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

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 Figure 3G Combined Bending and
and axial tension (see Figure 3G) shall be so propor- Axial Tension
tioned that:

ff40 TENSIONCRIT. (9.1 J

FOR
and

f-fi_40  FLEXURECRIT.  (39.

where:

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

F,” = reference bending design value multiplied
by all applicable adjustment factors except
C
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NDS 3.9.1 Bending and Axial Tension
NDS Equations

Sy I 21
CASE 1. Tension is critical. eq. 3.9-1 I Fo* -
* no C t' b
L
CASE 2.  Flexure is critical. eq. 3.9-2 1 =1, <1.0
** no Cy, Fokx T
b

(af

| S T | 1

s M

{; 4 fb
TENS/ON + 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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Wood Structures
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F'I
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100 %o MEMBER CAPACITY
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B ?:; < 1o
f
f-tl
UNSAFE
SAFE
£,
-1k
\ 'Fb 1.0 Fb*
o

BASIC_STRAIGHT LINE
INTERACTION FORMULA
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NDS 3.9.2 Bending and Axial Compression

two axis bending + compression

3.9.2 Bending and Axial Compression

Members subjected to a combination of bending
about one or both principal axes and axial compression
(see Figure 3H) shall be so proportioned that:

2
Fc Fbl [1 il (fc //ch )]
oo < 1.0 (3.9-3)

szl |:1 - (fc /"chz ) - (fbl/FbE )ZJ

-+

and (Flatwise bending + compression)

- 2
f—c+[f°—1j <10 (3.9-4)
FcE2 FDE

RNy

wlz =)
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Wood Structures

where:
0.822E " for cither uniaxial
f <F, =——————mn : pal
2 . (€., /d,)* edgewise bending or
biaxial bending
and
_0.822 Emn  for uniaxial flatwise
fc < FcE2 =7 /4.2 : : -
(€0, /d,)” bending or biaxial
bending
and
1.20E,,’ - :
fy < Rg=——=——  for biaxial bending
(Rg)

fo1 = 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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NDS 3.9.2 Bending and Axial Compression

three possible combinations

2
{f_c . fo <10 N y|
) R [1-(f/Fe)] f.< F, Jﬁ;f"i?
7l el 3
COMP. + FLEXURE X-X ////N
2
r—° , e 77 < 10 0.822E_ '
Fc Fb2 |:1*(fc/FcE2)'—(fb1/FbE) ] fc < FcE2 = W
e2 2

COMP. + FLEXURE Y-Y

fo
F,

COMP. + FLEXURE X-X +  FLEXURE Y-Y

2

i - foy ~<10 NGy
R [1-(6Fer)] R [L-(F/Fuca)~ (s Fic )’ o o LIOEG
bl bE (R3)2
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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

e g)M,pA ‘%_ hl

e

Interaction graphs for different
slenderness rations - Breyer

0 &Kﬁ'
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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

2

Accounted for by use of an amplification factor
foa 1 < 1.0
’
Fb1 [1 - (fc /FcEi ):l

[f_c
Fc'

AMPLIFICATION FACTOR
COMP. + FLEXURE X-X
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Examples
combined stress

Columns with side loading

.

Trusses loaded on members Continuous beams
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Univ.

Other Examples
combined stress

x4 c14'0c,

EAST o HTA, T,

of Michigan - Taubman College

Wood Structures

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

Given: Queen Post truss

1.

Univ.

Hem-Fir No.1 & Better

F, = 1100 psi
F. =725 psi
F. = 1350 psi

E. ., = 550000 psi
span = 30 ft. spaced 4 ft. o.c.

Projected Roof Load:

D =14 psf S =30 psf
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

of Michigan - Taubman College

LOAD TO TOFP
( CHORD = & =76 L8/FT (P+S)

<

T v 1 | B |

D)
75’

8
L
PR I i I 3

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

4 @ 7.5 = 30’

A—

Wood Structures
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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
find the chord forces. Sum the forces
horizontal and vertical to find the
components.

D+S Load:
Top chord = 4.96 k compression
Bottom chord = 4.44 k tension

Univ. of Michigan - Taubman College

Example
bottom chord 2x8 — bending + tension

4. Determine controlling load case:

Tension Force: D+S

P,/ Cp=4.441bs/1.15 = 3.86 (controls)

Tension Force: D
P,/Cp=174k/0.9=1.93

Univ. of Michigan - Taubman College

Wood Structures

*/,32 K
/= /32* */.52
%: 066 - *0-661
_éi,o,z(; A 81 0.24
AN L8
1 * B =048« 1
3.12 « 3.2
2.2?l £5E
o.ao* _-SHPP
—— Ty = 4.44K
{ se
[/U,;=- 32 (B/FT
1 { | L i ¥ Tac. =4.44 %
—— —
A C
| e |
‘| 1
Wood Structures Slide 13 of 34
D+S
*/.52 K
7= /.32* */.32
5 - ocey = ‘0"‘“ o
_§_=0_z4 A 81 0.24
WA >
1 } B =048« *
3.12 3.2
2,22{ £96
0.90* /4‘44
e 7—‘c = 4,49«
.
D alone
*0.42 I3
7 —'0.42* *0.42
_’zi= oz1 = *0.21 «
_/§_=o_z4 A 81 0.24
4> 5,
1 } B =048k *
.32 k .32
0.87 P
0.45* }/.17'4
—— Ty = 174K
}1.32 (3
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Example
bottom chord 2x8 — bending + tension

-<1. fb;*{:’sl.o
F, F,

5. Calculate the actual axial and flexural
stress.

f, = 408.3 psi

f, = 821.9 psi
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Wood Structures

D+S

[UE= 32 LB/Fr

_‘_i 1 L | 1 ¥ =444z
A A R
L L= 15’ |_
‘| K

.0 44900 . 4083 i
¢t A lo.21w

{ . i = 900 (‘z) - 32',? rs'
b~ S, 13,14
M= “;’_‘g.'-—. s206)° Y00 '~ ¥
& 3
5. = 13043
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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
Fy =F, (Cp C_ Cf)
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 , Enms ARE Hgeo

Size Factors, Cy

Wood Structures

F, 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 k10 TENSIONCRIT.  (39.1
F' R
and
be:ft <1.0 FLEXURE CRIT. (3.9-2)
b
where:

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

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

Wood Structures

NET fonfy-fo

=
- b BB

SO N ORNG

TENS/ON + BENDING = COMBINED STRESSES

(2.9-1)
408.3 821.9
leco 1571
0.4083 +0.45414 = 0.9
O0.95 L |- “pass
(3.9-1)
5Zl’? - 40&; - 0.2724
151g

0.27 < Lo Vpass
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Example
top chord 2x10 — bending + compression

2.2?‘ 496
0.90* )__{4‘44
4 e 7—46 = 4,449«
Yo
w=136 PLF
® ¥
49¢e -—PM, £ ¢ 49¢0
1.5
Cregceren)

4. Calculate the actual axial
and flexural stress.
f. = 357.5 psi

f, = 694.2 psi
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Wood Structures

D+S
LoAD TO TOP
CHORD = W =76 L8/FT (P+3)
C i T v 1 i i 1
12
&6
% 0
~N
A 8
iw
L T ¢ ] ¥ 11 1 R
N Loap r0 Borrom
cHorD = w = 32 (8/fr (D)
[ 4@ 7.5"= 30 |
1 A
X . N
NIEE o 176 0 (F8T) | pgq 50
) @
sx = 21.39 PR
L 4
{ - f - 4?60 = 3(7—1"’_f’5'
¢ AT 15x%28
‘. Mo 12835 0% L 9.7 05
b Sy 21.39
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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 Cr Cp)

F., =1350(1.15 1.0 0.897 )= 1392.7 psi > 357.5

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

strong axis buckling
Ce
4, =8.385" d=128"
/(eA = w: 0.88

» oszz::m' ,0.822 (550000) - 3820 oo
D

Cﬁe/d} lLo. S&
F 5 l?§0<"‘5 1Le) = (557.5 psu
Resy L 2222 = 2.4
& = 2. a=0.8
/F = 1552
CF - 0.897%
Size Factors, Cy
F, F, F.
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, 10" [ 1] [12 1.1 1.0 |
No.3 12" 1.0 1.1 1.0 | 1.0

C,
The top chord is braced by the
plywood sheathing so C, = 1.0

Univ. of Michigan - Taubman College
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Example
top chord 2x10 Eq. 3.9-3 ComPRLSS o !
z
2
2
2915
f |, fo < 1.0 f . 206.0651
[ ’ (
Fe Fot [1_(fc/FcE1 )} = 1392.%
COMP. + FLEXURE X-X G
CEL T (100.6 /9,05")? FLEXURE- :
where: = 28207 sl L
EULER 1 2
f, < Fy, = 0.822E,,, for either uniaxial edge- bl = 2_(7_4____ = 0,45}5 ?
(¢ey 7d,)*  wise bending or biaxial 7 1392
bending F‘“
and
EULER 2 AMPLIFICATIoR FACToR :
0.822E,,, - .
f, < Fpp = ——————min for uniaxial flatwise [ l
(£e27d,) bending or biaxial bend- = =
Ing = (3(7.5’/332_0> 0.906
and
LTB = 0.550
f,<Fe= 1%;) Em'" for biaxial bending ©.4987 ( [-103)
“ 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)

Wood Structures

ComBioAmnod
0.0659+0.550 = 0.616

Ol 1.0 vV Phss
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Combined Stress in NDS

Stud wall example

Exterior stud wall under
bending + axial compression
1. Determine load per stud

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

3. Determine load factors
4. Calculate factored stresses

5. Check NDS equation 3.9-3

2
[fc } oy fbi 1 O ( 9 _‘)
’ ’ = J -
Fc Fbl [1_(fc/FcF.1 )]
and

2
L (; J <1.0 (3.94)
cE2 vt/ flatwise bending

Univ. of Michigan - Taubman College

,-_:> o o | A 2¢ STVIOS
M psd! SECTION (7
& L— SHEATHING

1% fsF

Wood Structures

x4 ¢ 24”&;,
GAST - HOA, M,

No |

p=450 NF 24" 15"
- DOUBLE 2x |<——————>H

TOP R 3
\» @ ]
o

=]
< 3
@ s'o.c.

.2
suerimia A 5055

%306+

L]

RETTY ot Hotock- TIMRICK

I Y nel
WALL SECTION F, =19 b
Fo = |ooo po
Buia = 400906 e
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Combined Stress in NDS

stud wall

Exterior stud wall under
bending + axial compression

1. Determine load per stud

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

Univ. of Michigan - Taubman College

Wood Structures

p: 450 1F g o " 5"
SR DouBLE 2x |(——-————ﬁ

1 roP R 3. .
. @ <N swos —N 15.;
;-\ ] : L3 .z
N o~ N - 2x srwos N suearms A7 915
7 ~ w! f

o @ s”o.c. SE 0 5306 W3
15 PS¢ "t " L— SweATHING %

@ ZPZABroEn.M EAorern Hortock - TAMEACK

S — el
WALL SECTION F, =775 px
Fc < J000 pw
Eﬂh =‘£m006 o
P = LoAv/sT0D |
< 4botv oc . Ao td | (%o Les
? 4 -ﬁ' T2 = J_J
w= 13MF oe . 13 24 . 26 PLF/suo
12 12
2 =
ML= _“%«f: (A7 (97.5/:.) + !223,4::}_!_
(2] 2 —

il ’;iz?? SR
AR = L G P

3.06

<
“

Slide 22 of 34




Combined Stress in NDS

stud wall - bending

Size Factors, Cy

F, F, F.
Exterior stud wall under Thickness (breadth)
bending + axial compression
Grades | Width (depth 218 3" 4"
23 & 5 L5 | @50 | WES
Select 5" 1.4 14 | 14 | 11
Structural, 6" 1.3 1.3 1.3 1.1
No.1 & Bir, 8" 1.2 1.3: | 12 [ 1.05
No.1, No.2, 10" 1.1 1.2 ] 1.1 [ 10
No.3 2 1.0 1.1 ] 1.0 [ 10
WALL SECTION F, =375 pu
FC = |000 ps
Buia = 40900 £
TABoATED  STRELS &
. | B2 #3Spar B <1000l Egy = 400 000 g
3. Determine load factors (bending)
FACTORS &
Cry = {E] C"‘—’"“D )
Ce = [LL5] (Fer o) Z"':l‘ﬂﬁ"'o&':cv
= ( gRACLD BY ¢)kgdTdiNg 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 Cl"l Lo C £ 2 12
Cizle &x @ 10
)
éL: .o Cn & |15

Bending Stress

Univ. of Michigan - Taubman College

FL = 775‘(),0)(1.5‘)(1.153
- 2139 fS)\
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Combined Stress in NDS

stud wall - compression

Exterior stud wall under
bending + axial compression

Pz 9008 PH

¢!

9.5
=1,

o i

1+(Fe/F) 1+(Fe/F)) 2_

2c 2c

FcE / Fc*
C

Cv’ (strong axis)
Fr. leco() e 11) = 1840

IK o A 0.822 (400?;) = doi.2,
(31.9/3.5)
- 0.6
cr - 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 s NE
. = u 5%
stud wall - compression S - T _ed" 15
. ‘Wﬂ_& stuos —N\) 3.5
Exterior stud wall under W @ 1 ’
. . . [ & \ i 5 {.t
bending + axial compression s O N A 2¢ swos suearung A ® 95
%306 w

4. Calculate factored stresses
F. =F.(Cp Cr Cp)

Cp=16
Cr=1.15
Cp=0.21

Compression Stress
check fc < F'c

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

Univ. of Michigan - Taubman College

L S| o SECTioN @
1% fSF [3 | A swearumia

Edstern Hotock - TIMédK

L~ 2x BorTOM

3
£ PLAT

i ne
WALL SECTION B, =775 pst
- Fc < |000 po

Eﬂh :‘WUD@ o

Actual Stress

(.0 i,
T I

Factored Allowable Stress
FL = (oco(LeX 1S ). 21) = 386 4 psi

Wood Structures
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Combined Stress in NDS

stud wall — combined stress

Exterior stud wall under
bending + axial compression

2
e + fu : {1l.0
] .
Combined Stress Calculation k' Fu |- ( (%j,) e

—m—

z
171.4] . 8% [
386.4 2139 l—(”'%o(,,,,)
0.1967 + (0,4095)( 1.728) =

o.l1967 + ©.F031 = 0.9045 (l.0 AK
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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 30°
Normal = 39 lbs 45 (sin60) = 39 Ibs
A/b
& A=C cosb 45 Ibs
& Ascsma . ¢
B=Csmb 45 (cosB0) = 22.5 Ibs a

B

A
C= VAZ" 52 %sCaosa 60°
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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/fail

Axial = 22.5 Ibs
Normal = 39 Ibs

Actual stress:

CoMPRLSS (opl:

zt.§
fs Si s Tas = 4essesi

A= sesat
F=‘- 22:5

Univ. of Michigan - Taubman College

Francesco on 2x4

FLExURE Y-Y

= M =i§_6- = &
f,,z _5._3 T " FIL.S psi

M= PL. 39(96) _ qg4 “

4 —_—

S = 10313 ﬁus

d

Wood Structures Slide 29 of 34

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

Fé =F, (CV CFC'P)

F= 150 ¢

Cp CLy) = (.25

Cg = 1§

Fog = 0.-822 Ewin' _osn (510000)
(/)" (1¢/1-6)F

EX = uso (125 118) = (653 psi

Eefx Y023 o oo
/F Rl
Cr'—'()-Oéll

Fe = uso(12s Las 0.0611) = lot.oesi

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) 2" & 3" 4"
2" & 3" 1.0 -
4" 1.1 1.0
5" 1.1 1.05
6" 1.15 1.05
8" 1.15 1.05
10" & wider 1.2 1.1
Flexure y-y

Foe =F (€o €L € cg,)
F,= 875 pai

Co (L) = )25

Ceg =15

%)
~
n

o

o~

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

axis bending, so the term is zero)

Eq. 3.9-3
L ] 2
Ck;egkdfcggnsb;)ns?tlon stresses: { 1 } s < 10
£ 21010 psi F R [1-(/Fe)- (R /Re)’ ]
foo = 712.8 psi
Fpo = 1804.6 psi COMP. + FLEXURE Y-Y
Feeo = 102.3 psi
CoMPRELSS (ol
Compression: : .
4.285
—fﬁ = = 0.00[80
& lol,o Fa P a Y o W
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Rafters 3
Flexure y-y + Axial Compression {f_c foo < 1.0
p / 27
) R [1-(f/Fea) - (R R
Check combination stresses:
Flexure y-y COMP. FLEXURE Y-Y
FLEXURE, Y-Y
f=4.285 psi _(*_’,i s 55
Fg, = (02:3psi i o4
ig—- = f(-—'—zi‘f = O-O“hab AvpLieicATior FAcTer !
{ = .9-4— = _«O = O l"(r“/FcEz)"(Fu/FbE)L
Yl e B | l
(in this example there is no strong | -(f’o:’; ) —(_F"-—-Y T -l -0

bE

———-l = /043

Univ. of Michigan - Taubman College

©,7782

0315 (1.043) = 0.412
ANANAS

Wood Structures
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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 Viex

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

z
o (4
+| — £ l.o
EEZ FbE

4,285 i

1023 Wi

-4

o.0419 < l.o pass

Univ. of Michigan - Taubman College Wood Structures




