement

a as v b s b. S
p USunaunanuaanioeaniga (A, +2A,) = 0.199,/f ~»° > 3.5 ~x
ny ny
p szezvinananuasniiAnliiinvA1Noaninges p,/8 nia 30 7.
X 4 @ o o d 1.33/f f
P WuNANESNATNEIRENER A, = Vi A - ﬁphﬂ
? ’ f, P s 'f,
y

Inefi A/s azsialsisioendn 1.8 b/f,

> @snmanaxnesunisinnszanslagsaunielwmandasn
lnefissazrnonIngn 30 9x.

> EFnananeIeeIR Rk duNLA sy NaBInANUaaN

S TARANESNAINGY T > 1/24 wsegzr1avnandasn > 10 NN
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ANUFNIUBNG AINNANUISANSHNEZDIATWININU 54 94N,  UAZIZYZATNHIATWIN

guwdnansinanuaan 4 gu. Anwaf, =280 n.n./za.2 uaz f, = 4,000 nn./gu.2 a9
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1. A1 ITBEL T

m%%ﬁﬂﬂﬁiﬂﬂuuﬁ% W,

1.5 m
>‘ I< 45 cm d
| ~— l
o0 ch 145 cm T
‘ |7 . e 300 15 cm

— 1.4(0.15)(1.5)(2,400) + 1.7(200)(1.5)

= 1,266 N.N./LNET




srelzltndaAus = 1.5/2 = 0.75 LNp3

fﬂ'mﬁfﬂmmﬂuumu w, = 1.4(0.6)(0.3)(2,400) + 1.7(1,200)

LIILRAUNEIET V,

wsedaneaLan T,

INLHWE AR

= 2,645 nnN./LNRS

(1.266 + 2.645) x 8/ 2

15.6 A

(1.266)(0.75) x 8 / 2

—- 3.8 au

u

NARIBRINGRNTZ8E d = 54 AN, AINHILET:

V

u

T

u

— 15.6(3.46/4) = 13.5 i

— 3.8(3.46/4) = 3.3 s

2,645 1,266
kg/m  kg/m

‘ 0.75m ‘

M, = (1.266+ 2.645) x 82/ 10 = 25.0 BH-LNAT

KN

<—4m—>{




2. 9ONLUUMRANLEINILUANT

Q/

A 6 >
R = M 25x10° 54 ggc
ébd 0.9x30x54

o = 985Ny 11_ 2Ry | _ 40086
f 0.85f"

y

[p. = 0.0035] < p < [p.. = 0.0229]

A

/¢ flexure

6 A
3. m’maaﬂmwu@U@

ARG G AU T RNTNR: ARUINEINIDING
N1Ar85wn1sua legldssezNitaendn

AEHARN AT WALABAITNRING = 60 — 15

= 45 9. AIVAN

4 WRMHRWING = 4 x 15 = 60 .

= pbd = 0.0086x30x54 = 13.9 cm’

OK
415 cm
\
5 } c
o o
O 0
=t
Y
30cm 45 cm




U
w o/

¢15 cm

I Vhih A, = (30)(60) + (15)(45) = 2,475 7.2 "
Do, = 2(60+75) = 270 7. § i
O
U SN ) _ 0.85(0.27511/280(2,475)°
4 (270)(1,000)(100) I ——
30 cm 45 cm
= 0.87 < [T, = 3.3 Au-LNAT]
A NI w A D ILASUIAT NS
4. &%%Hgﬂﬂﬁﬂ’lEJLL?GL&@%?]’]T]LL?GG@LLazLLﬁﬁLaa%ﬁl’J&J
NIHY = (30)(54) = 1,620 7. Xo ¢15 cm
X, = 30-2(4) = 22 7. e X
Y, = 60-2(4) = 52 9. | - -
Yo | : o
Ag = Xo Vo = (22)(52) = 1,144 7. 2 . S
A, = 0.85A, — 0.85(1,144) = 9724 7s.2 —— &2 '

Pr = 2(22+52) = 148 7. Fso cm+ 45 cm




2 2
(13-5j w [ 2:3000)148)) - 085 6 53, 5 1)280
1,620 1.7(1,144) 1,000

0.0235 aw/aN.2 < 0.0374 Awb/AN.2 OK

5. (nanUaansy

LIIUA A, 3.3(100)(1,000)

_ = 0.0575 cm?/cm
S 2(0.85)(972.4)(4,000)

6. tnanUaanIuwLsy
R0% g\ = 0.85(0.53)v/280(30)(54)/ 1,000 = 12.2 ton

A, _ (V=¢V) _ (135-12.2)04000) _ 0071 o / om
s of d 0.85(4,000)(54)

7. mandsansay

%G%N@A_:t = 0.007 +2(0.050) = 0.107 cm? /cm




3.52—W = 3.5(30)/ 4,000 = 0.026 < % OK
y

aadldinan DB12: A, = 2(1.13) = 2.26 7.2

s = 2.26/0.107 = 21.1 4&.

p,/8 = 148/8 = 18.5 7.
Hanldinanuaan DB12 @ 0.18 tums (A, = 2.26/18 = 0.126 2x.)

8. LUNANWABN

A aINII f
A, = Atp Y = 0.0575(148) = 8.51cm”’
V4 h
s f,
A = 1.3v280(2,479) —~ 851 =495cm? < A OK
/,min 4,000 |

Tnefl A/s saslasioendn 1.8(30)/4,000 = 0.0132 . OK




nsem: A, = 13.9 8.2 (WMANUW)

nsia: A, = 8.51 98.2 (N5231850UNUIAR)

LESHHAN 4DB16 11bd29819289% %6 6

NwAnENLESHTIRD = 8.51 — 4(2.01) = 0.47 2n.2

JINAULARNLESNUY = 13.9+ 047 = 14.37 4x.2

- ldinaniaSnuw 3DB25 (A, = 14.73 24.?) /

N\

/

3DB25

]

S 115 cm

N

4

=

30 cm

A 4

DB12@0.18m
4DB16




Compatibility Torsion

Torsional moment results from the compatility of deformation between
members meeting at a joint.

M

The simple beam A-B develops a slope at each end when loaded

Mo

Bending moment diagram




Moment @ end A will create torsion on a cross beam C - D




Torsion diagram of beam C-D Moment diagram of beam A-B

When beam C-D cracked from torsion, torque T and moment M, drop.

Reduction of torsion results from a redistribution of moment.

| T T I I
| L1 L1 L

L
1




_”

22.7.3.2 — In a statically indeterminate structure where T, > ¢T,, and a
reduction of T, can occur due to redistribution of internal forces after

torsional cracking, it shall be permitted to reduce T, to ¢T,, .
22.7.3.3 - If T, is redistributed, the factored moments and shears used for
design of the adjoining members shall be in equilibrium with the reduced

torion.

Design torque may not be Design torct.le for this spandrel
reduced because moment beam may be reduced because

redistribution is not possible moment redistribution is possible

Equilibrium Torsion Compatibility Torsion




EXAMPLE 9.3 Compatibility Torsion

The one-way joist system supports a total factored dead load of 750 kg/m? and a
factored live load of 800 kg/m?, totaling 1,550 kg/m?. Design the end span, AB, of
the exterior spandrel beam on grid line 1. The factored dead load of the beam and
the factored loads applied directly to it total 1.6 t/m. The spans and loadings are
such that the moments and shears can be calculated by using the moment
coefficients. Use f, = f,, = 4,000 ksc and f'; = 280 ksc

g ;

A FoTTTTTTTTTT T m e ! T
A

_________________________________________________________

—————————————————————————————————————————————————————————

__________________________________________________________

—————————————————————————————————————————————————————————

_______________________________________________

7.0m
6.6 m
/\/

—————————————————————————————————————————————————————————

__________________________________________________________

—————————————————————————————————————————————————————————

@ Y . i:::::::::::::::::::::::::::::::::::::::::::::::i E,____________________
Columns — L ~ ]
40cmx40cm | g

\ 4




60 cm

A
A 4

/Top slab of joists

50 cm

) 4 w

™ Spandrel beam Joist
A A

1. Compute the bending moments for the beam.

wL 1.55x9.6

Joist reaction per meter of length of beam is > =7.44 t/m

Total load on beam is w=744+16 = 9.04 t/m

Exterior end negative: -M, = Wi _9.04x 6.6" =24.6 t-m
16 16

Midspan positive: +M, = V\;Ij = 9.04x6.6° =28.1t-m

First interior negative: -M, = Wi _9.04x 6.6" =39.4 t-m

10 10




2. Checkb=60cm,d =44 cm, and h =50 cm.

Since b and h have already been selected, we shall check whether they are

sufficiently large.

From f, = 4,000 ksc and f', =280 ksc = Prin= 0.0035, ppa, = 0.0229

M, R, P Check
exterior end negative: 24.6 23.5 0.0062 OK
midspan positive: 28.1 26.9 0.0072 OK
first interior negative: 39.4 37.7 0.0103 OK

3. Compute the final M, V,, and T, diagrams.

The designed joists have a clear span of 9.6 m. Because the exterior ends of the
joists are “built integrally with” a “spandrel beam,” gives the exterior negative

moment in the joists as

-M

u

_wl? 1.55x9.62

=595 t-m

This bending moment acts as a twisting moment on the edge beam.




60 cm

A
\ 4

1.6 t/m

>

Edge beam | /

+ <
H 10 cm
A ' Joist
S
N 5.95 t-m/m
9.1[t-m/m
/\‘\/ Freebody diagram of edge beam
9.04 t/m

For torsion design of edge beam, we need the
torque about the centroid of edge beam:

mt = 5.95 + 7.44(0.3)

= 8.18 t-m/m

[ XM, = 0] Moment transfer to column

30 cm 1.6(0.1) + 7.44(0.4) + 5.95 =9.1 t-m/m
7.44 t/m

9.04 t/m

+ 8.18 t-Mm/m

<

\1/ 8.18 t-m/m
9.04 t/m




BMD

SHD

TSD

Casn NI

9.04x6.6/2 =29.8 t

l\ w = 9.04 t/m

1.15x9.04x6.6/2 = 34.3 t

8.18x6.6/2 = 27.0 t-m

‘ mt = 8.18 t-m/m

27.0 t-m




4. Should torsion be considered? torsion can be neglect, if T, < ¢T../ 4

Tu=1njf[é§)

pcp

5 5 3 Effective cross section for torsion :

T 15 cm 1he projection of the flange is the smaller of

50 cm
w
(@)
(@)
3

- height of web below flange = 50 — 15 = 35 cm

- four times flange thickness = 4(15) = 60 cm

»
>

A
A

60 cm " 35cm
ACID = 50x60 + 15x35 = 3,525 cm?
Pep = 2(90 +95) = 290 cm

2
OT, _ 0_85X1.1\/280 3,925
290

4 4

] = 167,591 kg-cm

=1.67 t-m

Since the maximum torque of 27.0 t-m exceeds this value, torsion must be considered.




5. Compatibility Torsion?

Because the loading involves compatibility torsion, we can reduce the maximum
torsional moment, T, in the spandrel beam, at d from the faces of the columns to:

2
T =0.85x1 .1\/280(3’259205 j = 670,364 kg-cm = 6.7 t-m

27.0 t-m Torque

[~
\I

27.0 t-m

Reduced Torque

6.7 t-m

T

6.7 t-m




6. Is the section big enough for the torsion?

2 2
Solid section: Vo + L ph2 < ¢ £+2-1 fe
bd) |\1.7A2 bd

From shear diagram, at distance d from face of support B :

V, = 34.3 — 9.04(0.44) = 30.3 ton

A

3 | A
3 ’

\ 4

T 15 cm
35 cm A, = (50 —2x4 —1.2)(60 — 2x4 — 1.2)

covering 4 cm and use DB12 stirrup

50 cm

v Le . . o l =40.8 x50.8 = 2,073 cm?

>l
)l

\ 4

»
Ll

60cm | 35cm 0. = 2(40.8 + 50.8) = 183.2 cm

32 5 2
\/[30-3“0 ) +[6-7X10 X183'2j - J131.7+2823 = 20.3 kglcm?

60 x 44 1.7x2,073°
¢[&+2.1 fg) = 0.85(0.53+2.14/280 = 37.4 kg/cm?

Since 20.3 kg/cm? is less than 37.4 kg/cm?, the section is large enough.




7. Compute the stirrup area required for shear in the edge beam.

V. =0.534/280(60)(44)/1,000 = 23.4 ton

\

s f,d 4.0x 44

A, V,/¢-V, 30.3/0.85-23.4

= 0.0696 cm

8. Compute the stirrup area required for torsion.

A T/ 67x10°/0.85
s 2x0.85A,f, 2x0.85x2,073x4,000

=0.0559 cm

9. Combined stirrup

Av+t
S S S

= 0.0696 +2x0.0559 = 0.1814 cm”/cm > [3.5b/f,=0.0525] OK

Select close stirrup DB12 (A,,;=2(1.13) = 2.26 cm?)

USE Stirrup DB12 @ 0.12 m (A, /s = 2.26/12 = 0.1883 cm2/cm )




10. Design the longitudinal reinforcement for torsion

A ft 2
A, = —p,+ = 0.0559x183.2 = 10.24 cm” | control
S
yl
1.3f A
Almln o \/t - - t ph

fyI

y

_ 1.3v280 ><3,525_,|0_24 _ 893 cm?

4,000
Distribute A, = 10.24 cm? into 8 bars
A o ’ ®
| 3 bars @ top and bottom and 1 bar
g L J T 15 cm haIfV\{ay up each side to satisfy 30 cm
=) spacing.
© 35 cm
Top & bottom steels use 3 bars
L/ Qe o [ l
< o< q = 3(10.24)/8 = 3.84 cm?
60 cm 35 cm

to be summed up with flexural steels

Halfway steels = 2(10.24)/8 = 2.56 cm2 USE 2-DB16 (A, = 4.02 cm?)




Flexural + Torion Steels:

Position Flexural Total Steel Select
Steel
Exterior support Top 16.37 16.37+3.84=20.21 5-DB25
Midspan Bottom 19.01 19.01+3.84=22.85 5-DB25
Interior support Top 27.19 | 27.19+3.84=31.03 7-DB25
5DB25 2DB25 7DB25
e " 1150m ¢ o 115cm S I15cm
5| |1 ‘73816 L ‘73816 L —2DB16
B DB12@0.12m DB10@0.20m DB12@0.12m
1 |k Jr— 2DB25 v g 5DB25 % Jr—2DB25
- 60 cm - - 60 cm - - 60 cm g
Exterior support Midspan Interior support




