Architecture 324
Structures I

Combined Stress

* Axial vs. Eccentric Load
* Combined Stress
* Interaction Formulas

from “Man und Frau den Mond betrachtend”
1830-35 by Caspar David Friedrich
Alte Nationalgalerie, Berlin
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Axial Stress

* Loads pass through the centroid
of the section , i.e. axially loaded

* Member is straight

* Load less than buckling load

Then: \XJ A
<
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Eccentric Loads

* Load is offset from centroid

* Bending Moment= P e

e Totalload=P+ M

Interaction formula

-+
4 A 1

Josto <y
Fa

F b
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Combined Stress
» Stresses combine by superposition
* Values add or subtract by sign
P e<d/6 e=d/6
P P
] M=P-e ” M=P*e
| ]
N N N
| \ | I \ | l \ |
d d d
LLLLEr N . - P/A I <. = P/A
|\ VI ’ﬂl[szlvl*c/l
comp = tens
' f, =PIA f’ =PIA
+M*c/I ' +M*c/1
axial loaded - small eccentricity - large eccentricity -
uniform compressive linearly varying stress. tensile stress on part of
stress. cross section.
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p CANOPY CONSTRUCTION PROJECTING FROM FACE OF BUILDING.
The supporting cable is pin-connected on the centroidal axis of the steel beam.

Reactions at face of building.

.

|
|

™~ bldg.
|

FOR THE W14x34:

Determine the magnitude and location of
the max. compressive and tensile unit
stresses.

cable

W14x34

—————————  —

Bl -

1. Determine external reactions
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M, =0 = -B“(p' +1089 + lol(;(,'),., 5\‘(243
%Hs GOK

TH, =02 “AfE) +10TEDHIOTUE) 4 5K
Ay= 0 K

CHLLK TR =0= GoK—éoK v

FBroe A

A

+Y
e ~4~\, o (2, 05
Lot — > 4 |
K,
‘l’ Av =415

SF, :0 = 15 -0 168-5% + B

7 = 19
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Example

2. Determine internal member
forces: Axial and Flexural

3. Determine axial and flexural
stresses

L/3 ljs & L/3
2 Pl/3 2
& 23PL> /e
w48
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CANOPY CONSTRUCTION PROJECTING FROM FACE OF BUILDING.
The supporting cable is pin-connected on the centroidal axis of the steel beam.

FOR THE W14x34:
Determine the magnitude and location of
the max. compressive and tensile unit

Reactions at face of building.

GOK‘ﬂwk
I

cable

stresses.
¢ '™ by,
! W14x34
GOL— _ l _ l _ 5
B 8 8 8
10k 10 10" 5k
Widx 34 Az 0.0 L
Sx= 43. le %3
\‘omc_ '

Axiae = GO
FuxraL = M2 FPLA3 = 10Xg'y = go -

STRESS 4

AxiAL = F

Rosomne = b= eago™ 1y o

Structures Il
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a= AN -

OK
G/o;} = (.0 Ksl

lolf7§-,<$|
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Example

2. Use interaction formula to Cardraneo STRESS
determine combined stresses ToP <0g
at key locations (e.g. extreme by 4f 2 Lo+175 = 2537 K5I (come)
fibers) ot <t

fa-f, = 6.0 =935 ==13-F5 Ks\ (reng)
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Second Order Stress
“P Delta Effect”

With larger deflections this can become
significant.

1. Eccentric load causes bending moment
2. Bending moment causes deflection, A

3. P x A causes additional moment
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Other Examples of Combined Stress

Columns with side loading

Moment frames

Trusses loaded on members
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Other Examples of Combined Stress

M = Fixe, (AUl THE #-4xig)
Mz =, x e, (POAUT THE Y -4x¢)

Zxd pid's .. Eccentrically loaded columns

EAST - HOA, T, L
No |

Wind load on walls
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Combined Stress in NDS

Figure 3G Combined Bending and Axial

Tension

3.9.2 Bending and Axial Compression

Figure 3H Combined Bending and Axial

A\

Two siud cormens
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Tension + Flexure
NDS Equations
£+—f” <1.0

CASE 1. Tension is critical. Eq. 3.9-1 F. F*

*noC,.
CASE 2.  Flexure is critical. Eq. 3.9-2 fb _ft

**no CV W < 10

b

M ft + £,

TENSION + BENDING = COMBINED STRESSES
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Tension + Flexure

3.9.1 Bending and Axial Tension

Members subjected to a combination of bending
and axial tension (see Figure 3G) shall be so propor-
tioned that:

fi b 40 TENSIONCRIT. 9.1y
F' R
and
bef_ft <10 FLEXURE CRIT. (3.9-2)
b
where:

F,” = reference bending design value multiplied
by all applicable adjustment factors except
C,

F,” = reference bending design value multiplied
by all applicable adjustment factors except
Cy

University of Michigan, TCAUP

Structures Il

Figure 3G Combined Bending and
Axial Tension

J
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Example Problem

Given: Queen Post truss
Hem-Fir No.1 & Better

LOAD TO TOP
CHORD = & =176 LB8/FT (Dt+S)

<

| IR L | 1 S

F, = 1100 psi

F, =725 psi

F. = 1350 psi
Emin = 550000 psi

D)
75’

span = 30 ft. spaced 48” o.c.

8
A
I I I S

D + S Load = 44 psf (projected)
D (attic + ceiling) = 8 psf

\Loap 70 Borrom
cHorD = w = 32 (8/fr (D)

4 @ 7.5 = 30’

bottom chord: 2x8
top chord: 2x10

Find: pass/fail

i+ﬁ*g1.o

1 b

1. Determine truss joint loading

University of Michigan, TCAUP

Structures Il
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Example (cont.)

}/.52 K
7= 132 132
—f—: 0.66 i * ‘0.661
_;3.:0.24 A 81 0.24
2. Determine the external end reactions S } LoX
of the whole truss. The geometry and } iz Ces 1‘112
loads are symmetric, so each reaction )
is 2 of the total load.
2,22} e
0.90} & ua
—— Tye = 4.44K
*3./2
3. Use an FBD of the reaction joint to
find the chord forces. Sum the forces
horizontal and vertical to find the
components. e a2
= LB/FT
Top chord = 4.96 k compression 1 i i ‘[ | N i Bamtads
Bottom chord = 4.44 k tension #> A cH
‘!L L= 15" J{
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Example £ g
<t 4+2<10
F' R
bottom chord 2x8
A =10.875in. and
Sx =13.13 in3 f —f
pote1o
F,

4. Calculate the actual axial and flexural stress.

f, = 408.3 psi
f, = 821.9 psi

5. Determine allowable stresses using applicable
factors:

(tension: D+S)
F¢ = F(Cp C¢)
F’ =725 (1.15 1.2) = 1000 psi > 408.3

(flexure: D+S)
Fp = F, (Cp C Cf)
F,’ = 1100 (1.15 1.0 1.2) = 1518 psi > 821.9 psi
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(U;= 32 LB/Fr
t ] L i ¥

Tac = 4.44 &

Lg
|

4440 llos

= 40 8.3 ps ¢
lo,%?fm‘

F
ﬁs—A—-=

M

—

Sx
cwd’

T —
-
o

Jo0 (12) _
13,14

32 (15)°

e
o

321.9 rsl

-

by

-

M = Qoo -¥

Sx = 12,4 w3

CL s .o By 44.1
d/b < 4 , EXDs ARG Hiwo
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Size Factors, Cy

F, F, F.
Exam ple Thickness (breadth)
bottom chord 2x8
f Grades | Width (depth 2% & 3" 4"
ft b 203" & 4" 15 1:5 1.5 | 1.15
E—,+ F <10 Select 1.4 14 | 14 [ 11
t b Structural, 6" 1.3 1.3 13: | 1.1
No.l1 & Btr, 8" 1:2 1.3 1.2 | 1.05
and No.1, No.2, 10" 1.1 12 1:1 1.0
No.3 12" 1.0 1.1 1.0 | 1.0
f - f 14" & wider 0.9 1.0 09 | 09
0 o t < 10 2 S h A 1.1 1.1 1.1 1.05
F, Stud 5" &6" 10 |10] 10] 10
8" & wider Use No.3
Construction| 2", 3", & 4" 1.0 1.0 1.0 1.0
. . . Standard
5. Determine allowable stresses using applicable Utility a 10 01 101 10
factors: 2" & 3" 0.4 — | 04| 06
. 4.4.1 Stability of Bending Members
(tenS|on: D+S) 3.3.3.2 When rectangular sawn lumber bending
Ft, = Ft (CD CF) members are laterally supported in accordance with
F’ =725 (1.15 1.2) = 1000 psi > 408.3 bl oD, _
4412 As an alternative to 4.4.1.1, rectangular
sawn lumber beams. rafters. joists. or other bending
members, shall be designed in accordance with the fol-
lowing provisions to provide restraint against rotation
(flexure: D+S) or latgrfl displacemelrl)t. If the depth togbreadth. d/b.,
Fb’ = Fb (CD CL CF) based on nominal dimensions is:

Fb, =1100 (1 151.0 12) =1518 pSi >821.9 pSi (a) d/b <2; no lateral support shall be required.

(b) 2 < d/b < 4; the ends shall be held in position,
as by full depth solid blocking, bridging, hang-
ers, nailing, or bolting to other framing mem-
bers, or other acceptable means.
University of Michigan, TCAUP Structures Il 17 of 31

Example f. = 408.3 psi f, = 821.9 psi
bottom chord 2x8 t= -0 psl b= .9 psi

F’, = 1000 psi F’, = 1518 psi
3.9.1 Bending and Axial Tension

Members subjected to a combination of bending

and axial tension (see Figure 3G) shall be so propor- (3 21 |>
tioned that:
221.9
f f TENSION CRIT ] o83 , 82
and o.4083 +0.5414 = 0.99
anj_ft <10  FLEXURE CRIT.  (3.9.2) 0.95 L 1-6 “pass
b
where:
. . . (3.9-2)
F, = reference bending design value multiplied
by all applicable adjustment factors except 2719 —
c. OZ ? 408-3 = 0‘2724
. 1518
F, = reference bending design value multiplied
by all applicable adjustment factors except c.23 <K le ‘/\’AS p!

Cy
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Bending + Axial Compression

3.9.2 Bending and Axial Compression where:

Members subjected to a combination of bending , _ o
about one or both principal axes and axial compression f P = 0.822E,, for Clﬂ_lel' umax_lal
(see Figure 3H) shall be so proportioned that: ¢ ¥t (¢, /d,)? edgewise bending or

P biaxial bending

[f_c] + fo and

Fc Fbl I:l - (fc //FcEl )] ’
f fe Foue 0.822E,,, for uniaxial flatwise

S —2 ——= < 1.0 (3.93) °© " %2 (¢,,/d,)? bending or biaxial

Foz |:1 - (fc /Fee2 ) - (fbl /Foe ) } bending
and
1.20E,,, - .
and fi < Re= (R—)"mm for biaxial bending
2
B
e8] <10 (394
Feeo Foe for = actual edgewise bending stress (bending load

applied to narrow face of member) , psi

fo2 = actual flatwise bending stress (bending load
applied to wide face of member) , psi

d1 = wide face dimension (see Figure 3H), in.

d2 = narrow face dimension (see Figure 3H), in.
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Example
top chord 2x10
4. Calculate the actual axial and flexural stress. 2
2x10: f_c + fbl
A =13.875 in2 fc =357.5 pSI F d F d [1 f F ]
Sx =21.39in3 f,y = 694.2 psi ¢ b1 ( C/ CEl)
LoAD TO TOP
CHORD = & = |76 L8/FT (D+S)
w=136 PLF
t i | T 1 1 1 4740%"’%%(_— 49¢0%
1.5
12 elCc -]
o= (regeeren)
g "
A 8
[oX
t 1 r\ ] I 1 1 ¥
'
e Tz e (O - e
[ 4 e 7.5'= 30 J
! i M| 12375 U%) | 1947 s
Ib: —g; - 21.39
2.22 VAR FLF(?S')L -
4.9¢ o 2 CTRINTY S (2379
ooy N[ M= 2
— Ty = 444K Be = 21.39 .3
}3./2
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Example
top chord 2x10

f f,

bl

F Foa [1-(%,/Fees) ]

5. Determine allowable stresses using applicable
factors:

(compression: D+S)
Fo =F¢ (Cp Cr Cp)
F. =1350 (1.15 1.0 0.897 )= 1392.6 psi > 357.5

(flexure: D+S)
Fo = F, (Cp C C)
F, =1100 (1.15 1.0 1.1) = 1391.5 psi > 694.2

LOAD TO TOP
( CHORD = & = |76 L8/FT (D*S)

| T TR S i I |

t 3 ] ] 1 1 ¥
\LOAD JO Borrom
L

CcHorRD = w = 32 t8/fr (D)
4 e 7.5 = 30

w=136 PLF
A0 S ¢— daco”
.5
(resceren)

Ce
0, =8.385" d=118"

838502 1, 4
/(gA - ___q_'z?—- = 0.88

o8 o81(5000e) . 549,
lo.8%

e~ Cfe/d)z

Ff 21350 (115 10) = (5525 pa

o

. 12 E 3820
e €y . —=— = 2.4 c¢*0.8
=1+(FcE/Fc) - 1+(FcE/Fc) B FcE/Fc (3.7_1) /‘: = |s5¢L Z
P 2c 2c c
Cp =817
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Exam ple Size Factors, Cy
top chord 2x10 F, T, F,
Thickness (breadth)
2 Grades | Width (depth 2% & 3" 4"
f f A L 1.5 15| 15| 115
] O bl Select 5" 1.4 14 | 14 | 11
! ! Structural, 6" 1.3 13| 13 ] 1.1
Fc Fbl [1 (fc /FcEl )] No.l & Btr, 8" 1.2 13| 12 | 1.05
No.1, No.2, 10" 1.1 12| 1.1 ] 1.0
No.3 12" 1.0 1.1 | 10 10
14" & wider 0.9 1.0 | 09 | 09
2".3", &4" 1.1 1.1 | 1.1 | 1.05
Stud 5" & 6" 1.0 ol IEron B0
5. Determine allowable stresses using applicable 8" & wider Use No.3
factors: Construction| 2", 3", & 4" 1.0 1.0 1.0 1.0
) Standard
) Utility 4" 1.0 ToNER0R| B0
(compression: D+S) 2" &3" 0.4 — | 04| 06

Fo =Fc.(Cp Cr Cp)
F. =1350 (1.15 1.0 0.897 ) = 1392.6 psi > 357.5

(flexure: D+S)
Fy,' =Fp (Cp C Cf)
F, =1100 (1.15 1.0 1.1) =1391.5 psi > 694.2

3.3.3 Beam Stability Factor, Co

3.3.3.3 When the compression edge of a bending
member is supported throughout its length to prevent
lateral displacement, and the ends at points of bearing
have lateral support to prevent rotation, Cp = 1.0.
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Example

top chord 2x10
Eq. 3.9-3

2
|:f_°:| + fb1 < 1.0
F. Fot [1 - (fc [Fees )]

COMP. + FLEXURE X-X

where:
EULER1
f.< Fpy = 0.822E.., for either uniaxial edge-
©7 (£, /d,)*  wise bending or biaxial
bending

and
. EULER?2
Fiep = 0822Em1  for uniaxial flatwise

Combined Bending and Axial
Compression

Figure 3H

A

ComPrRLSStoH !

U (t,/dy) bending or biaxial bend-
. (A
ing 2
and ( ¢ 3 7 7 - {'
120g,” L“TB . —_— < 20.06%19
for < Re = R for biaxial bending (
s — e 1390 .6
f,, = actual edgewise bending stress (bending c
load applied to narrow face of member)
f,, = actual flatwise bending stress (bending
load applied to wide face of member)
d, = wide face dimension (see Figure 3H)
d, = narrow face dimension (see Figure 3H)
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Eq. 3.9-3
2 Figure 3H Combined Bending and Axial
Exa m ple f fbl < 1.0 Compression
— | + > .
top chord 2x10 X F 'T1_(f /F
c b1 [ —( o /Feea )] QS

COMP. + FLEXURE X-X

EULER 1
fc < FcEl -
bending

f,. = actual edgewise bending stress (bending
load applied to narrow face of member)

d, = wide face dimension (see Figure 3H)

, = narrow face dimension (see Figure 3H)

0.822E,., for cither uniaxial edge-
(¢4, /d,)  wise bending or biaxial

1

FLEXURE :

ﬁbl - w=0,4q57

© et
B 24

l
AMPLIFICATIoR FACTOR :
[ l
| -(3575/3820) ©:90G

-F z 3575 &

( TP 2 ‘HGO* H 37-\1/‘3 pst “ !

4 x .2 = i
[ 1.6 %28 gmm 55’00?Of5! 0.4?57 (,{03) = 0.550
‘l:_ k‘— = 1227',5;1(17-) = 4%.2 sy Koy = 8.38%
b~ Sy : dp = 125"

2 N e 2.385(12) _ o 22

M= f::-( = Lz(_'_':'jglg_l = (2339 ¥ "7—‘2?('.—“ £C:aC Co,,{s[,\)/_gﬂol__] 3

B = 213758

University of Michigan, TCAUP

_0.822 (5500e0)

= 3&%20 psl

— 0.0657+0.550 = O.6l6
lo.88
&6l £ 1.6 v Eiss
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Combined Stress in NDS

procedure

Exterior stud wall under
bending + axial compression

—_—

Determine load per stud

2. Use axial load and moment to find
actual stresses f, and f,
Determine load factors

Calculate factored stresses
Check NDS equations

ok w

—
s
p=450 NF y 24,, ﬁl's.
P G
e | ;
)~ sruos — N 3.5
\ 1) N )
(;? ' N e Ar5.25F
BN o~ N 2¢ sros SHEATHING ;
— ~ @ s%oc. gx-_g_go R,

iy SECTION )
13 psF & | Y swearnma

2x BorTOM
V" Frare

Ehorern) Hotock - ThMbAK

B — nel
WALL SECTION F, =775
Fc < J0oo P9
Buia =000 e
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Combined Stress in NDS pARONE 9
example - GousLE 2« 1(-___———— )
— sruos — N 3.5
v O- I
. — g: l 2x sTUOS T Nsiummg A 525
Exterior stud wall under — o e 9306+

bending + axial compression

< 1.0 (3.9-3)

2
Fc Fbl [1—(fc/FcE1 )]

1. Determine load per stud

2. Use axial load and moment to find
actual stresses fc and fb

University of Michigan, TCAUP

~| ueedf SECTION (7
1% fSF [3 | - swearame

2x BorTOoM
V" FLare

Edorern Hoock - TAMdCK

i — el
WALL SECTION F, =775 o
F(, = |ooo P
EM?A L‘Wm £
P = loAv/sT0D s
Pz 4éo 1f oc . 4ddo td (900 L&sr
1z % .. < i
w= I3F oe - 13 24 . 26 PLF/swo
5 71 12

swl” zg (%,;/L)L -
gsi-ecw-=co dLopsiddRiTiLl

= F = 70 L
o e ke s [z ]

£ - rjgz

’
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Combined Stress in NDS

Size Factors, Cy

F, F, E,
example
Thickness (breadth)
Exterior stud wall under Grades | Width (depth &3t | g
bending + axial compression ——— 5 TETIET
Select 5" 1.4 1.4 1.4 1.1
Structural, 6" 1.3 1.3 1.3 1.1
No.1 & Btr, 8" 1:2 1.3 1.2 1.05
No.1, No.2, 10" 1.1 12| 1.1 | 1.0
No.3 12" 1.0 1.1 1.0 | 1.0
14" & wider 0.9 1.0 0.9 0.9
283 &t 1.1 1.1 1% 1.05
Stud 5" & 6" 1.0 1.0 1.0 1.0
e 8" & wider Use No.3
WALL SECTION Fb i Wor . Construction| 2",3", & 4" 1.0 || k) ||
. ml; Standard
Euis =400 Utility 4" 1.0 03 0BT
258535 04 — 04 0.6
z 77§,o<| B x1000pi Bk ® 400 000 4
3. Determine load factors (bendin
( 9 FACTORS ¢
6‘7 @ (LAJINDB
ET (ror*\ ) [ \G]( R B2 )
CL = ( gRACLR BY ¢)lgdTding )
Cp o2 [L05] (€240 )
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Combined Stress in NDS
example
Exterior stud wall under e
bending + axial compression Fb * ??5 f=il
= z 9
2 69 l& CF
f f
L AVERN- Cg,z 100
F Fou [1-(%,/Fees) ]
[ bl c/ " cEl - . e
Cizle VAN R
’A
CL: 1o Co = |.15

4. Calculate factored stresses
(bending stress)

University of Michigan, TCAUP

FL o= 395 (e (15115

Structures Il

2139 psi
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Combined Stress in NDS

example

Exterior stud wall under
bending + axial compression

Pz 99 P

¢!

9.5
K = Ik

o

S (Y B [E R
& 2C 2¢ c
Fan 0822 E,,

(¢,/dy’

¢ = 0.8 for sawn lumber

Cp
F¥- leco(l,e X Lis) = |84o

£, - 0Bz (tom) 4.

(95/3.5)*
. - O 2
3. Determine load factors B G
(compression) - .
Cp=z= O 21
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Combined Stress in NDS p =450 NE ; .
T ed” 4%
example = # fopms & Je———A
N <N sTvos — 3.5
Exterior stud wall under :f_‘ C ! 3 3 Gt
bending + axial i o= N 4—2x srwos Nsiearing A 515
ending + axial compression <[ty T  secron S+306 ot
[ N svearnma % @
2 R EAsTern Hotock - TIMEICK,
f f < nel
= [ + — b1 wacL secrion B =5 =
F Foa [1-(%,/Fee) ] = oo
Buia = 10000 £
Actual Stress
*
4. Calculate stresses (. f, ?39.’ = 14 g
(compression stress) CTAT T

University of Michigan, TCAUP

Factored Allowable Stress
F! = low(reXiis)o.21) = 386 4rsi
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Combined Stress in NDS

example

Exterior stud wall under
bending + axial compression

5. Combined Stress Calculation
(eq. 3.9-3)

¢ _0822E,
(€, /dY

- 0'822(‘*”@_) = 404. o
(9/3.5)* °

University of Michigan, TCAUP

47_
Im. ] . 8%

2

for <10

"R (6 )]

o
F,

COMP. + FLEXURE X-X

gc= _; = %0-5_- :!l?/,‘R_F}_L
.M, . 340D E:o - —: }
(b' %’_ ,4?0.%————— - 073.') st

2

*(_,__ . {u
' Fui

: {1.0
’-<FVF°E|> A

|
2137 1-(""%s)
0.1967 + (0.4095)( 1.778) =

o—“

386.4

0.1967 + ©0.70721 = 0.90645 (l.0 VoK
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