Architecture 544
Wood Structures

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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NDS - 3.9 Combined Bending and Axial Loading

types and applications

Figure 3G Combined Bending and Axial
Tension

N

3.9.2 Bending and Axial Compression

Figure 3H Combined Bending and Axial

Compression
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NDS 3.9.1 Bending and Axial Tension

two conditions

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:

f_t,+£9__sl_0 TENSION CRIT.  (39-1)

f-fi_40  FLEXURECRIT.  (39.

where:

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

(\9
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F,” = reference bending design value multiplied
by all applicable adjustment factors except
C

Figure 3G Combined Bending and
Axial Tension

N
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NDS 3.9.1 Bending and Axial Tension

NDS Equations

CASE 1. Tension is critical. eq. 3.9-1
*noC,_

CASE 2.  Flexure is critical. eq. 3.9-2
** no Cy

NET fonfy-Fy

¥ <
-‘ <
= \OR

T T
{;*{b

TENSION + BENDING = COMBINED STRESSES
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NDS 3.9.1 Bending and Axial Tension

tension + bending

Figure 3G Combined Bending and
Axial Tension
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NDS 3.9.2 Bending and Axial Compression

two axis bending + compression

3.9.2 Bending and Axial Compression where:

Members subjected to a combination of bending , 4 o
about one or both principal axes and axial compression f < _ 0.822E,, for Cltl}ef 111ua)§1a1
(see Figure 3H) shall be so proportioned that: ¢ & (¢, /d,)* edgewise bending or

biaxial bending
Z¢ e AR
- JoAPUE and
-y £ 2 _0.822E,,, for uniaxial flatwise
+— —&) ——="< 10 (3.93) ° % (¢,,/d,)* bending or biaxial
E)_g |:1 - (fc /" chz ) - (fm/ FDE ) J beuding
and
- ing + - 1.20E,, . ,
and (Flatwise bending + compression) f < F,= = )2m|n for biaxial bending
g 2
-_— B
f—c+[f°—1j <10 (3.9-4)
Feeo Foe fo1 = actual edgewise bending stress (bending load
f — E applied to narrow face of member) , psi
c
QS 9 @ A fo2 = actual flatwise bending stress (bending load
o= M applied to wide face of member) , psi
b S d1 = wide face dimension (see Figure 3H), in.

d2 = narrow face dimension (see Figure 3H), in.
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NDS 3.9.2 Bending and Axial Compression

three possible combinations

2
{f_c s fon <10 DG ,
Fl o R [1-(f/Fer)] f - (2.82/2;?;
c'_ eel 1
v//2
COMP. + FLEXURE X-X ////N

{f_' ot ] fb2 > <10
Fc sz [1‘(fc/FcE2)"(fb1 /FbE) ]

g

¢ <, - 0822E,

~ (€e2 /d2)2

COMP. + FLEXURE Y-Y

2
{f_c for ; hy ~<10 NGy
Fc' Fb1, [1 . (fc/FcEl ):| Fb2, {1 - (fc /Fg ) - (fbl /FbE ) j| f.<F,.= 120 Emin’
bl bE (RB )2
d1
COMP. + FLEXURE X-X +  FLEXURE Y-Y e
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NDS 3.9.2 Bending and Axial Compression

strong axis bending + compression

2
} {f—c} + —fEl 1 <10
v s Fl Ry [1-(f/Fes)]
{ ; } ‘ 5 ; -‘ AMPLIFICATION FACTOR
£ P = AxiAL COMP. + FLEXURE X-X

—— ——
e COMPRESSION
A

A = DEFLECTION DUE
70 BENDING LOAD

TLI

== = g)/wm %"_x v

e

Interaction graphs for different
slenderness rations - Breyer

o%'
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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

—_————

M-PA

2

for 1 < 10
Fp1' [1 - (fc / FcE1 ):l

Accounted for by use of an amplification factor
AMPLIFICATION FACTOR

T
F,

COMP. + FLEXURE X-X
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Examples
combined stress

Columns with side loading

.

Trusses loaded on members Continuous beams

Univ. of Michigan - Taubman College Wood Structures Slide 10 of 34




Univ.

Other Examples
combined stress

M = Fixe, (AOUr THE - 4xig)
Mz =0 x e, (POAUT THE Y -4x%)

x4 140,
EAST o HTA, T, e
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Example Problem

Given: Queen Post truss

1.

Univ.

CHORD = u— t8/Fr (D+S)

LOAD TO TOFP
Hem-Fir No.1 & Better (

F, = 1100 psi { I v 7 I I i

F, =725 psi 1z

F, = 1350 psi ‘L e

E,. = 550000 psi f 4> X
A 8

span = 30 ft. spaced 4 ft. o.c. Ar-',t.si”' : 7 i ¥ I fr

\LDAD TO B8orro, - (D)

Projected Roof Load: [ 4 Za:;,: “;o, e

D=14psf S=30psf: 44psfF 1 : — 1

Attic + Ceiling:

D=8 psf

bottom chord: 2x8 (1.5” x 7.25”)
top chord: 2x10 (1.5” x 9.25”)

Find: pass/fail

Determine truss joint loading
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Example
truss reactions and member forces

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

3. Use an FBD of the reaction joint to {_?;" 482
find the chord forces. Sum the forces * 454 44
horizontal and vertical to find the 4 —_— T4 4. 44K
components. }q./z
ZF\/ e -.9 '}'3,[2 —'v:‘o
D+S Load: V=Z.27,
Top chord = 4.96 k compression )
Bottom chord = 4.44 k tension R <
_ i { LI f V} Te=444x
*AA C.;Q._’- —
L L= /5’ 1[
Borort  culeR (7
Univ. of Michigan - Taubman College Wood Structures Slide 13 of 34
Example D+S
bottom chord 2x8 — bending + tension */.52 &
F;--: /.32* */.32
. . i .%: 0.(,6* 0.66 K
4. Determine controlling load case: §.az)s " Eys
’1&- }P 0.48 ;f'
Z = 048k
Tension Force: D+S sz« e
P,/ Cp=4.441bs/1.15 = 3.86 (controls) 2.22
- —H 0.90 {/ o
* ~— 444
—— Ty = 4.44x
faze
D3
Tension Force: D e
P,/Cp=174k/0.9=1.93
— — 7 -0,32* ‘0.42
’23 ozl y = o.21 ¥
B -o0z4 s 5* o.24
4> } >,
1 B =048« *
1.32:& 1.32
0.87 P
a45* */17'4
—— Ty = 174K
}1.32 /3
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Example
bottom chord 2x8 — bending + tension

5. Calculate the actual axial and flexural
stress.

f, = 408.3 psi

f,=821.9psi -

Univ. of Michigan - Taubman College

D+S

[UE= 32 LB/Fr e
_‘_l 1 L i b o444
A R
L L= 15’ |_
‘I K
Ol
F . f— - 444 .: = 408,3 rs‘.
t A 10.915
- tx%

M 900 (12) - 8219 psi

K

s — = S!
fg Sk 13,14 —
T =
M= wd . 32 (1%) Y00 /- ¥
& S -
s, = 1343
2 %8
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Example
bottom chord 2x8 — bending + tension

Hem-Fir No.1 & Better
F, = 1100 psi
F, =725 psi

6. Determine allowable stresses using
applicable factors:

Tension: D+S
Fi =F(Cp Cf)

-

F’=725(1.15 1.2) = 1000 psi

F; = 1000 > 408.3 = f, ok

Flexure: D+S
Fo =Fy (Cp CL Cy)
F, = 1100 (1.15 1.0 1.2) = 1518 psi

F, = 1518 >821.9 = f, ok

——

Univ. of Michigan - Taubman College

CL 1o .o By 44.1

db =4, Envs ARE HEwo

Size Factors, Cy

B F_| F
Thickness (breadth)
Grades | Width (depth 283 4"
253 &4" 15 1.5 1:5 1:15
Select 5" 1.4 1.4 1.4 1.1
Structural, 6" 1.3 1.3 1.3 1.1
No.l & Btr, 8" | 1:2 | 13 || 1.2 1.05
No.1, No.2, 10" 1.1 1.2 1.1 1.0
No.3 12" 1.0 1.1 1.0 1.0
14" & wider 0.9 1.0 09 | 09
2",3" &4 1.1 1.1 1.1 1.05
Stud 5"& 6" 1.0 1.0 1.0 | 1.0
8" & wider Use No.3
Construction| 2",3", & 4" 1.0 1.0 1.0 | 1.0
Standard
Utility 4" 1.0 1.0 0N 150
25& 3% 0.4 — 04 | 0.6
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Example
bottom chord 2x8 — combined stress

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 k40 TENSIONCRIT.  (39.1
FoE
and
be:ft <1.0 FLEXURE CRIT. (3.9-2)
X .
where:

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

P

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

Univ. of Michigan - Taubman College Wood Structures

NET fonfy-fo

=
- b BB

fc’,ql @fgifb@)

TENS/ON + BENDING = COMBINED STRESSES

M
fb‘g‘

(2.9-1)
+ b
£ 4083 821.9
F leso 15971&
0.4083 +0.45414 = 0.9
O0.95 L |- “pass
(3.9-2)
5Zl’? _— 40&; - 0.2724
1618 —

N

0.27 < Lo Vpass
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Example D+S
_ i + i LOAD TO TOP
top chord 2x10 — bending + compression SHoRD = i = 116 B/ (0+3)
'8 I v ¥ I I 1
-/
2.22 ‘@< 2.5 2
&
0.90 & 5 0
—m 7—46 = 4,44« 8 v
*3./2 AN
£ S| I I I
LoAD TO Borrom
CHorD = w = 32 ¢8/fr (D)
[ 4 @ 7.5 = 30’ [
1 A
w= (3¢ PLF z
[ 5 LF . 4 -l -
A400"— L L TEEITE) ¢ dago” e w1 (RED 0 ¥
. 1.5, s g . '
fReJCeTED) ’,
e Sk = 21:3903 200

4. Calculate the actual axial
and flexural stress.

L

f. = 357.5 psi
f, = 694.2 psi

Univ. of Michigan - Taubman College Wood Structures

i

. X
7? - T{Zfa? = = }ﬂ,‘f pst
ML LSO o e
” i -
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Example
top chord 2x10 — bending + compression

Hem-Fir No.1 & Better
F, = 1100 psi

F. = 1350 psi

E. ., = 550000 psi

5. Determine allowable stresses using applicable
factors:

(compression: D+S)

Fo =F:.(Cp CF@
F. =1350 (1.1 .0 0.897)=1392.7 psi > 357.5

——t —

(flexure: D+S)
F, =F, (Cp C Cp)
F,’=1100 (1.15 1.0 1.1) = 1392 psi > 694.2

5 -

strong axis buckling

Ce
0, =8.355" Jd=1.28

—_—

8.38502> |,
/(eA = —W—— = (0.88

"

£ 0.8 Emin' _0.822 (550000) _ 3820 ps
EE:Cfe/dlz lo.88° -
Fi 5 l?§0<"‘5 1Le) = (557.5 psu
fe 3320 i
5, == 0.8
/Fj - Tesz 246 ¢
CF - 0.897%
Size Factors, Cy
F, F, E
Thickness (breadth)
Grades | Width (depth 2"& 3" 4"
2030 & 4" 1.5 1.5 1.5 1.15
Select 5" 1.4 1.4 14 | 1.1
Structural, 6" 13 1.3 1.3 1.1
No.1 & Btr, 8" 1.2 1.3 1.2 | 1.05
No.1, No.2, 1 F l.l\i 12 1.1 I
No.3 12" 1.0 1.1 1.0 | Y7
Co

The top chord is braced by the
plywood sheathing so C, = 1.0
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Example
top chord 2x10 Eq. 3.9-3 ComPRLSS o !
2 4 \ 2 s
- ’ ) BTLS
f + fb;Jl < 1.0 .Ef_ = 20.06%19
R (f )] Lol [139ed
COMP. + FLEXURE X-X _ osu2(50088)
CE1 T (10,6 /9,25 FLEXURE- :
where: Z 28207 s L
EULER 1 2
f,< Fpp = 0.822 Emizn, fo.r either llmiaxial_edge- bl - @ (74 =0 ,45} & 7
(g /d;) wise bending or biaxial ’ 13 ? 2 it ke
bending Fbl
and
. EULER 2 AMPLIFICATIoR FACToR :
f,< Fop= % for uniaxial flatwise [ |
(£e2/d;) bending or biaxial bend- =
. [ - (3575/3820)  ©:10G
and fy __/
. LTB = 0.650
for < Fe = 1?;) ;’“‘" for biaxial bending o.4981 ( @3 s
“ B

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

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

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

Univ. of Michigan - Taubman College Wood Structures

ComBinvAneor
0.06514+0.550 = O.6le
©.6le L1.o v P4ss
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Combined Stress in NDS

Stud wall example

Exterior stud wall under
bending + axial compression

1. Determine load per stud

v
2. Use axial load and moment to find ZZ EAST - HOA, T,
actual stresses fc and fb ..,———-/
(3 p<f
3. Determine load factors T
4. Calculate factored stresses
5. Check NDS equation 3.9-3 G0 ¥ .40 1 R
- S GousLE 2 l(—ij——-ﬁ
f % srups —J\ 15‘;
o O AR
2 ———> o= o | A—2¢ sT2005 suearuns > 548 .
[f° } + foa ' l; ~| west! S e SECTIONG) R
; p < 1.0 (3.9-3) fSF I il
Fc Fbl [1_(fc/FcF.1 )] —
- 2?2‘37%’70“ Elotean 40’(06.(—- TMbkek
and & Hel
e o WALL SECTION F, =775 e
F—°+[F°—1] <1.0 (3.94) - F_ = 1000 ps
€2 \'ve/ flatwise bending Foin = 400006 ¢
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Combined Stress in NDS s NE
& y i’ 1.5%
stud wall R P A
. <N swos —N 3.5
Exterior stud wall under \n @ 1 A ’
. . . [ & \ i 5 5-.:
bending + axial compression . T | 2« srwos suearmg A" 5L5
—— flf 1 @ s“oc. %(=3061.“
| e SECTIoN Gy 7
lg I’SF » le— SHEATHING
L~ % 5T EAoTern Horock - TIMELK,
N — ne
WALL SECTION F, =735 st
- Fc = |000 pu
Eﬂh =‘£m006 e
_ P = LoAv/sT0D -
1. Determine load per stud Pe dsote oc . Ao td ?900 wj
[ & 12 e e
ws= IBRF Be . 13 24 | 26 PLF/sno
o T2 12 v

Use axial load and moment to find
actual stresses f; and f,

2.

Univ. of Michigan - Taubman College

= .“i’—;z- z_é(??n;ﬁL)L =
- ol wOuA), i

A - (IR
2x 4
£, - r%’ : ‘ZL;_“_%'ZZ L BaTIE sl
’ r-3.06
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Combined Stress in NDS

stud wall - bending

Size Factors, Cy
Rt

E Fo| K,
Exterior stud wall under Thickness (breadth)
bending + axial compression
Grades | Width (depth 218 3" 4"
snEe 1.5 5% | @50 | HES)
Select 5" 1.4 1.4 | 14 | L1
Structural, 6" 1.3 1.3 1.3 1.1
No.1 & Btr, 8" 1.2 1.3: | 12 [ 1.05
No.1, No.2, 10" 1.1 1.2 | 1.1 |10
No.3 12 1.0 1.1 1.0 | 10
WALL SECTION F, =375 pu
Fc < |000 pn
Buia = 40900 £
TABoATED  STRESS &
F, 2 7?5’)9:,, P, < [000ps! B = 400 oe0 r,,;
3. Determine load factors (bending)
PACToRS &
Cp = {E] (i)

Ce = [Ls] (Fer F) [Ll‘:’?(_l’o& Fe D)
= ( gRACLR BY ¢)lgdTdiNg D)
Crlz [lsl (g4 o)
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Combined Stress in NDS

stud wall - bending

Exterior stud wall under .

bending + axial compression F\a 3 ?’}5 1!
&P < l!é CF - " g'

4. Calculate factored stresses - < 1.0
CMz .o Ce B
Cizle &x @ 10
CL: lo Ce = 115

Bending Stress

—

Univ. of Michigan - Taubman College Wood Structures

p
= Z__'_?j fS)\

C

t.Fs‘)(l

C
ol

5
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Combined Stress in NDS

stud wall - compression

Exterior stud wall under
bending + axial compression

Pz 9008 PH

1+(Fe/F)) ’
2¢ -

1+(Fe/F)

o i

2c

FcE / Fc*
C

—

Cv’ (strong axis)

L4

o

99 5" Fe looo( )6 X L) = (8
-l e . o 4eo 2eo
I ! A 8zz2( ) = doi g
= (9/55)
C= O &
—l —
CP = 0 . 2}
3. Determine load factors —
(compression - braced in weak axis)
Univ. of Michigan - Taubman College Wood Structures Slide 25 of 34
Combined Stress in NDS ;
. P’4‘70 re y 24 u 15"
stud wall - compression = coune 2 Ie—-———ﬁ
Exterior stud wall under n ® 1 g :? m””“. > .
bending + axial compression ,>? & Ve smes Nsuearng A7 5L
7 w0 secnongy R
1% fSF [3 | A swearumia
¥ ad Ehoern) Horock - TIMELK,
B — el
4. Calculate factored stresses WALL SECTION F, =775 px
Fo' = Fo (Cp Cr Cp) fo = tovo o
Cp=16 Buia = 10000 £
Cr=1.15
Cp = 0.21
Compression Stress Actudl S'rres‘:s
(c = L z 11_010__’ = 1.4 po!
check fc < F'c A T —

(this should actually be checked
for both W+D and D alone)

Univ. of Michigan - Taubman College

Factored Allowable Stress

lam("‘xl"{)(&&) = 386 4psi
[b C C\a « - -

-

|
Fe
— F
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Combined Stress in NDS

stud wall — combined stress

Exterior stud wall under
bending + axial compression

corqp + FLes \<AM"- e
(@ §

2
LE9 fo : {].0
' .
Combined Stress Calculation k' Fu |- ( E%E,) e

174.4]“+ 836 (

3864 2139 l_(m%%'&)
0.196% + (0,4095)( I.728) =

01967 + ©0.7071 = 0.9045 (l.0 VoK

Univ. of Michigan - Taubman College Wood Structures Slide 27 of 34

Rafters Francesco on 2x4
Flexure y-y + Axial Compression

Given:
S-P-F No.2 2x4 x 96”
F, =875 psi
F.=1150 psi E,;, = 510000 psi
P =45 Ibs.

Find: pass/fail

Find normal and axial components
of the load.

Axial = 22.5 Ibs 300
Normal = 39 Ibs 45 (sin60) = 39 Ibs

N [

& A=C ces b . 45 Ibs
e e s % &
A B=Csmb f 45 (c0s60) = 22.5Ibs g a

C—;‘;}Az-} B* B=zCcesa 60°

Univ. of Michigan - Taubman College Wood Structures Slide 28 of 34
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Rafters
Flexure y-y + Axial Compression

Given:
S-P-F No.2 2x4 x 96”
F, =875 psi

F.=1150 psi E,;, = 510000 psi
P =45 Ibs. (as roof Lr)
Find: pass/falil

Axial = 22.5 Ibs
Normal = 39 Ibs

Actual stress:

CoMPRLSS (opl:
A%y
(A ns-;i‘-_frs*
A zf..‘
P=

Univ. of Michigan - Taubman College

Francesco on 2x4

FLExURE. Y-Y

. 36 .
f,,z ._El.. ?3’5 ?_'_Z_@ psi
J
M= PL

Sy

= 39 (?4 ) Q36 ‘%

———e
_._-—v

T
1315
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Rafters
Flexure y-y + Axial Compression

S-P-F No.2 2x4 x 96" F, = 875 psi
F.=1150 psi E,;, = 510000 psi

Determine factored allowable stresses:

Compression

!
Fe=F (CV CFC”)
F= (150 g
Cp Ci—;) = .25
cezlig T
Fc; _ o8 Emia’ _o.8L (5t00e0)
— (/) (e et
E* = uso (125 115) = (653 psi
FCEI * 162.2 _

/Fa = 3453 - O'O_G.Hl
Cp=0.06l

Fe = so(1L2s (a5 0.0611) = lol.o esi
- =

Univ. of Michigan - Taubman College

= 102.3 psi

Flat Use Factor, Cy,

Bending design values adjusted by size factors are
based on edgewise use (load applied to narrow face). When
dimension lumber is used flatwise (load applied to wide
face), the bending design value, F,, shall also be permitted
to be multiplied by the following flat use factors:

Flat Use Factors, Cy,

Width Thickness (breadth)
(depth) P& 3" 4"
2" & 3" 1.0 -
Sxo R
3 . 1.05
6" 1.15 1.05
8" 1.15 1.05
10" & wider 1.2 1.1
Flexure y-y

F '=F(CPCLCFC(,)
Foz 875 pui

Co (L) = |.28

Cg =LS

Cg, = L1

v
C(——- (.0

—

—

sz(= 315(1.25' l.e Lfl-’) = 1804.6 esi
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Rafters
Flexure y-y + Axial Compression

Check combination stresses:

f, = 4.258 psi
F. =101.0 psi
foo = 712.8 psi

F,, = 1804.6 psi
F.c, = 102.3 psi

Compression:

Univ. of Michigan - Taubman College

fb2

Eq. 3.9-3

COMP. +

CoMPRLSS (ol

'Fc Z _ 4.28‘;)1_
(}:) \toro/ =

Wood Structures

oo [ 1= (fo/Fuea) ~(Fos /P )’

< 10

FLEXURE Y-Y

©.00[80
il i
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Rafters
Flexure y-y + Axial Compression

Check combination stresses:

Flexure y-y
(c = 4.285 ps
FC'E'L lOZZpI
e
£ AR ediss
Fee 1023
~  Sx 3.0

(in this example there is no strong
axis bending, so the term is zero)

Univ. of Michigan - Taubman College

< 1.0

2
{ fc fb2
= / 2
) R [1-(f/Fea) - (R R
COMP. + FLEXURE Y-Y

FLEXVRE. Y-Y

e Ts
F:[ 18046, ——

|\

AmprificATion FAcTor, !

l
[~ (/e - G ey
l

[

-(225) (2=

bE
l
—_— = /043
©.,9782 —

0315 (1.043) = 0.412
ANANAS

Wood Structures

|-0.0418 - 0
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Rafters
Flexure y-y + Axial Compression

Check combination stresses:

fe
F,

COMP. + FLEXURE Y-Y

Eq. 3.9-3
2

foo < 1.0
' 2 -
Foo [ (f. Fuea) (s R )’ |

CoMPRLS 1o+ FLEXURE. Y-Y
o.00ls + 0.412 = 0.414
o0.414 <0 Ve

Univ. of Michigan - Taubman College Wood Structures

Rafters
Flexure y-y + Axial Compression

Check combination stresses:

Eq. 3.94

£Q 3.9~-4 FdTw e BEADING
o

z
z + £ l.o
FGEZ FbE

4,285 i

1023 Wi

Y rerE 4
&
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