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

P
N 3 aind
-Z" A 1

Axia L chrdaTy
, L &xvre cAldC TN

\\ 7/ /
fa+ b <1.0 (oo 7,
rFa b T

[

Altow,
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Combined Stress

+ Stresses combine by superposition KerxN
* Values add or subtract by sign
P=| e Sgi—(i e=d/6
S — P e P
v /sa M=P-e u M=P+e

I\\I

N N
| V \
[ L

/ - {‘
L — o -t NN -P/A - NN T - P/A
CoMf. .
'ﬁﬂ -© +
o M=me/1 - [P ]% =M/
comp = tens -
-z +M*C/I’3 4+l +Mc/I
axial loaded - small eccentricity - large eccentricity -
uniform compressive linearly varying stress. tensile stress on part of
stress. cross section.
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Example

CANOPY CONSTRUCTION PROJECTING FROM FACE OF BUILDING.
The supporting cable is pin-connected on the centroidal axis of the steel beam.

) o FOR THE W14x34:
Reactions-a o - Determine the magnitude and location of
cable the max. compressive and tensile unit
stresses.

0
J 24 J
1. Determine external reactions o ; Fry + 1085 + ’0("’)* 5(243
B
THMp=0= —A,(G)+'DF(5>+'D (16)4,;:(24)
Ayz GO<
CuLek LF=0-= GDK—GOK [ l/
——
FBI1o e /-\
-»/—Tézu‘

P v’
éOKI/

(p.o
K —_— —
s 4
j Av= _ﬁ
> Fyy :O=’{’ _0 ‘)—

By =10"
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Exam P le CANOPY CONSTRUCTION PROJECTING FROM FACE OF BUILDING.
The supporting cable is pin-connected on the centroidal axis of the steel beam.

FOR THE W14x34:
Reactions at face of building. Determine the magnitude and location of
60K A‘ 15k - cable the max. compressive and tensile unit
stresses.

2. Determine internal member

forces: Axial and Flexural b
60K

D A N R

10k 2 10

3. Determine axial and flexural
stresses

Widx34 Az 0.0 &

/ \ -Xzﬂ?_,(e%s
g* Lz‘a! L/ Force.

.

K { Axi = LOo" R ()
fl% PL/> Pl,% i z K

FLEXURAL = M 2 L/?a = lo7(g'y = go '""
3 =Y y

STRESS P
Axl/‘(‘ S F‘-) - /‘\ - — aw = (D;O KS[ -

1=K
FLLXORVAL = Cb = %x &o (I%S.G;u; - l°l'7§l<$|/
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Example

2. Use interaction formula to Cardraneo STRESS
determine combined stresses ToP <0g
at key locations (e.g. extreme fy 40, 2 6O +1075 = 2515 K5 (come)
fibers) ot <t —_—

fa-f, = 6.0 =935 ==13-F5 Ks\ (reng)

C or)?

C ti19.ts ZQK-MJP
g%'mr &

13.35 Te”

C oMP Te~.
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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

STEEL BEA

GROUND
SURFACE
STEEL COLUMN

[ ——— FOUNDATION

-

Moment frames

Trusses loaded on members
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Other Examples of Combined Stress

Mi=Five (ARolr THE %-4xig)
Me fax &, (POAT THE #-ax%)

Zxd pid's .. Eccentrically loaded columns

EAST - HOA, T,
No |

Wind load on walls
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Combined Stress in NDS

Figure 3G Combined Bending and Axial
—_— otk

Tension
—=

J s

3.9.2 Bending and Axial Compression

Figure 3H Combined Begding and Axial

A\
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(Tension Flexure %+ 7 c
NDS Equations f f
<Ly b <1.0 .

CASE 1. Tension is critical. Eq.3.9-1 —7 F. F* —

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

*%k no C \; u S 1'0 _

v |
b

- -

M T
{;"fb :

TENSION + BENDING = COMBINED STRESSES
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Tension + Flexure

3.9.1 Bending and Axial Tension Figure 3G Combined Bending and
- Axial Tension
Members subjected to a combination of bending
and axial tension (see Figure 3G) shall be so propor- w
tioned that:
fi k10 TENSIONCRIT.  (39.1
FoR
and
fy ;_ft <10 FLEXURE CRIT. (3.9-2)
S
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

—
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Example Problem

Given: Queen Post truss

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

Hem-Fir No.1 & Better St

F, = 1100 psi t — 1y i I -

F, = 725 psi f . X ./

F. = 1350 psi . ¥ i

E... = 550000 psi P N
A =" T .~ < 8

span = 30 ft. spaced 48" o.c. Aﬁ'\“ T T —— f’

D + S Load = 44 psf (projected) \loan 1o Borrom

cHorD = w = 32 (8/fr (D)
4 @ 7.5= 30’

D (attic + ceiling) = 8 psf [

Al

bottom chord: 2x8
top chord: 2x10

Find: pass/fail

~ ~ }=22-
1. Determine truss joint loading 13,“ }/"%0’4“ 13_,2
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Example (cont.)

2. Determine the external end reactions
of the whole truss. The geometry and
loads are symmetric, so each reaction
is 72 of the total load.

2.22]. T
—§ o 4% F =-, -
6— 2 & pai ey , =fv hm,i
~— - Tac =! . — -
* *171. — &M
3. Use an FBD of the reaction joint to ’ -
find the chord forces. Sum the forces
horizontal and vertical to find the
components.
[U;=_3_2_L5/F7‘
Top chord = 4.96 k compression 1 i | T P ki
Bottom chord = 4.44 k tension A A cH T
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Example £t
—++2<10 W= 32 L8/Fr
R, [
bottom chord 2x8 1 i | LI i &_’r,\_(__=4_44/:
A =10.8751in. and A A c
S, = 13.13n3 ¢ ¢ | e il
- <10
Fo
v
4. Calculate the actual axial and flexural st F»Ee‘Mie""=4053rﬁ
. Calculate the actual axial and flexural stress. T A 10,515
f, = 408.3 psi
f, = 821.9 psi I1-¥
{ - '_,VI__ = qa'oa(‘Z) = 32'.9 rv/
T 5, 13nfd ——
5. Determine allowable stresses using applicable . -
factors: M= f__—?_ = 32.(1%) . Yeels¥X
& 8
(tension: D+S) 3
—E =F (Cp Cp) SX 5"5"4 il
F; =725 (115 1.2) = 1000 psi > 408.3
SL
(flexure: D+S) C, 15 .o By 44.
Fo = F, (Cp C C) d/b < 4 , Emms ARE HZLo

Fy,’=1100 (1.15 1.0 1.2) = 1518 psi > 821.9 psi
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Size Factors, Cy

5 R F
Exam ple Thickness (breadth)
bottom chord 2x8
Grades | Width (depth 2% & 3" 4"
f, f e -
t b 25530:&4 1.5 1:5 1:5" | 1215
_ <
a[ 2 F ’ + F‘ - 10 Select 1.4 1.4 14 | 1.1
_— - 2 t b Structural, 6" 1.3 1.3 13: | 1.1
L 4 No.1 & Btr, g" [2] |13 |[12]] 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 _ft 14" & wider 0.9 1.0 | 09 | 09
0 - < 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 Ty a 10 01 101 10
factors: 2" & 3" 0.4 — | 04| 06
. 4.4.1 Stability of Bending Members
(tension: D+S) -
F. =F (C C ) 4.4.1.1 Sawn lumber bending members shall be de-
t t D ~F ) ) ./ signed in accordance with the lateral stability calcula-
_FJ. =725 (1.15 1_2) =1000 psi > 408.3 tions in 3.3.3 or shall meet the lateral support require-
(YA _— — ments in 4.4.1.2 and 4.4.1.3.
44.12 As an alternative to 4.4.1.1, rectangular
sawn lumber beams, rafters, joists, or other bending
(ﬂexu re: D+ S) members, shall be designed in accordance with the fol-
, ' lowing provisions to provide restraint against rotation
Fb = Fb (CD EL_CF) or lateral disl_)lacel_ncnt. If th; depth to breadth, d/b,
Fb’ =1100 (1 151. 1.2) =1518 pSi >821.9 psi based onnomm.al dimensions is: '
L cu T —_— . (a) d/b <2: ge-lateral support shall be required.
C (-: l(b) 2 < d/b <.4: the ends shall be held in position,
as By full deptirsotitblocking, bridging, hang-
ers, nailing, or bolting to other framing mem-
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Example
f, = 821.9 psi f,=408.3 psi ©
bottom chord 2x8 b=821-9P b P
F’, = 1518 psi F’, = 1000 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
ft ﬁ) 408!3‘ OZ *
b 90 TENSION CRIT. 3.9-1 )
FF ( ) leco 191&
and 0.4083 +0.5414 = 0.99 152
anj_ft <10  FLEXURE CRIT.  (3.9.2) 0.95 L 1.6 “pass —
b
where:
. _ . S (3.9:2)
F, = reference bending design value multiplied ‘Q ( .
by all applicable adjustment factors except 3 2L ? - 408 3 _ 27 4
CL - o . z
- 1518 —
F, = reference bending design value multiplied
by all applicable adjustment factors except c.23 <K le ‘/\’AS s
ST
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Bending + Axial Compression

where:

3.9.2 Bending and Axial Compression
- Bvekuing,

Members subjected to a combination of bending , _ o
about one or both principal axes and axial compression f _ 0.822E,,, for either uniaxial
(see Figure 3H) shall be so proportioned that: c &, ., /d) tﬁwbepdmg or

5 Epaisnse o biaxial bending
£, f AmMeuefcaotion s and
Fc' Fbl ahiiany .
- fo<oFo.= 0.822E,,, for uniaxial flatwise
+— vﬁJZ/‘ ———= < 10 (393) ¢ 2 (¢,,/d,)? bending or biaxial
F, [1_(fc/iF )—(fm/’Fbg,) } bending
LA TWIs e
1.20E,, . :
s = B :(R—)z"‘"‘ for biaxial bending
2
B
k. +(f°—1] <1.0 (3.9-4)
Feeo Foe for = actual edgewise bending stress (bending load
- applied to narrow face of member) , psi
(AT AV
Q) d g fo2 = actual flatwise bending stress (bending load
applied to wide face of member) , psi
i d1 = wide face dimension (see Figure 3H), in.
FV&TW se c d2 = narrow face dimension (see Figure 3H), in.
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Example
top chord 2x10
4. Calculate the actual axial and flexural stress. L2 -
ox10: —— D) n (har—
A =13.875in2 f, = 357.5 psi F'. F '[1 £ /E
Sx =21.39in3 fo1 = 694.2 psi 1 bt ( C‘/ .051)
- /
Euee
LoAD TO TOP
( CHORD = & = |76 L8/FT (D+S)
= w=136 PLF
{ 13 LI I 3 4900 : % «— daco”
1.5
(PrRogceren)
0
~
8
A / fos
L T ¢ 1 ] ¥ ¥ R § %
Borrom i 960 B -
e T e ) L E LAl - 3515
[ 4 e 7.5'= 30 J /- ;‘_)
1 A ‘- M _ 12335 (l: = ¢9.2 ps1
b~ Sy 21.39m _
o et 1@, g ook
o.eo} "l s 3
A-— The = 4.44K Sk = 21-39 48
e o
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LOAD TO TOP

Example ( CHORD = & = |76 L8/FT (P+S)
{ i T v i i i R
top chord 2x10
" 12 )
5 n
2 i 7 .
f_c T4 fbl £ T 1 1 1 T }
. , e T e 1)
= = FT
Fc Fbl [1_(fc/FcEl )] [ 4 @ 7.5 = 30’
w=136 PLF
5. Determine allowable stresses using applicable 49,0 — L LI LI T ¢ — 4ag0¥
factors: 1.5 =

Dbs (resceren)

, ) Le ‘ ;

F. =1350 (1.15 1.0 0.897 ) = 1392.6 psi > 357.5 . =2.35% d= .28
s s /(‘%J : g.ss{fle)= (0. 88

(flexure: D+S) .23

Fo =Fp, (Cp C Cg)

F, =1100(1.15 1.0 1.1) = 1391.5 psi > 694.2
NS

¢ o8 o812 (Fo0ee) . 3025,
B Zlefd)’ 10.88% E—

—_—

Ff 21350 (115 1) = (5525 pn

" o2 3320 kK~
=" — = 0.
_1+(ECF-/F.£) 3 1+(F.°E/FC) _ Fee /Fe (3.7-1) - 55t e Beons
2c 2c ¢
' Cp =|087%
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Example Size Factors, Cy
top chord & T F | F
Thickness (breadth)
2 Grades | Width (depth 2" & 3" 4"
f f 285:3%:&4" 1:5 1-5 1.5 1.15
] O bl Select 5" 1.4 14 | 14 | 11
4 ! Structural, 6" 1.3 1.3 1.3: | 1.1
Fc Fbl ‘:1 (fc /Fc€1 )] No.l & Btr, 8" 1.2 13| 12 | 1.05
No.I,No2, [ (10" { [Ty (12 ] 11 [(Log
No.3 12" 1.0 1.1 1.0 1.0
14" & wider 0.9 1.0 09 | 09
2RSE I SAE L] 1.1 1.1 | 1.05
Stud 5"& 6" 1.0 1.0 1.0 1.0
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 1.0 1.0 | 1.0
(compression: D+S) &3 0.4 — T EE
Fo =F.(Cp Ce Cp) v .
F., =1350(1.15 1.0 _0.897 ) = 1392.6 psi > 357.5
SL T Ce ¢
c
D+
(flexure: D+S) 3.3.3 Beam Stability Factor, C.
EJI - Fb (CD CL CF) g
Fb, =1100 (1.15 LQ 1.1)=1391.5 QSi > 694.2 3.3.3.3 When the compression edge of a bending
<L cL - {; 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.
PRE—— g
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Example

top chord 2x10
Eq. 3.9-3

Figure 3H

Combined Bending and Axial
Compression

’063'?

1

Vo2 d
Sty
Fc' Fb1' [1 "( 'c :I —

0
COMP. + FLEXURE/X-X +F%

where:
EULER 1
f,< Fy = 0.822E.., for either uniaxi
¢ (£, /d,)  wise bending or braxrat
bending
and

AN

Evocewise

Sdpy

ComlrLSStoM !

(A
and Ace | € Z 291.5
1.20 A —_— = 20.0659< o
for < Fe= 7 0 or biaxial bending \ -

: s s F 1R 97_ G
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 p I e fc 1.0 Compression
top chord 2x10 F_ :
° Ry
COMP. FLEXURE X-X
EULER 1 [
f. < F, 0.822E.., for either uniaxial edge-
c

wise bending or biaxial

OWEN;
——  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)

cCTU¥sL
A Al ﬂj& z 3575 g
T e D ———— T 37?;‘3— U 75
¥c A (.4 x .24 —"& gmm = 550 000 r’;:\

b

z N
NPRECE :?aru;(?-f . 237,47

°
=4

B = 213758

Structures Il

University of Michigan, TCAUP

- M. 1233502 L 4.7 s 4y = 8.385 ACTDAL J
" Sy 2:1:.39 d 9.5
€

\{:‘thu&cf
_£b_L = _(fj:)i = 0.4987

o B A

/_xw»’ FAcTor_ :
[ l
[ - (3575/3820) ©:90G

0.4987 (1-103) = ©.550_

CoME,I\/})/.S’ﬂ.Ol-J B
0.0651+0.550 = O0.616
o6l <10 Vass
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Combined Stress in NDS

procedure

Exterior stud wall under
bending + axial compression

1. Determine load per stud e
2. Use axial load and moment to find
actual stresses f, and f, —
3. Determine load factors
4. Calculate factored stresses
5. Check NDS equations pAO e ” ﬁﬁ
—— DouBLE 2x l = .
wl @ | 2 Mz sdos —N |35
2 ’—’> g: o | N2 sTRVPOS - suearunis A58+
fc fbi I - M:“ﬁr @ svoc. SE TON ,:x__;.oohs
et 1 - < 10 (3.9-3) 13 psF _ & | N swearnmia
Fc Fbl ‘:1_(fc/Fce1 )] - d “DS
VG 5 Edorern Hotock - ek,
: ——ta Hel
wac secrion  FomHT e T
- Fc - j-OﬁO P
Buia = 40906 e
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Combined Stress in NDS pARONE 9
example - GousLE 2« 1(-__———— )
. @ ' <N sroos —N 15.;
o ° o e A26.25F
Exterior stud wall under T:'> . ol 12  secr oi"/emw 52306 4
bending + axial compression 13 fsF & | N swearnna =LQ)
a7t Ehotenn Horock - TMédck
i — ne)
[ f. ]2 fos WALL SECTION F =375 ps
, : < 10 (3.93) F, = loeo po
Fc Fbl [1—(fc/FcE1 )] E“?A :l«wm Pl
1. Determine load per stud i * LoAV/ST%f‘ 3
- Pz 4sorne oc . Ado td (mwsf
Ek 12 1% = gL
w= B oe o 13 24 . @O PLF/sno
2. Use axial load and moment to find 7 &
‘4 w

actual stresses fc and fb x

25‘4) /_)é, ¥
f= Mg, . A0 | [B90s ey
7 2k 3.06"}

University of Michigan, TCAUP Structures Il Slide 26 of 31




' i S [ e
Combined Stress in NDS ize Factors

F, F, F.
example —_—
Thickness (breadth)
Exterior stud wall under Grades | Width (depth &3t | g
4 oy ,
bending + axial compression & 59 TIEY \j_—‘l.ls
Select 5" 1.4 14 | 14 | 11
Structural, 6" 13 1.3 1.3 1
No.1 & Btr, 8" 1.2 13| 1.2 | 1.05
No.1, No.2, 10" 1.1 12| 11|10
No.3 12 1.0 4. | 400 | 1:0
14" & wider 0.9 1.0 | 09 | 09
%35 & ar 1.1 | N oS
Stud 5"&6" 1.0 1.0 | 1.0 | 1.0
e 8" & wider Use No.3
WALL SECTION y— b Construction| 2",3", & 4" 1.0 1.0 [ 1.0 | 1.0
Fo < 000 ps
oo Standard
Euis =400 Utility 4" 1.0 03 0BT
2" & 3" 0.4 — e[S
2 1S pe1 B s 1000p]  Euady = 400 000 s,
3. Determine load factors (bendin Fi
( 9 F‘Zm’a&s t
Cr; @ winp )
L5 (Fer Fp) zl lﬁi for Fe )
CL = ( gRACLE BN ¢)izdmding )
Chie g gidec ) =7
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Combined Stress in NDS
example
Exterior stud wall under ¢
bending + axial compression F\a * ?'}5 feit
- - l' g'
- v &P .l'/éi oxg. CF _
f f .
i Cvz:lo]  Cg 10X
F
Cizle &y @ 1595

4. Calculate factored stresses

(bending stress) FL = 77§<)cb>(|.§'><l.15>
- 2139 ,’9)\

PRy
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Combined Stress in NDS

example

2 -~
" g FE/F 1+( cE/F  Fe/F
P
Exterior stud wall under —j‘
bending + axial compression
Fe=
Pz 900% PHY (¢ / d
¢ = 0.8 for sawn lumber
et
9.5 &o
K=1.e

£ leco(l e (L) = 1840

o,gzz(%owo): oy
(95/3.5)* e

3. Determine load factors L\C’ _?i
compression _
(comp ) Cyp=|C-2]
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Combined Stress in NDS pARNE e
example -~ #gguake 2 1<——Z—-———>ﬁ

Ot g i Ih
|— 2x S7UvOS

3 L3 .z
\SIIEATIIIAE Ar5.185~
@ s'o.c.

el SECTION @y "% o
[3 le— swearnmiG

L]

Exterior stud wall under
bending + axial compression

¢ 975
3

7 RETY Elorin) Hotock - TIMIEK

£ f S Hel
= el wacL secrion B =5 =
Fe Fos ‘:1_(fc/’i:§i):| fo =lovo

Buia = 10000 £

Actual Stress

P o0 ,
‘CC’Z 7 55T = (7.4 pa)

4. Calculate stresses
(compression stress)

C_omP
Factored Allowable Stress
Wiwp CeVv
F, = oo (16X 's)(a 21> = 386.4psi
[ “r
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2

Combined Stress in NDS £ f, 6

—S. < .
example Fc' Fb1, [1 - (fc /FCEJ. ):l
Exterior stud wall under COMP. + FLEXURE X-X
bending + axial compression A cTuAL

QC’-E 7”_ [/2/,43_@_.[‘
‘&,2 }%’: é%%&}_‘ 27;.';?5;2

5. Combined Stress Calculation

(eq. 3.9-3)
= f |
Fee = 0(823;) 3 Pu 1-(%£e)
¢

I 4'} 836 _
3864 139 1-(*4
- 0.822(400@ 40“ i l ( /ijé_g)
(14/3.5)* 0.1967 + (0,4095) 1.728)
0.1967 + ©.F0%1 = 0.9045 (.0 VoK
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