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Introduction to bending stress 2/2

The bending stress equation looks like this:

My
I

Op =

The last chapter was all about Bending Moment (M), which is determined by the loads
and length of the beam.

In this chapter we look at the Second Moment of Area (l), which is determined by the
shape of the beam's cross-section.

Once we have these two values, we simply plug them into the equation (above) to find
bending stress.
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How second moment of area is related to stiffness

Tha sacond momeant of area is a special type of area

freaauraiant used for bending situations: The second moment of area is a measure of the 'efficiency’ of a cross-sectional
It explains why a plank of wood Is much stiffer upright area to resist bending under load.
than when lald down flat,

O =

Both beams have the same area and
even the same shape.

Beam 1 is stiffer than Beam 2
because it has a higher second
moment of area [ .

Orientation alters the second moment
of area |.
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Compare Beam 1 with Beam 2 and identify which statements are true.

b

Ih

Stiff

Soft

Check all that apply.

| They have the same cross-sectional area A
They have the same cross-sectional shape b x h
They have the same Second Moment of Area [

| They have the same value for h



The socored mament of srea for 3 feckanse s
proportionsd to Meeght cuted.

Nate that there is ancther name for second maoment
of aren.

It s also known as “moment of inartia”

But wa will svold this name most of the time. It s oo
saallty confumnd with mass moment of inertia - which
I used for sompletely different problams.

“m»r 0 £

Second moment of area for a rectangular section

The second moment of area (] : of planar shapes is also called the moment
of inertia.
The equation for a rectangle is given below.

Area A | Second moment of area |

I'Gctanglﬂ ty bh bh?
- | 12

] . h
e
B e x

Fﬁtmmeshapes!&&:ﬂﬂ:ﬁm:dhhﬁﬂsuﬂmafuﬁi_mm
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Match the variables to their formulas or symbols for the second moment of area for the rectangle
shown below.

Rectangle |
. b .
i
= K
_ Y
e - | X
W Drag statements on the right to match the left.
bh?
The area of the cross-section A ca =
Second moment of area I ca b-h
The height of the beam cross-section ca h

The width of the beam cross-section ca b



The second moment of area (I of planar shapes is also called the

Check all that apply.
(1 moment of inertia
|| area
| mass moment of inertia
|| inertia
[ | area moment of inertia
Do you know the answer?




Compare the effect of depth and width on second moment of area 1/2

IT widith is doubled, thesecond momaent of ansa
increases twice. The second moment of area is much more sensitive to depth than width.

If hiedght ks doubled, the second moment of area If width is doubled, I increases twice.
| (] .
IR, If height is doubled, I increases eight times.

O =
hl gle |= [Te| |1e |k
ah b &
zh|8le| = Ple| Ple| e | [l Ic | | 1e IE Ic |h

b b b b b b b b
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Compare the effect of depth and width on second moment of area 2/2

This is why beam depth is emphasised for anything designed to handle bending loads,
like these wooden beams in a house structure.




hi 2lc Ie || Ie |A

2b b b

2h| 8le

Il
&

Ie||Ie||Tc||Jc||dc||Ic|]| Iec A

b b h b b b b b

b

Altering width or height of a beam's cross-section and the effect on the second moment of area:
Match the following statements.

W Drag statements on the right to match the left.

The second moment of area is much

more sensitive to than width, dopin seeis
If width is doubled, I increases ... o X2
If height is doubled, I increases ... o  width
The second moment of area is oo X8

proportional to the beam's it




Calculate the second moment of area for a rectangular section--Example 1/2

Example

Determine the moment of inertia of a rectangular area, with base 20 mm and height 30
mm, about its horizontal centroidal axis.

1y

b
@ h
- l
”—-—" ..":f . X
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Calculate the second moment of area for a rectangular section--Example 2/2

Solution

The moment of inertia of a rectangle is given by:

_bh?

I
12

Substitute and solve:
_ 20X 302

12
45,000 mm *



A bar has a 7 mm square cross-section. Calculate the second
moment of area (Ic) about it centroid.

(Round off to nearest integer. Include units as mm*)
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Click and type your answer here

SUBMIT SHOW ANSWER

J.

INSTRUCTIONS

No intermediate steps are required

If you choose to show steps, write one on each line.

Write your final answer on the last line.

The computer will check all your work in detail when you click "Submit®.
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A beam has a rectangular cross-section of breadth 7 mm and
height 10 mm. Calculate the second moment of area (Ic) about
its centroid.

(Round off to nearest integer. Include units as mm")

) &5yl ol .
[ Searine

:
£|o) ) cooc i 1o QR
|

¢ |

—

Click and type your answer here

INSTRUCTIONS

* No intermediate steps are required

«  If you choose to show steps, write one on each line.

=  Write your final answer on the last line.

= The computer will check all your work in detail when you click
*Submit®.
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The significance of the newtral plane 172

Boratiing siress 5 3foront 1o direct sl sivesses B
ot detributed gronTily over the oroEs-sertonsl

anes of the beam. bm;“fn:‘:miﬁﬂﬂm '
i

mumm m '::; mﬂ“‘ uniformly over the cross-sectional area

m“""‘“ of the beam.,

» 0O =

When a beam Is subjected to bending,
the convex side is extended, while the
concave side |s compressed (as
shown).

Somewhere between the stretched
and the compressed areas there is a
longitudinal plane along which there is
no deformation of length. This plane is
known as the neutral plane (NP).
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The significance of the neutral plane

A

F;"

figw compregsad finres
a"'-far "
e [ R 1] -
extended fibres ;
cross-section
s py
(a) (b)

(a) Beam in bending (b) Stress distribution
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maximum
compression

1
?g—.‘ ‘

maximum
tansion




The neutral plane has (please select) |

and is located on the (please sﬂﬂt. the beam.

Submit

Do you know the answer?




Hara ks the formuls for bonding stross.

For a reciangdar beam, the bending stmes sguds
tha bencding maoment tmes half tha depth, dhided by
the second moment of aroa.

a » O -

Determine bending stress in a rectangolar section

When a part Is in bending stress (like a beam), the cross-section is under a
varied stress that goes from tension at the bottom to compression at the top.

The maximum bending stress is found
for a rectangular cross-section by:

ot

Ok T

Where:

O+ = bending stress (MPa)

M = bending moment at a given cross-
section (N.mm)

¥ =%=halfthed&oﬂ1 {mm)

k>
12
(mm”*)

I = gacond moment of area
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Bending stress in a beam.
Highest stress occurs with
maximum y, tenslle on bottom,
compressive at the top. There is
no axial stress in the middle
(centroid),



A rectangular beam is under positive bending
moment (sagging).

The bending stress is found for a rectangular
cross-section by:

5,
I

Ob

Where:

O» = bending stress (MPa)

M = bending moment (N.mm)
y = distance from centroid (mm)

I = second moment of area (mm‘]

ldrII--l"~

Bending stress in a beam under a positive bending
moment.

) Drag statements on the right to match the left.

Highest tensile stress occurs at

Highest compressive stress occurs at

There is zero axial stress at

Tensile stress occurs in

Compressive stress occurs in

the bottom of this section

the centroid of this section

the upper half of this section

the lower half of this section

the top of this section



Calculate the bending stress in a rectangular section 1/3

Find the stress in a 20mm wide by 30mm deep rectangular i
beam when it is under a bending moment of 600 Nm. | f—b—=
Calculation for second moment of area: T
(base b=20 mm x height h=30 mm). —F $ h
yol A l
3
I, = 20X 307 }:;” = 45,000 mm * A x
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Calculate the bending stress in a rectangular section 2/3

The maximum bending stress for a rectangular cross-section using;

LR

i =
v

where:
gr = bending stress (MPa)
M = pending moment at a given cross-section (N.mm) = 600 x 1000 N.mm

¥y = % = half the depth (mm) = 30/2 =15 mm
b-h? 4 4
e 5 = gecond moment of area (mm”~) = 45000 mm
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Calculate the bending stress in a rectangular section 3/3

So bending stress is:

(600 - 1,000 - 15
45,000
200 MPa

That is quite a high stress and will need to be made of a strong material (e.g. steel).



A rectangular bar has a breadth 6 mm and height 8 mm, - INSTRUCTIONS
(which gives a second moment of area of 256 mm"). It is

* No intermediate steps are required
wﬁmmﬁiﬁﬂmffﬂmm »  If you choose to show steps. write one on each line.
€ =  Write your final answer on the last line.
?MMMMM.IMMHMHJ « The computer will check all your work in detail when you click *Submit®.
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Click and type your answer here

SUBMIT SHOW ANSWER




The centroid s the gedaimbtrical centhe of i fat sfuape.

S50 i you out The shape out of & plate, the oontroid
where the plate will halance.

For simpie shapes lilos cirches snd squsres, the
corirold @ i the milddhe.

For mofe cormpke shapoes we must calculate he
csrtroid

“« » O =

Centroids 1/2
The centrold of a plane area is the geometrical centre of the area distribution.

in other words, if you cut the shape out of a plate, the centroid is where the
plate will balance.

Centroid of an area Is the balancing point of a plate.
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Centroids 2/2

Although this analogy is helpful, one should keep in mind that the centroid is a
geometrical concept and not a mass-related concept.

The positions of centroids of symmetrical shapes such as circles, squares and rectangles
are in the middle. For other shapes the centroids have been determined by integration, or

by computer.

For simple centroids see: Ref: Second Moments of Area for Simple Shapes




If you cut any random shape out of a plate, the is where the plate will balance.

Click the correct answer.
centroid
middle
centre
X axis

y axis

Do you know the answer?




Positive bending means the beam will be sagging, the
upper half in compression and the lower half in
tenslan.

The location In the middle s called the neutral plane,
whare there is no axal stress at all.

This middle location is called the cantroid.

= O

1]

How the centroid is related to bending stress

This beam is under a positive

bending moment (sagging).

*  The centroid of the beam's
cross-sectional area has no
tension or compression.

*  The centroid along the whole
beam is called the neutral axis.
In3Ditis a plane, soitis also
known as the neutral plane.

From the bending stress formula:
My
Qy=i
I

. Maximurm tensile stress O may is
when y is furthest below the
neutral plane,

. Maximum compressive stress -
O max is when y is furthest
above the neutral plane.
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Coprriphl 2P G o =i B codion. P ssdon noo nosd 5o vepeods oo on diaploy

M M
(p
A * .
£~ ]
i ComEn
Positive bending moment,
=T ey

e i 1

Axial stresses inside a beam
under a positive bending
moment.



hl ' i"t‘ y t'r!JJ:-l.".

=T A Neutral Plane

| A beam A close-up of the same beam _
For the beam shown above, match the following statements with the correct words.

W Drag statements on the right to match the left.

This beam is under a bending oo below
moment
The centroid along the whole length of s
the beam is called the ____ axis. SEprosAive
In 3D the neutral axis is called the T
neutral
Maximum tensile stress occurs furthest
=2 above
the neutral plane.
Maximum compressive stress occurs sa  plane

furthest

the neutral plane.



Here are some simple shapes with their
centroids and second moments of area.

7

The centroids of simple planar shapes are given in the table below.
The centroids are in the middle of course. The only surprise is that a triangle is

Define the centroid for simple planar shapes

at h/3.
Shape Diagram Area A Second moment | Centroid
of area I'*
mm? mm

circle nD? At centre

64
rectangle bh? At centre.

19 The intersection
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Define the centroid for simple planar shapes

The centroids of simple planar shapes are given in the table below.

e ip g pasleg e inged The centroids are in the middle of course. The only surprise is that a triangle is

centroids and second moments of area.

at h/3.
2 | |
Shape Diagram Area A Second moment | Centroid
of area I'*
| rectangle i bh bh?3 At centre.
<k — | 12 The intersection
of diagonals.
A | e
| .
el T |
B e
triangle b h bh? At the
of perp TS5 36 intersection
height h - of medians.
1/3 of height h




The centroid of a rectangle of vertical height / is located at from its base.

Click the correct answer.

Do you know the answer?




A

This triangular section has height 30 mm and breadth 15
mm. Find the location of the centroid measured from the
| bottom of the triangle.

{1 decimal place. Include appropriate units)

NG

hil
b

28] o)) ve) o)
?IJ valf:r'{TI:Dn S } Undo

Click and type your answer here

INSTRUCTIONS

= Nointermediate steps are required

= [fyou choose to show steps, write one on each line.

= Write your final answer on the last line.

*  The computer will check all your work in detail when you click "Submit”.

it Each hint will reduoes ths credit racalved for this question



The centroid of a triangle of vertical height h is located at from its base.

Click the correct answer.

Do you know the answer?




How the ceotroid relates to compesite shapes 1/2

The centrowd for any shape can be calcutated
hmmﬁmm:ﬂmm The centroid of a composite shape can be calculated by dividing the area into
muftiplying each bit by its distance from an its simple component parts and then applying the principle of first moments
i, of area.

We then divide this number by the total ares
to find the location of the centroid.

We get oompaters to do this of course.,

a»r O

The first moment of an area about any reference line equals the
algebraic sum of the moments of its component areas about the same
line.

GIVE FEEDBACK m



How the centroid relates to composite shapes 2/2

What is the 'moment of area'? I

ﬁ" S Area of

Fiim I i element
| | 1 1

)

It is the area of the shape multiplied by the
distance to its own centre (centroid).

ZA -y,
4 Yy
Total Area Moment = Sum of elemental area moment: i _AHHHT T
SA .y = A -y eI
Where: N sxapEEEasams- 4
> A =Total area of shape -

V¢ =Y coordinate of the centroid of shape
A = Area of each element
y =y coordinate of each element
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The first moment of an area about any reference line equals the algebraic sum of the moments
of its component areas about the same line.
The mathematical way of saying this is

Click the correct answer.

ZA - ye=Z{A -y
ZA - yi=3(A .y)2
ZA - Zy =Z(A -y}

ZA -y =Z{A -y}

Do you know the answer?




Total Area Moment=Sum of elemental area moments
ZA -ye=EA . Y}

Match the symbols with their definitions below.

Y

---------

Arva of
l",n"']ﬂl'l Wl

U

W Drag statements on the right to match the left.

Total area of shape oo
y coordinate of the centroid of shape oo
Area of each element e
y coordinate of each element G

ZA

Ye

A

y

i
i
i

e




What does 'first moment of area about an axis' mean?

Click the correct answer.
The area multiplied by its distance to the axis
The area multiplied by the square of its distance to the axis
A force multiplied by the distance to the axis

The bending moment calculated by a distance to the axis

Do you know the answer?




State the formula for finding the centroid of a composite shape 1/2

Finding the centroid y .
€ ¥ 4 ,"‘"'--T" Area of
Vi EEENE element
il |
From the e =)
previous property of first moment of area: N EA DT
Total area moment = Sum of elemental area moment: C*iﬂmi
. Y
Ay, =2iA -y} ye — |’
TPt T
J-Ir _ E {A g }J ':I '{_I_I_- __.'.:.I_.i_ ........ HH I__-_’E_-
‘ TA SR HHHEE
x

Where:
¥ A =Total area of shape
¥ =Yy coordinate of the centroid of shape (also 7

)

A = Area of each element
y =y coordinate of each element
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State the formula for finding the centroid of a composite shape 2/2

The same applies in the x direction:

_Z{Ax)
£ ZiA

Where:

£i A 1is the sum of all the component areas: A + Az + A3 + ..

ZiA x)is the sum of all the area moments: A;x; + Axx2 + Aszxs + ..

So the centroid (the balancing point of the area) is located at {x., y .}



Z(A-y)
ZA
This formula calculates the

Ye =

Click the correct answer.
centroid
moment of area
second moment of area

area

Do you know the answer?




Calculate the position of the centroid for simple composite shape--Example 1/3

Example

Locate the centroid of the composite area shown below with respecttothe x - x and
y - ¥y axes.

i

A

30 mm cantrold

50 mm

"25 mm
e

| 10 mm

(ay y! Tlsmp
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Calculate the position of the centroid for simple composite shape--Example 2/3

Solution

Divide the area into three rectangular elements, A, A, and A 3, and locate the centroid
of each element as in Figure (b).

Calculate each elementary area:

A1 = 30 %X 20=600 mm?
Az =30 % 10=300 mm?
Az = 60 X 10 =600 mm?

{..Total area £i{ A 1 = 1,500 mm?
Calculate the area moments in the x - x direction:
A1Xx1 = 600 X 15=9,000 mm ?
AzX2 = 300 X 5=1,500 mm?
A3X3 =30 X 10=300 mm?
28,500 mm*?

Ll

{..Total area momentZi{ A x
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Calculate the position of the centroid for simple composite shape--Example 3/3

The position of the centroid with respect to the y — y axis, i.e. located in the x - x
direction, is:

. BIART 50

19 mm
TiAY 1,500

Similarly in the ¥ - y direction:
iy}
Z{A )
600 % 50 + 300 X 25 + 600 X 5
600 + 300 + 600

}T:

27 mm

It is obvious from this example that the centroid of a composite area can lie outside the
outline of the area itself.



——— Wee——
mm 1
_ T 20 mm i
| { S
.| 30 mm <
] B (e
(I ..I_ B
10 &
. == ' xmm l“
() y!
{b)
Calculate the centroid in the x direction, using the formula:
2(A -x)
Xe =
2(A)

Match the following values for x.

W Drag statements on the right to match the left.

x1 ca 5
X2 ca 30
ca 15

ttttt
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y 10 20 mm 30 mm

—":-;:-——“————.I }
| T 20 mm I
! ‘I E
n 30 mm €
. 8 £
B E
& ! 1oxmm .Lﬁ
(a) y!
(b)
Calculate the centroid in the y direction, using the formula:
XA -y)

C

2(A)
Match the following values for y.

W Drag statements on the right to match the left.

yl ca 5

ea 25

R

y3 ca 50

‘‘‘‘‘
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10 20 mm 30 mm A

50 mm

“E
3
3
*'—25 mm
5 mm
| =
o
F
!
>
f
|

(@ ! S m

600 X 15 + 300 X 5 + 600 X 30 _

600 + 300 + 600
What does this calculate? (Use every appropriate symbol)

?= 19mm

Check all that apply.

I.II

By e

|

I,

O O O
|

X¢

|



"-10_20mm 30 mm

‘mm

—————

(a) y!

?

_ 600X50 + 300 X25 + 600X 5 _

600 + 300 + 600

r-—-(
- Atf—__,
20 mm { =1 T
K- .
A;.Jf'
S NG
30 mm E -t ¥ centroid
Bl ’
- [ ]
B e
10 mm f@ E*—L |l Ay __:l
X m;, e
—— -—
T
15 mm
- -
v 30 mm

27 mm

What does this calculate? (Use every appropriate symbol)

Check all that apply.

|

|



Calculate the coordinates of the centroid for a symmetrical shape--Example

Calculate the centroid for this section Copyrinht & MeGraw-Hill Cducation. Ponmission mouired for reproduection o display.

) o o _ _ o ~— 100 mm —
This section Is symmetrical in the x axis so the x coordinate of the centroid is midway.

L 20 mm

We only need to calculate y ..

20 mm — =

S0 mm

L 20 mm

60 mm
Find the Find centroid Find cantrold Calculate first F1[1r.| y
centroid for each y moment for coordinate of
element ' each element centroid
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Calculate the coordinates of the centroid for a symmetrical shape--Example

Find centroid for each element [f
=~ 100 i —
Split the section into three simple elements (1,2 and 3).
y 1 1 '
= 2
Working only in the y direction, determine each element centroid: J _?2 § 20 mm
. E 3
o= B+ 80 4 222 150 i
’ &
}’2:20+%=6{}mm ¥z 1 & S0 mm
i
y3=— = 10mm Y o 20 mm
w
l ——
S, —-— b ¥ 20 mm
T I x
y-':i - -
60 mm
Find centroid g Calculate first Find y
Flr!dt:h; for each Fing cf Atyoid moment for coordinate of
centro element ‘ each element centroid

GIVE FEEDEACK




Calculate the coordinates of the centroid for a symmetrical shape--Example

Find centroid for each element [f
=~ 100 i —
Split the section into three simple elements (1, 2 and 3).
y 1 1 '
= 2
Working only in the y direction, determine each element centroid: J _?2 § 20 mm
. E 3
o= B+ 80 4 222 150 i
’ &
}’2:20+%=6{}mm ¥z 1 & S0 mm
i
y3=— = 10mm Y o 20 mm
w
l ——
S, —-— b ¥ 20 mm
T I x
y-':i - -
60 mm
Find the Find centroid Find centroid Calculate first F1[1r.| y
troid for each y moment for coordinate of
centro element ‘ each element centroid

GIVE FEEDEACK




Calculate the coordinates of the centroid for a symmetrical shape--Example

First moment for each element f!
~=— 100 mm —
From now on we take all dimensions based on the neutral plane.
yi 1.
Ay = (20X 100% X 110 = 220,000 mm * ‘ '?z v 20 mim
= 3
A yz=i20X 801X 60 = 96,000 mm* i ?
j' w bl
Y2 S0 mm
Ayi=160X201%10 = 12,000 mm?* Ye
20 mm
L |
TiAy) =220+ 96 + 12 e A
= 328 (X 10%) mm? i k4 L 20 mm
‘[ I ‘i
y 3 - -
60 mm
Find centroid g Calculate first Find y
Flr!dt:h; for each Fing cf Atyoid moment for coordinate of
centro element ‘ each element centroid
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Calculate the coordinates of the centroid for a symmetrical shape--Example

Centroid y y
<=— 100 mm —
A = 2,000 + 1,600 + 1,200
= 4,800 mm ? i1 -
J; L 1 20 mm
2 A
g B AN
e E .11 v
328,000 . & S0 mm
4,800 ife
= 68333 mm | —_ *_2'[} i r
L
= 3 k-
Coordinates of centroid = {50, 68.333} 1 Y \ ¥ 20 mm
i
H b = -
GO mm
Find centroid g Calculate first Find y
Flndt:h; for each Fing cf Atyoid moment for coordinate of
centro element ‘ each element centroid

GIVE FEEDEACK




4
100 mim —=| When calculating the centroid in the y direction, use the
Yy T formula:
1 mm : .
& 3 Y= ——L—EIA . ]
XA
Y3 y somm | Match the following values for y .
<20 mm
L
g I - 3 1 20 mm
A | i
I
. 60 mm
,' Drag statements on the right to match the left.
y1 oo 20+80+10 = 110 mm HiH
y2 oo 20+40 = 60 mm Hidl
y3 o 10 mm ||!3[

Do vou know the answer?




Y
=100 mm —* When calculating the centroid in the y direction, use the
ff: @ A 1 20 mm TN
i ' _ZA-y)
Ye =
- Z(A)

80w | Match the following values for A.

20 mm
X

W Drag statements on the right to match the left.

Al o3 60Xx20=1200 mm>
A2 ea 100 x 20 = 2000 mm?
A3 ca  2000+1600+1200 = 4800 mm?

iiiii
rrrrr

TA ca  20x80=1600 mm’ et




=< 1 ()0} ynin —

When calculating the centroid in the y direction, use the
formula:

2(Ay)

o8 1200 x 10 = 12000 mm®

¥ _?2 ; i 20 mm S(A - y)
ye =
& Z(A)
) | 50 mm | Match the following values for A y.
¥e | 20mm
e Y
| 1 * $ 20 mm
i x
i: i —
“ GO
W Drag statements on the right to match the left.
220000+96000+12000=328000 ...
Ay = 3 i
mm
Azy2 =8 2000 x 110 = 220000 mm® i
Asys =8 1600 x 60 = 96000 mm" H

lllll
lllll




i
~— 100 mm ‘—'1 When calculating the centroid in the y direction, use the
1 - T, formula:
, B _[1 !Zﬂmm y=f{A'}"?
ye 4 S0 mm | Match the following symbols and formulae.
e | [20mm
. v
| 3 l Y1 ¢ ° 1 20 mm
t x
i3
GO mim
& Drag statements on the right to match the left.
220000+96000+12000=328000 —
ZA el
X Ay) ea  328000/48000 = 68.333 mm

llll
lllll

Xe @8 2000+1600+1200 = 4800 mm* i

lllll




Calculate the coordinates of the centroid for a composite shape using a table--Example 1/3

Example
Use a table format to locate the centroid of the composite area shown below with respect

tothe x - x and y - y axes.

¥ x
10 20 mm Eﬂ_rﬂhl - |
mm i |
N
20 mm T ] T
_[ =l .A; ]
E £ i
a0 mm ; SRS fi centroid
£ ¥
* <
l l 10 mm & E— My {
i, X x. “* ! ==
(@ ! “lamn
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Calculate the coordinates of the centroid for a composite shape using a table--Example

Solution

2/3

Dividing into three elements, A, A, and A 3, and with each centroid located as in Figure

(b).

Table format to determine centroid

Element | Area | Distance | Area Moment
A
X y | Ax Ay
1 600 |15 |50 |9000 30000
2 300 |b |25 | 1500 7500
3 600 |30 |5 |18000 3000
y= 1500 |— |— [28500 45000
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Calculate the coordinates of the centroid for a composite shape using a table--Example 3/3

So the centroid is:

28.500
R : =19
e
and:
40,500 =
= =27 mm
1,500
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| 3 51 /
immm £E*L1 T - ,q:\_]
X X L i“ ..d!._ : S
(0 ! 12*
mm
o
@ Y Rem
Table format to determine centrold
Element| Area | Distance | Area Moment
A
x|y |Ax Ay
600 (15 |50 9000 30000
300 |5 25 | 1500 7500
3 600 (30 |5 |18000 3000
b Aoy 1500 28500 40,500

Match the following variables to their values listed from the table.

4§ Drag statements on the right to match the left

Ye oo 28000 , 19 mm
1,500

Xe ca 40,500 =27 mm
1,500

ZAy) ea 28,500 mm”®

TAx) oo 45,000 mm*
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Calculate the coordinates of the centroid for a composite shape by subtraction--Example 1/3

Example
Locate the centroid of the shape shown below.
In this example, the circle is subtracted from the rectangle.

60 mm
Y e
20" 30 mm
/ " diam. hole
o |E
N centroid
E \< / i -
Q|E Ly
X _ ' X
y =
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Calculate the coordinates of the centroid for a composite shape by subtraction--Example 2/3

Solution
The areas removed, e.g. holes, can be regarded as negative areas.
Area of circle = - AR 706.86 mm ?
Table format to determine centroid
Element | Area Distance | Area
A Moment
X Ax
1 2400 30 72000
2 -7106.86 20 -14137
Y= 1693 57863

< BACK GIVE FEEDBACK
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Calculate the coordinates of the centroid for a composite shape by subtraction--Example 3/3

So the centroid is:
57,863

1693 =34.18 mm

From symmetry, ¥ = 20 mm, so there is no need to calculate this.



Table format to determine centroid:

60 mm
y o—o —m—7"—=
~20 30 mm
mm / diam. hole
IE ¢
o
NIE centroid
5 ]
a E ! #
x ! |
y [*'- = -
X

y
X

Element | Area A Distance x Area Moment Ax
1 2400 30 72000

2 -706.86 20 -14137

= 1693 57863

So the centroid is:
57,863

1,693

X =

Match the various areas to their numerical values.

§y Drag statements on the right to match the left.

Area of circle
Area of rectangle

Area of the composite shape

o 1693
za 2400
ca -706.86

=34.18 mm (From symmetry, y = 20 mm, S0 no calculation required).

lllll
lllll
.....

IIIII
lllll
lllll
11111

IIIII
lllll
lllll
11111

-----



Table format to determine centroid:

60 mm

jf e et e

- -

, 30 mm

) / diam. hole

20
mm mm

)

mm
/ ) /centrold

el

|

y
x

Element | Area A Distance x Area Moment Ax
1 2400 30 72000

2 -706.86 20 -14137

Y= 1693 57863

So the centroid is;

X =

57,863
1,693

=34.18 mm (From symmetry, y = 20 mm, S0 no calculation required).

Select the correct value for the x coordinate of the centroid of the combined shape.

I/ =20 mm
706.86

72,000 _
2,400

30mm

20+ 20 = 40 mm

57,863
1,693

=34.18 mm

Click the correct answer.




Table format to determine centroid:

60 mm Element | Area A Distance x Area Moment Ax
y——— =
il , 30 mm
nm 7 diam. hole 2 | 2400 30 72000
|
& E /centmld
; b |2 -706.86 20 -14137
QIE | 1 y
4 ' - - X
X

So the centroid is:
57,863

X = =34.18 mm (From symmetry, y = 20 mm, S0 no calculation required).

1,693
Match the various first area moments to their numerical values.

W Drag statements on the right to match the left.
First area moment for circle 1 72000
First area moment for rectangle ca 57863

First area moment for composite shape ca  -14137
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The second moment of area is similar to first
moment of area except the distance is
squared.

/A

How second moment of area is calculated for any shape

In the name "second moment of
area’, the 'second' means squared.

So the cross-section is split into tiles,
and the area of each one is
multiplied by the square of its
distance from the neutral axis.

I. =2(A-d?

Where:

I. = centroidal second moment of
area

A = area of each element (tile)

d = distance of tile from the neutral
axis

This can be calculated using
integration (calculus), or by computer
(divide into little bits and add them
all up).

Neutral
Axis




What does 'second moment of area about an axis' mean?

Click the correct answer.
The area multiplied by its distance to the axis
The area multiplied by the square of its distance to the axis
A force multiplied by the distance to the axis

The bending moment calculated by a distance to the axis

Do you know the answer?




Match the variables from the following equation
with the correct definition.

Area

I. =Z(A -d?

Neutral
Axis

W Drag statements on the right to match the left.

area of each element (tile) =a I

centroidal second moment of area =a A

distance of tile from the neutral axis za d



Match the units to the correct variable for the
following equation.

I; = Z(A " dZ)

W Drag statements on the right to match the left.

A = mm? i

d zo mm? i



Than gynitsod | il subscript © stands for S second
o of area NDout the centrosdal aus.

This i Fioe the shape il hetave under purs
beracdbing.

“«» O

Determine the second moment of area about the centroidal axis 1/2

Earlier we found the second moment of
area for a rectangular section, with base 30
mm x height 20 mm.

_bxh?_20x30°
T2 12
The symbol 1. stands for the second
moment of area about the centroldal axis.

I, = 45,000 mm *

This is how this section behaves in positive
bending. the upper half in compression, the
lower half in tension. The centroid (neutral
plane) has zero axial stress.

GIVE FEEDBAGH

The centroid is in the
centre of a rectangle

CONTINUE =



Determine the second moment of area about the centroidal axis 2/2

The same applies for the other simple shapes. __
Shape Diagram Area A | Second moment | Centroid

of area I *
mm?2 mm 4 mm
circle 7 nD? | nD?2 At centre
4 64

rectangle bh bh3 At centre.
12 The intersection
* nf Aiadanale
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Determine the second moment of area about the centroidal axis 2/2

rectangle Y bh bh3 At centre.
i 12 The intersection
T of diagonals.

triangle bh bh? At the intersection
of perp - 36 of medians.
height h 1/3 of height h

< BACK GIVE FEEDBACK “



For the symbol Ic, the | stands for the [(please select) =
and the ¢ stands for the i{plaasa salact}. axis.

Submit

Do you know the answer?

I KNOW IT THINK SO m NO IDEA




A shaft has a diameter of 29 mm. What is the second INSTRUCTIONS

moment of area? «  No intermediate steps are required
Mwmmw.inﬂudeumummﬁ = [f you choose to show steps, write one on each line.
E =  Write your final answer on the last line.

« The computer will check all your work in detail when you click "Submit®.
ii' %l "}.IDI:_ _ (e hir. witl roxduce U credit raceived for this quEson
olr) 5] 7| m

o« aE

Click and type your answer here




50 lang as the centrolds ane ol the same location,
the second mamems of s can be added o
subtracted directly.

WO

How to calculate second moment of area for hollow shapes--Example 1/2

If the centroid of various area elements in a scross-section are in the same
plane, the second moments of area of each element can be directly added or

subtracted.

This includes hollow objects, and can quite often be used for symmetrical
objects.

Example
To calculate this pipe, we simply substract any voids as negative second

moments of area.

y

GIVE FEEDBACK CONTINUE =



How to calcalate second moment of area for hollow shapes--Example

To calculate this RHS (rolled hollow section), we again substract any voids as negative

second moments of area.
i

b,

b,
'y @ hl hr.l

‘ =15 = I

e
- by Xh? by xh?
1!__ X __i X = _ 1
= 3 12 12
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A hollow beam has a rectangular cross-section of breadth 11
mm and height 15 mm. Wall thickness is 3. Calculate the
second moment of area (Ic) in mm®, about the centroid.

(Round off to nearest integer. Include units)

+ |v| & lilulr Jﬁ'{g:lv]_

Sy) 7 mogregv) e @ |

| Cleariine |
B uno

SHOW ANSWER

-

INSTRUCTIONS

No intermediate steps are required

If you choose to show steps, write one on each line.

Write your final answer on the last line.

The computer will check all your work in detail when you click *Submit”.

o



A hollow shaft has a diameter of 15 mm. Wall thickness Is 2. | o INSTRUCTIONS
Calculate the second moment of area {Ic) about the centroid.

(Round off to nearest integer. Include units as mm*)

No intermediate steps are required

If you choose to show steps, write one on each line.

Write your final answer on the last line.

The computer will check all your work in detail when you click "Submit®.

J &3] o]+ e ]

:I:I — £ch hirst will recuce Use Credil receivesd Tor is Guestion
i _
< [v) 7 | mudr e fv)onf @ | @ undo
| |
( { '_i
Click and type your answer here 1

SUBMIT SHOW ANSWER




The second moment of area about a parallel axis 1/2

If pure banding ls gven additionsl lonsion the neutrsl
plane will move ahove Uie centim, The neutral axis (or neutral plane) can be moved away from the centroid.
w0 = For example, by a combination of bending and tension, the neutral axis is
moved above the centroid.
U} Yy y
| I Nentral
) — = = 2~ A
= — - o——— = ¢ —.—Centroid
= L N . —

GIVE FEEDBACK CONTINUE =



The second moment of area about a parallel axis

2/2

If the tension is high enough compared to the bending stress, it is even possible to move

the neutral axis completely off the section.

Y

] __ Neutral
Axis

g

i

—=. Centroid

C )

—
- Ny
—I‘\-\

This situation can occur in a combined section such as a floor truss, The lower chord is
under some bending but a lot more tensile stress. The neutral axis can be a significant

distance from the centroid of the member.

< BACK GIVE FEEDBACK



A beam is under bending.
]

Ne_rutral

%

— "o, — Centroid

ir " —

it

If tension is added, what happens?

Check all that apply.
The neutral plane is moved above the centroid
The tensile stress in the beam Is increased
The compressive stress in the beam is increased
The centroid is moved higher upward
The neutral plane remains at the centroid

OO0O0O0

Do you know the answer?




State the formula for the second moment of area abowt a parallel axis 1/2

Tha parpliel s (hoorem miust ba used whensyer
tha nautral plane does no ooincide with the centroid When the neutral plane is off the centroid, the second moment of area is
increased by the square of the distance.

4 » O =
The formula for the second moment of area about another axis is the parallel
axis theorem:

| =1, +Ad?2
Where:

I is the second moment of area about the neutral plane
I; is the second moment of area about the centroid

A isthe area
d is the distance between the centroid and the neutral plane

GIVE FEEDBACK m



State the formula for the second moment of area about a parallel axis 2/2

Y Yy
T Neutral Axis
d
L
L —— [ @2_ Centroid
ye '
ﬂ'i L Te - I X

X |

Bending where the neutral axis has been shifted by a distance d above the
centroid.



I=I¢ +Ad2

[ !

I ® J Neutral Axis

g ¥

r & ..I d

|

C A /Qi: Centroid
o ‘Y_ xXc - X
X

Match each variable to its definition.

 Drag statements on the right to match the left.

The second moment of area about the st

ea d fiss
neutralplane
The second moment of area about the S T 135
centroid ety
The distance between the centroid and wrey

ca I, L

the neutralplgne ..~ =&



I=1.+Ad?

What is this formula used for?

Check all that apply.
When the neutral plane does not go through the area's centroid
When the area is under both bending moment and compressive load
When a beam is under bending and the neutral plane runs through the centroid

When trying to find the centroid

BEjRIRINn

Do you know the answer?




How the neutral axis can be shifted away from the centroid
The usaal wary the noutral plane of a particutar

1/3
shape gets shimed from s centrokd s when

How does the neutral axis get shifted away from the centroid?
the shape s joined with other shapes to form
il combined beam Consider these truss beams.
“a» O

I

= T

GIVE FEEDBACK CONTINUE =~



How the neutral axis can be shifted away from the centroid 2/3

Each beam bends as one piece, which means the neutral axis of the composite beam is

halfway up in the metal truss. For the bottom wooden chord, the stress would be like this
(below), but even more exaggerated:

¥ Y z « Neutral
| Axis
= —I'F-"

—¢ hs =\, Gontroid

= - ey — | = Cendroi
F—— T . = = C— o,

—_—e - —_—

- I e

| . Y

=
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How the neutral axis can be shifted away from the centroid 3/3

When multiple elements are tied together to form a
beam, the neutral axis is at the centroid of the combined
shape.

This means the second moment of area of each element
must be converted using the parallel axis theorem.

[ =1.+Ad? Neutral
Axis
Notes:
In this example, the A d 2 term is much larger than the d
elemental second moment of area ..

This is the whole idea of a truss. Place the area as far
away from the neutral plane as possible, to significantly
increase the second moment of area 1.

< BACK GIVE FEEDBACK “



This represents a floor truss.
If the metal truss sides are removed, which equation best explains the stiffness of the remaining
members?




This represents a short section of a floor truss.

Check all that apply.




Calculate the second moment of area for a parallel axis--Example 1/3

Example
This example has a rectangular element 30 mm wide and 20 mm high, bending about an

axis that is 23 mm away from the centroid. Find I.

- 30 mm
centroidal | ~~ = -~ E
axis - - e R .

27 o
E o N o~

E
¢ z -
o | given reference axis

GIVE FEEDBACK CONTINUE >



Calculate the second moment of area for a parallel axis--Example 2/3

Solution
The moment of inertia about the centroidal axis of the rectangular area is:

bh?

12

30X 203
12

= 20,000 mm*

I. =

< BACK GIVE FEEDBACK m



Calculate the second moment of area for a parallel axis--Example

The parallel axis term is:

Therefore, the required moment of inertia about the given reference axis is:

m GIVE FEEDBACK

Ad?

¢

(30X 207 x 232
317,400 mm*

I.+Ad?
337,400 mm*

3/3



Calculate the second moment of area about a parallel axis 1/3

Example
Determine the moment of inertia of the lower chord (75 mm wide by 50 mm tall) if the

floor truss is 400 mm high.

el

GIVE FEEDBACK CONTINUE >



Calculate the second moment of area about a parallel axis 2/3

Solution
This will need the parallel axis theorem:

I=I,+Ad?
Where: Nottral
3 75+ 503 Neutra
Fosectl SR, OB oy ol s Aiks
12 12 '
Big number. But wait until you see the next one! 1
il
Find distance d: =
L
d = % ~ % = 175 mm @

m GIVE FEEDBACK CONTINUE >



Calculate the second moment of area about a parallel axis 3/3

So the parallel axis term is:
Ad?=(50.75).175% = 114,843,750 mm *

That is 147 times larger the I, term!
The total for the lower chord is:
I = 781,250 + 114,843,750 = 115,625,000 mm *

So the total for both chords is:
Itor =2+ 115625000 = 231,250,000 mm *

Note:

These number are huge, which is quite common with second moment of area. Engineers
often work in millions of mm *

For example, the above total would be: [, , ¢ = 115.625: X 105) mm *

< BACK GIVE FEEDBACK “



Calculation of the second moment of inertia of the lower chord (b = 75mm and h = 50 mm) of this
floor truss, where h, = 400 mm: Match the variables to the appropriate equations.

4]

hI W

h,

el |
=3
W Drag statements on the right to match the left.

L e 50X 75 = 3,750 mm®
a3 o 781,250 + 114,843,750 = 115,625,000 mm* i
E za (50 - 75) - 1752 = 114,843,750 mm*
- 3 TR
Adz =2 {20 = 7'31,25‘:!:!3&111‘l
2 o il
I . 4m - ﬂ = 175mm HHEHH
5 o 0 &=



INSTRUCTIONS

Meutral Axis »  Nointermediate steps are required

= |f you choose to show steps, write one on each line.

+«  Write vour final answer on the last line.

+  The computer will check all your work in detail when you click
"Submit".

Each hint will reducs tha credit raceived for this guestion

Ty

| This beam is 25 mm wide and 35 mm high. If the neutral plane is
| 25 mm above the centroid, calculate the second moment of area.

(Round off to nearest integer. Include units)

=) B4 o)
] o] < ) S
._u]

ﬂ Undo

Click and type your answer here

- CHALLENGE SUBMIT SHOW ANSWER



Calculate the second moment of area for a complex section--Example 1/3

Example
For the composite area given below, determine the moment of inertia about its horizontal

centroidal axis. The centroid was found earlier, at x, = 19 and y. = 27, (Notex, = ¥)

¥ 10 20mm 30 mm '___I s
'mm| | |
1
| 20 mm =
Y i
| ﬂ:-,
| £
| 30 mm § I centroid
| E o
gl W
10 mm ﬂiE—— e T Ay 1
’ ; l m{ —
- -
(! i3 My
15 mm
et
i

GIVE FEEDBACK CONTINUE >



Calculate the second moment of area for a complex section--Example 2/3

Solution

The moment of inertia of a compaosite area about its centroidal axis is equal to the sum of
the individual moments of inertia of its component areas relative to the common
centroidal axis:

f:.lr|‘+f2+fj:|

But we can only add them if they have the same neutral axis, which means we must use
the parallel axis theorem on each element before we can add them.

m GIVE FEEDBACK CONTINUE >



Calculate the second moment of area for a complex section—-Example

Using the tabulated method: | |
Element Area A Distance from | Centroidal | Transfer term | Transferred
centroid d moment Ad? moment of
of inertia I. inertia
I - I;; " A d 2
1 30 X 20 23 30 X203 600 X 232 337 400
= 600 12 = 317,400
= 20,000
2 30 X 10 2 10 X303 300 % 2% 23 700
=300 12 = 1,200
= 22,500
3 60 X 10 22 60 X103 600 X 222 295 400
= 600 12 = 290,400
= 5,000

Total moment of inertia of the area about its centroidal axis (I ) = 656,500 mm *

So each element has a centroidal second moment of area of only 20 000, 22 500 and
5000 mm®. But when they are combined into a single beam, the second moment becomes

656 500.

There is a massive increase due to the parallel axis term A d 2.




y

lm 20 mm mmm_

‘mm B ” - -I
i IZD mm
|
| 30 mm
| ,-,
. | ‘mxmm | 1
@ !
Using the tabulated method:
Distance from centroid d Centroldal Transfer term A d *| Transferred moment of inertia
Element| Area A moment of Inertia I=] +Ad?
I
3 2
1 130%x20 23 30%207 _ 20,000 |600%23 337 400
- 12 = 317,400
3 2 23 700
2 30X 10 2 10 X 30 =22.500 300 X2
= 300 12 =1,200
3 |60x10 22 wxlo’_som 600 % 222 295 400
= 600 12 = 290,400
Compare elements In this crosssection,
W Drag statements on the right to match the left
The element with the largest area ca  Element 3
The element with the largest centroidal second o2  Element 1
moment of area
The element with the largest second moment of
area about the combined centroid BRI Eninetd
The element with the smallest centroidal second ot El ¢4 and Beseit 3

moment of area

rrrrr
.....
lllll



10 20mm_ 30 mm
——— W
mm ‘i .1 *
20 mm
I, p— t
i 30 mm
' 8 y
X : i?ﬂrmm =5 ‘A’*-—J- !
(a) y!
Using the tabulated method:
Distance from Centroldal Transfer term Ad? Transferred
Element| Area A | centroidd | moment of Inertia moment of Inertla
I. I=J.+Ad?
3 2
1 |30x20 23 30X 20° 50000 |500%23 337 400
= 600 12 = 317,400
3 2 23 700
2 30X 10 2 10 X 30 =22.500 300X 2
= 2 = 1,200
3 |60%X10 22 60X 10° . 000 |600% 227 295 400
= 600 12 =290’4m

Match the following totals for this cross-section.

Total area

W Drag statements on the right to mateh the left.

Total second moment of area

@0 This should not be added together

Total centroidal second moment of

656500

1500

iiiii

-----

-
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Solve second moment of area for a combined section

Find the second moment of area I. . for this section. Copyright & MeGaw-Hill Cducation. Permission wegquired for reproduction or display,

= 10} mm —
1. » means the neutral plane is horizontal (parallel to the x axis).

.
20 mm
We also know that the neutral plane will be at the centroid for the combined shape. J:
20 mm —= o
S0 mm
¥
&
¥ 20 mm
60 mm
Find the Find centroid Calculate first Find y Catl:ul_a'ute Calculate Calculate total Tabula;-ted
second : centroidal L calculation for
for each moment for coordinate of parallel axis second area
moment of second area total second
element each element centroid terms moment
areal, . moments area moment

CIVE FEEDBACK “




Solve second moment of area for a combined section

Find centroid for each element

Split the section into three simple elements (1, 2 and 3).

Warking only in the y direction, determine each element's centroid: <31

20
¥1 =20+ BEI'+T= 110 mm

Yi= 3ﬂ+T=60mm
F3 = % = 1) mm
F::;T: Find centroid Calculate first
moment of for each moment for
areal element each element
X X

GIVE FEEDEACK

Find y
coordinate of
centroid

Y
= 100 mm —
i 1 A
- f & v 20 mm
2 A
Y2 & 50 mm
yf:
20 mm
1 - Y
'
, j——’$‘ 3 ¥ 20 mm
I -
LI'r g - -
GO mm
Cﬂfl:ul:';lte Calculate Calculate total Tabula;-ted
centroidal L calculation for
parallel axis second area
second area - M total second
moments area moment




Solve second moment of area for a combined section

First moment for each element

From now on we take dimensions from the neutral plane (N.P.)

Ayqy=i20X%100)X 110 = 220,000 mm*

A yz=(20%80)%60 = 96,000 mm?*

Ays=060X20%x10 = 12,000 mm?

ZiA vy =220+ 96 + 12thousand
=328 (% 10¥ mm?
Find the Find centroid Calculate first
second
for each moment for
memestof element each element
areal, .

GIVE FEEDEACK

Find y
coordinate of
centroid

Y
=~ 100 mm —=
i1 L A
g, hd 1 20 mm
2 A
VB @
Y & S0 mm
(FIs
Y 20 mm
L
—f—] - § 20
i ¥ mim
1 I x
E'f.i - >
GO mm
Cﬂfl:ul:';lte Calculate Calculate total Tabula;-ted
centroidal t calculation for
parallel axis second area
second area - M total second
moments area moment




Find the
second
moment of
areal, .

GIVE FEEDEACK

Solve second moment of area for a combined section

Find centroid (yc)

Y
: ~— 100 mm —
_ZiA -y,
P k. il
A ) 11 4
(220,000 + 96,000 + 120001 '} ' * ¥ 20 mm
T {2,000 + 1,600 + 1,200 2 A
_ 328,000 F=
T 4,800 Y2 A ?
0 mm
= .33 mun 8(
Ye 20 mm
—_— PN
¥
l .é 3 A 20
] 1 y U 1T
r I =
f,l'r 3 - -
60 mm
Find centroid Calculate first Find y Gatl:ul_atte Calculate Calculate total Tabula;-ted
: centroidal L calculation for
for each moment for coordinate of parallel axis second area
second area total second
element each element centroid terms moment
moments area moment




Find the
second
moment of
areal, .

GIVE FEEDEACK

Solve second moment of area for a combined section

Centroidal second area moments:

Y
I, = bxd? =~ 100 mm —
12
11 1
Iy = ————= 066667 mm* bR ]
' 12
X 803 e
e % - 853,333 mm * e i £
B0 9 i S0 mm
I.=22T"2" = 40,000 4 e
- 12 b Y 20 mm
L |
Lﬁ—'@ ; 20
1 1 I
I I X
U 3 - -
60 mm
Find centroid Calculate first Find y Calculate Calculate Calculate total Tabula;-ted
: centroidal L calculation for
for each moment for coordinate of Bl parallel axis second area totel second
element each element centroid R terms moment otalse
moments area moment




Find the
second
moment of
areal, .

GIVE FEEDEACK

Solve second moment of area for a combined section

Parallel axis terms: A d?

Ayds =

ol
b
B
3
Il

Find centroid
for each
element

PI00 X 200 X (110 - 6833352

~— 100 mm —

- 3 i 1
3,472,222 mm? . i & 1 20 mm
A
; . ; d1 2 “
I.Z-D x S’D_.' * ',50 — 68.333 .I"a' yﬁ_‘ l i | h-'r P
111,111 mm* yz" 4 1 2 ‘i S0
o T i 4 mrnm
i V3¢ 10 — e ]
(60 X 207 % {10 - 68.333 ] a3 e T — |
4,083,333 mm? l J -
—T——$ : L 20 mm
I I x
U3 - -
G0 mm
Calculate first Find y f:;;'ﬂt:l Calculate  Calculate total
moment for coordinate of RS Iarea parallel axis second area
each element centroid moments terms moment

Tabulated
calculation for
total second
area moment




Find the
second
moment of
areal, .

GIVE FEEDEACK

Solve second moment of area for a combined section

Total second moment of area

I'=I.+Ad?
I = 66,667 + 347,222 = 3,538,889 mm*
I; = 853,333 + 111,111 = 964,444 mm *
I3 = 40,000 + 4,083,333 = 4,123,333 mm*
Total
I =1 +I;+1;

= 8,626,667 mm *

Find centroid Calculate first
for each moment for
element each element

Find y
coordinate of
centroid

Y
= | ()0 mum —
].- -
4 ® + 20 mm
1 2 }
yl | |&l| NP
U lm%z ? S0 mm
43 490 mm
l =" A
® 20 mm
K X
”I; - 7 -
60 mm
f:;:::i::l Calculate Calculate total
: parallel axis second area
second area
terms moment
moments

Tabulated
calculation for
total second
area moment




Find the
second
moment of
areal, ,

GIVE FEEDEACK

Solve second moment of area for a combined section

Find centroid

for each
element

N 40

A Ay lc d Ad2 I
mm [{mm [mm [ mm2 | mm3 mmd mm mm4 mmé
[ #1100 |20 (110 (2000 | 220000 | 66667 |(-41.667 3472222 |3538889
20 (80 (60 (1600 |96000 |853333(8.333 (111111 |964444
1 #3|60 |20 |10 |1200 12000 |40000 |58.333 |4083333 (4123333
E 4800 | 328000 8626667
¥r|68.333
Calculate first Find y E:::’:;f‘dt; Calculate | Calculate total E'I:L::l?::dm :
moment for coordinate of SR parallel axis second area total g
each element centroid seco terms moment SEC0
moments area moment




A beam cross section. y
10 mm - 1'I
In order to calculate the o - E 2l
second moment of area, the w T Ao
section is split into 3 elements. if2 " i' AD room
Match the fﬂ"D\\\‘ing a3 20
descriptions of each element. |
W' #* _ﬂ ' 200
i - '
G roa

mm |mm|mm |mm2 [mm3 mmé4 mm mmé mm4

#1|100|20 |110|2000(220000 |66667 |-41.667|3472222| 3538889
| #2|20 (80 |60 [1600(96000 |853333(8.333 111111 |964444
|#3|60 (20 |10 |1200|12000 (40000 [58.333 |4083333|4123333
P 4800328000 8626667
| y.|68.333

W Drag statements on the right to match the left.

Element with the highest centroidal
second moment of area =2 Element3
Element with the highest area 2 Element3
Element with the highest second
moment of area about the neutral axis. —
Element that is furthest away from the a6 Elementi

neautral plane



=100 mm —’i

If y = 68.333 mm, match the values of d used in the parallel axis theorem.

¥ Drag statements on the right to match the left.

di B2 (20+80+10)-68.333 = 48,667 mm |
ds oo 68.333-(20+40) = 8.333 mm i
ds mo  68.333-10 =58.333 mm i




Stress distribution in a beam cross-section

Az wa already know, thore is no axial stress at tha

neutral plane, and stress increases with the distanca

A B Regardless of the shape of the cross-
section, the neutral plane always passes

Although we have only looked at rectanguiar beams,
the sarme rule applies 1 any beam cross-sestion. through its centroid.

 » 0

The greater the distance of a particular
point or element from the neutral plane, the

greater the stress.

& There is no axial stress at the neutral
plane.

& The maximum tensile stress occurs in
the extreme fibre on the convex side of
the beam.

@ The maximum compressive stress occurs
in the extreme fibre on the concave side
of the beam.

GIVE FEEDBACK “



To revise key words and knowledge of bending, match the following definitions and terms.

) Drag statements on the right to match the left.

The maximum tensile stress occurs on i

the side of the beam L
The maximum compressive stress occurs et

B3 concave g
onthe ______ side of the beam HH
ycisthesameas ____ za i

Location of zero bending stress can be ]

labelled as P I, i
¥ is the same as ea  x i
Do you know the answer?




How a bending problem is solved

With any beam cross-section, we also use the

saina Sdietion Tor Benilng stmes: A bending problem s based on the equation for bending stress:

To use this equation we must find Bending

Moment (M) and Second Moment of Area (1. li M y
The rest is easy. S T
i > O =

In order to complete this formula we need to first solve M and I

@ Tofind bending moment M as we did in the previous chapter, we can use a
moment equation for the maximum if the location is known, or we can use
the shear force diagram to locate the maximum.

8 To find second moment of area I as we did in this chapter, we must
calculate using a simple centroidal element or use the parallel axis theroem
for combined area elements,

€ v is simply the distance from the neutral plane that we want to find stress—
most often it is the distance to the upper or lower extremity.

GIVE FEEDBACK “



In order to complete this formula we need to first solve M and I

W Drag statements on the right to match the left.

The shear force diagram mightbe .

HHH
used to help find . Ba M pEHEH
The parallel axis theorem might be aE |
needed in order to calculate . Hil

Do you know the answer?




Calculate bending stresses in beams with symmetrical cross-sections—-Example  1/3

Example
Here Is a problem taking it ail the way from .
free body diagram and bending moment A beam of rectangular cross-section, 300 mm deep by 100 mm wide, is
diagram, through section properties and finally subjected to a positive bending moment of 67.5 kN.m. Determine the
solving the banding stress. maximum value of bending stress.
T S c E 54 kN
. o -
y T E a7k o - 27 kN
& s ) == . 3 m - m
W g s | san
5.4 67.5 kN.m
mm
(1] _Aﬂﬂﬂﬂﬂm 0
BM diagram

GIVE FEEDBACK CONTINUE >



Calculate bending stresses in beams with symmetrical cross-sections--Example 2/3

Solution
The cross-section of the beam is as shown above.
Moment of inertia:
bh?
12
100 % 3003
12

225 % 105 mm*

Distance to the extreme fibre:
y = 150 mm

Bending moment:
M =675kN.m

= 675X 105N, mm

m GIVE FEEDBACK CONTINUE >



Calculate bending stresses in beams with symmetrical cross-sections--Example 3/3

Bending stress:
My
L
_ 675X 105 N. mm X 150 mm
225 %X 10 mm*
45 MPa

1]

In this case, because of the symmetrical cross-section, the extreme fibres on the tension
and compression sides are at the same distance from the neutral plane. Therefore the
answer represents the maximum compressive stress in the top fibre as well as the
maximum tensile stress in the bottom fibre.

< BACK GIVE FEEDBACK “



A beam of rectangular cross-section, 300 mm deep by 100 mm wide, is subjected to a positive
bending moment of 67.5 kN.m.

54 kN
— L * I |
y I E 27 IN* 28 33 ’2? kN
—_— -H_”. = — P g | m- m
=. .8 67.5 kN.m
mm
0 _Aﬂﬂm[[mmnth 0

BM diagram

Moment of inertia:
;= bh?_ 100X 300
12 12

Determine the maximum value of bending stress.

=225 10 mm*

Click the correct answer.




Solve bending stress for a combined section

Find the maximum tensile stress of this 3 m long beam with a load of 20 kN at Cupryrigghl & MeGraw | B Cdusation, Permission requined lor reproduclion or display.

midspan. Ignore its own weight. ~—— 100 mm —=

Bending stress is: 4
f‘f ' ¥ 20 mm
OF = —'} k
I
Since this is in positive bending (sagging) the maximum tensile stress will occur at 20 i
the bottom. 50 mm
Y
! 20 mm
GO mm
Solve for Find centroid . Calculate first Cﬂfl:ul:';ltﬂ Calculate Calculate total Tabula;-ted Ll
Find centroid centroidal L calculation for maxim
maximum for each moment for parallel axis second area 3
Ye second area total second bendin
bending stress element each element terms moment
moments area moment mome

CIVE FEEDBACK “




Find centroid for each element

Solve bending stress for a combined section

Split the section into three simple elements (1, 2 and 3).

Working only in the v direction, determine each element centroid:

y1=zn+sﬂ+%”=lmm

Ya= ED+3—;=EGmm

Yy = % = 10 mm

Solve for Find centroid Find centroid
maximum for each ' ¥
bending stress element ‘

GIVE FEEDEACK

Calculate first
moment for
each element

)
=~ 100 i —
11 1 !
¥ & } 20 mm
2 E 3
[T | *
Y & SO mm
yc
_ 20 mm
w
l o ]
i & 1 20 mm
T I x
y-':i = >
60 mm
Cﬂfl:ul:';lte Calculate Calculate total Tabula;-ted
centroidal L calculation for
parallel axis second area
second area total second
terms moment
moments area moment

Find th
maximu
bendin
mome



Solve bending stress for a combined section

Find centroid y
;o zAy] ~— 100 mm —
Yo mi——=
ZA
J'ff | 1 .
328,000 _*j ¥ 20 mm
Y= 4800 2| [
= 68.333 mm b
yz 3 &
Y2 & S0 mm
This is measured using the x and y axes shown in the diagram. The shape is yﬂ
symmetrical in the x direction, so 20 mm
¥, = 50 mm. l ol X
e » ¥ 20 mm
T | x
y{i - >
60 mm
Calculate Tabulated Find tk
Suh_re for Find centroid Find centrold Calculate first centroldal Gal-::ulate_ Calculate total salcitlation 167 PRy
maximum for each moment for parallel axis second area 3
Ye second area total second bendin
bending stress element each element terms moment
moments area moment mome

CIVE FEEDBACK “




Solve bending stress for a combined section

First moment for each element

Y
F— 100 mm —
From here on we base dimensions from the neutral plane (N.P.)
1 , 1 } 5
Ay =120 % 100} X 110 = 220,000 mm } .i y 20 mm
1 < 1
A2 =20 X 801X 60 = 96,000 mm® c } & N.P
I o [
2 c f & S0 mm
Ays;=1{60%X20;X%10= 12000 mm? (f‘
l 3 == 2() mm |
Iidyi=220+96 + 12 = 1
Ay 5
= 328! % 103 mm? f_T ® 1 20 ITII::]
H 3 - -
GO mm
Solve for Find centroid . Calculate first Cﬂfl:ul:';lte Calculate Calculate total Tabula;-ted
2 Find centroid centroidal L calculation for
maximum for each moment for parallel axis second area
Ye second area total second
bending stress element each element terms moment
moments area moment

GIVE FEEDEACK

Find th
maximu
bendin
mome



Solve for
maximum
bending stress

GIVE FEEDEACK

Solve bending stress for a combined section

Centroidal second area moments:

;Czhx‘jj S 100 mm —
12
11 1 |
Iy = ————= 066667 mm* bR ]
' 12
¥ 803 :
e % - 853,333 mm * e i £
ol ) & S0 mm
Ig=—""" = 40,000 mn* e
g 12 20 mm
L |
, —¢ &8 L 20 mm
I X
f," 3 - -
60 mm
Find centroid . Calculate first Calculate Calculate Calculate total Tabule_'uted
Find centroid centroidal L calculation for
for each e moment for Bl parallel axis second area totel second
element ' each element SGUTIa im0 terms moment €
moments area moment

Find tk
maximu
bendin
mome



Solve for
maximum
bending stress

GIVE FEEDEACK

Solve bending stress for a combined section

Parallel axis terms: 4 d 2

Ayds =

ol
b
B
3
Il

=
o

LTV 5
|

Find centroid
for each
element

Iy
~— 100 mm —
{100 X 200 X {110 - 68.333:2
- 2 11 I L
3,472,222 mm Y | _@_ v 20 mm
(20 X 80X (60 — 68.33352 {h p |
k LA — Do, ] 7
111,111 mm? 1f2 ycu 1,.}2 g A 50
~ T I U T
= {60'% 207 X {10 - 68,3332 dz = M.
; - == 2() mim |
4,083,333 mm? l J -
—T——$ : L 20 mm
I I x
U3 - -
G0 mm
! Calculate first Cﬂfl:ul:';ltﬂ Calculate Calculate total Tabula;-ted
Find centroid centroidal calculation for
e moment for FESPE R parallel axis second area totel second
each element terms moment
moments area moment

Find tk
maximu
bendin
mome



Solve bending stress for a combined section

Total second moment of area

!
I=I1.+Ad? j“"—lﬂﬂmm—"’
I, = 66,667 + 347,222 = 3,538,889 mm* 11 T
Y — % {20 mm
I; = 853333 4+ 111,111 = 964 444 mm * 1 B r
le g N.P.
Ty = 40,000 + 4,083,333 = 4,123,333 mm* 12 A I el ? S0
. T R U mm
Total d3 EoG
[ =1+ k415 I = i
= 8,626,667 mm* —— @ 2 ¥ 20 mm
1 I x
H 3 -~ >
60 mm
Solve for Find centroid . Calculate first \eaGLPale Calculate | Calculatetotal @ 1aPulated Pnd th
2 Find centroid centroidal L calculation for maximi
maximum for each ¥ moment for FESRSTIREN parallel axis second area totel second Eandia
bending stress element ‘ each element terms moment otalse
moments area moment mome

CIVE FEEDBACK “




Solve bending stress for a combined section

Calculate total
second area
moment

y |A Ay lc d Ad2 I
mm |[mm |mm |mm2 | mm3 mmé mm mmé4 mmé
#1100 (20 (110 (2000 | 220000 | 66667 |-41.667 (3472222 | 3538889
| #2(20 |80 |60 (160096000 |853333(8.333 |111111 (964444
|#3 |60 |20 |10 |1200|12000 |40000 |58.333 |4083333|4123333
B 4800 | 328000 8626667
¥c|68.333
Sovefor  Findcentroid | _ . . .| Calculate first E:;:’:;f‘:; Calculate
maximum for each e moment for aacond area parallel axis
bending stress element each element moments terms

GIVE FEEDEACK

calculation for
total second
area moment



Solve bending stress for a combined section

Now find the maximum stress of this 3 m long beam

| i | =
with a load of 20 kN at midspan. Ignore its own weight. S "I
Y ——
Before we find bending stress:
Ub = ﬂ .::L i ; LY
I A - ——lf: EF |1
Still need to calculate M: - il
i Y s
-
PL &t
M=— Ly
4 :
~ (20,000 - 3,000) }
R 4
= 15,000 Nmm \
fiT)
Calculate first |~ Calewaie Calculate | Calculatetotal = _toraietet — Fngthe Find the
Find centroid y.  moment for Sacosd Sias parallel axis second area Sotal sscond bending maximum
each element moments terms moment area moment R, bending stress




Solve bending stress for a combined section

Now find the maximum stress of this 3 m long beam P
with a load of 20 kN at midspan. Ignore its own weight. T *

Now we can use the equation at last!

4
M g -
Op = =) A —— }ﬂ :'L .

I t“ =g ”

[
o

(15,000 - 68.333) v
. =1
8,626,667 ' _ L
34
= 104.33 MPa t
by
Done.
Calculate first |~ Cocviae Calculate | Calculatetotal | 2 ooy | Finathe Find the
Find centroid y.  moment for d parallel axis second area | d bendi maximum
each element = ooondarea terms moment total secon ending bending stress
moments area moment moment

GIVE FEEDBACK




Procedure for finding the maximum tenslle stress
for this 3m long beam with a load of 20 kN at
midspan. ignore its own welight.
Follow the order in the table and include final
stress at the end.

¥ 20 mm

S0 i

§

[
|
WL

b2t mm

¥ Place these in the proper order.

Find second moment of area for each element (but DO NOT add them up) i

Find the distances of each element's centroid from the combined centroid. d =y, - yi; |-

wmmgmommanndmmmwmmm-%t =

TAy)
Find centroid y, = sz i
Spiitthe section Into three elements. Find total area 4, then total first moment of area
ZAy) i

Apply the parallel axis theorem to each element: I, = I, + Ad? then add second moment e
of area for each element Iy =1, + I + I =



Find maximum compressive stress for this 3m
long beam with a load of 20 kN at midspan. Ignore
its own weight.

(Note: each formula is numerically accurate)

My

Oh = ——

mm [mm|mm |mm? [mm® | mm® mm mm?* mm?*

8 | #1[100 20 |110|2000|220000|66667 |-41.667 |3472222 3538889
| #2|20 |80 |60 |1600|96000 |853333(8.333 |111111 |964444
' #3(60 |20 |10 |1200|12000 | 40000 [58.333 |4083333|4123333

¥ 4800 | 328000 8626667
| y.|68.333
Click the correct answer.

(10,000 - 1.5)Nmm - (120 - 68.3333) mm _ o 000,

8,626,667 mm*
(10,000 - 1.5 - 1,000) Nmm - (120 — 68.3333)mm _ o0 0o

8,626,667 mm*

(10,000 - 1.5 - 1,000) Nmm - 68.3333 mm — 118.8 MPa

8,626,667 mm"*
(10,000 - 1.5) Nmm - 68.3333 mm — 0.1188 MPa

8,626,667 mm*



Find maximum tensile stress for this 3m long 1

beam with a load of 20 kN at midspan. Ignore its 100 mm —|
?::z:if;: formula is numerically accurate) ' sl :[9" S
Obh = .l‘!’. : NP
I 850 mm
| e
{ #‘Y‘L‘—'*J {20 mT

SARTIE

b [(d |y |A Ay I d Ad? I

mm |[mm/mm |mm? |lmm® |mm*  [mm mm?* mm®*
3 | #1(100(20 |110|2000|220000|66667 |-41.667 |3472222|3538889

4 |#2|20 |80 |60 [1600|96000 |853333(8.333 (111111 |964444
1#3(60 |20 |10 [1200/|12000 |40000 |58.333 |4083333|4123333

v 4800 | 328000 8626667
= y.|68.333
Click the correct answer.
(10,000 - 1.5)Nmm - (120 - 68.3333) mm _ 0.08984 MPa
8,626,667 mm*
(10,000 « 1.5+ 1,000) Nmm - 68,3333 mm — 118.8 MPa
8,626,667 mm"*
(10,000 - 1.5)N'mm - 68.3333mm _ . coarm.

8,626,667 mm*

(10,000 - 1.5 - 1,000) Nmm - (120 - 68.3333) mm

= 89.84 MPa
8,626,667 mm*




Find maximum stresses for this 3m long beam i
with a load of 20 kN at midspan. Ignore its own “_100111“‘1—"
fff 4 { _1_9“ T
o)
gs = ___My UL :
I E{E 50 mm
1 ﬂ'? I
e by : 20 mm
I h (1 ’ fiia :
‘P—‘L—_ = , & _ﬂ 1 20 mm
' T X
i B rmin
d
mm (mm|{mm |mm? |mm*® |[mm' |mm mm?* mm*
| #1]100(20 | 110|2000|220000| 66667 |-41.667 |3472222|3538889
#2(20 |80 (60 |1600|96000 |853333|8.333 (111111 |964444
|#3|60 |20 (10 [1200|12000 |40000 |58.333 |4083333|4123333
s X 4800 | 328000 8626667
¥ |68.333
W Drag statements on the right to match the lefi.
M oo 3,538,889 + 964,444 + 4,123,333 = 8,626,667 | .
! o D00ON 30 _ ) 500Nm
2 2 -----
y for tensile stress ca (20 + 80 + 20) - 68.333 = 51.667 i
y for compressive stress s %0 _ 5333 i

*m H



This quastion shows & neutral plana that is not
halfway up the cross-section,

This resulis in a higher stress at the bottom than at
the top, because distance v |s greater.

d D

Calculate bending stresses in beams with non-symmetrical cross-sections—-Example 1/%

Example

For the cantilever beam shown below, determine the maximum value of

siress.

e

196 = 108 mm*

E
8|t
neutral plane £
E
Cross-seclion

GIVE FEEDBACK

kN  36m ?
—
L J
V.
T ‘ 0
49 kN.m
BM diagram

CONTINUE >



Calculate bending stresses in beams with non-symmetrical cross-sections--Example 2/4

Solution

Maximum bending moment occurs at the fixed end of the beam.
M =14kNX35m

=49N.m
=49 x 105N, mm

This is negative bending moment. Therefore the convex or tension fibre is on the top and
the concave or compression fibre is on the bottom. Hence, for maximum tension,

y¢ = 100 mm, and for maximum compression, y . = 200 mm.

Maximum stresses can now be calculated.

< BACK GIVE FEEDBACK CONTINUE >



Calculate bending stresses in beams with non-symmetrical cross-sections--Example 3/4

Tensile stress in the top fibre:

_ My,
I
49 X 108 N. mm X 100 mm
196 ¥ 105 mm*
25 MPa

< BACK GIVE FEEDBACK m



Calculate bending stresses in beams with non-symmetrical cross-sections--Example 4/4

Compressive stress in the bottom fibre:

gc = th

49 X 105 N. mm X 200 mm
196 X 1085 mm*

50 MPa

Such non-symmetrical cross-sections are sometimes used for beams made from materials
which are stronger in compression than they are in tension, such as concrete.

However, concrete is good for 50 MPa compression, but not 25 MPa tensile stress. So if
this cantilevered beam was made of concrete it would have a concentration of steel
reinforcing at the top to absorb the tensile forces.

< BACK GIVE FEEDBACK “



14 kN

S—

49 kN.m

BM diagram

Maximum bending moment occurs at the fixed end of the beam (at the wall).
M= 14kN X35m=49Nm=49 X 10° Nmm

Find the maximum tensile stress o, and the maximum compressive stress o,.

Check all that apply.

X106 X
] 5. - 49X10SN.mm X200mm _ oo
196 X 10° mm*
6
D 01:49X10 N.mmXZﬂﬂmm_sta
196 X 105 mm *
X106N. X
) 4, - 49X10°N.mm X 100mm _, .
196 X 105 mm*
X 106 N. X
D o:=49 10°N. mm lmmm-ZSMPa

196 X 105 mm*





