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EC3 1-3 2006 CFFD Example 001

C-SECTION MEMBER WITH LiPs UNDER COMBINED COMPRESSION, BENDING, AND SHEAR

EXAMPLE DESCRIPTION
Compression, moment, and shear capacities and demand/capacity ratio are calculated for
C section with lips at mid-height as shown below. It is simply supported with a length of
3.0 meters. The member is fully braced for flexural buckling about y-axis.

GEOMETRY, PROPERTIES AND LOADING
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Dead: P, = 500 N, P, = 250 N
Live: P, = 1000 N, P, = 300 N

TECHNICAL FEATURES TESTED

» Axial compressive strength
» Major moment strength

» Shear strength

» Demand/Capacity ratio.
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PROGRAM NAME: SAP2000
REVISION NO.: 2

CoMPUTER FILE: EC3 1-3 2006 CFFD Ex001

Applicable Programs
» SAP2000

RESULTS COMPARISON
Independent results are hand calculated.

CONCLUSION
The results show exact match with independent results.

Benchmarks: SAP2000

Percent
Output Parameter Program | Independent | Difference
Axial - Flexural buckling 39976 39961 0.04%
Npra (N)
Axial — Torsional-Flexural buckling 15071 15091 0.13%
Npra (N)
Axial — Local & Distortional Buckling 44755 44755 0.00%
NC,Rd (N)
Flexure — Lateral-Torsional Buckling 268257 268206 0.00%
Mpra (N —mm)
Flexure — Local & Distortional
Buckling 3097421 3097420 0.00%
Mc,Rd (N - mm)
Shear
7888 7888 0.00%
Vora (V) j
D/C Ratio 0.971 0.971 0.00%
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PROGRAM NAME: SAP2000
REVISION NO.: 2

HAND CALCULATION

Properties:
Material: E = 210,000 N/mm?, G = 80,770 N/mm?, f,,,, = 350 N/mm?

Section:
h=150mm,b=47mm,t =1mm,c =16 mm,r =3 mm
> h,=h—-t=150-1=149mm
->b,=b—1=47—-1=46mm
Scp=c—t/2=16—-1/2 =155mm
Check for the effect of rounding of the corners:

r 3
=I=3<5—>0K

A
bp—46—0.06 <0.1- 0K
Therefore, the effect of rounding of the corners can be neglected in calculation of section
properties:

Ay = 272 (mm?)

I, = 925248.782 (mm*)

I, = 84362.534 (mm*)

i, = 58.324 (mm)

i, =17.611 (mm)

W, = 12419.447 (mm?)

I; = 90.667 (mm*)

I, = 392274920 (mm®)

Yo = 34.151 (mm)

zy = 0.0 (mm)

Member: K, = K = 1.0 for a pinned-pinned condition
Ly, =L, =Ly =3000 mm
Member is braced against flexural buckling about z-z axis.
kyy =ky; =k =ky, =1.0

Loadings: Dead: P, =500 N,P, = 250 N
Live: P, = 1000 N,P, = 300 N

Required strengths: for the section in the middle
Ngg = 1.2D 4+ 1.6L = 1.2 X 500 + 1.6 X 1000 = 2200 (N)

250 x 3000 300 x 3000
Mgq = 12D + 16L = 1.2 X ———+ 1.6 X ———— = 585000 (N — mm)

250 300
Ve = 12D + 161 = 1.2 X ——+ 1.6 X —— = 390 ()
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Member Compression Capacity: the compression capacity is calculated considering the limit
states of global buckling, and local and distortional buckling.

1. Local and distortional buckling:
The effective width method is utilized to calculate the nominal axial strength in consideration
of local and distortional buckling with the compressive stress of f,,, = 350 (N/ mm?).

Check for the applicability of the method as the following conditions are satisfied:

b 47

2= 47 <605 0K
-1

c 16

£ 16<50- 0K
t- 1

h o 150

L 2 150 <500 - 0K
-1

¢ _ 16 _031502<S<065 0K
b~ 47 b

As the section is subjected to uniform compression and both flanges have identical dimension,
they are considered as partially stiffened elements with a simple lip edge stiffener and have the
same effective properties. The calculation below is only shown for the top flange:

¢_1

, /23
[T /mmz 2o = 08194

bp/t _ _ 46/1 — 0988 > 0.673
Ao = 28.4¢fk, 28.4%08194VF '

Top 0.055(3 +1)  0.988 — 0.055(3 + 1)
2, 0.9882

bers = pb, = 0.787 x 46 = 36.2 (mm)

bey = bey = 0.5bgs; = 0.5 x 36.2 = 18.1 (mm)

p= =0.787 < 1.0

The lip is considered an outstand (unstiffened) element under uniform compression:

¢p 155
L - " -0337<035- k=05
b, 46
Aye = @/t _ 1>->/1 = 0.942 > 0.748
P€ 284ek, 28.4x0.8194/05 '
Apc—0.188  0.942 —0.188
p=-"2 =0.85 < 1.0

Z, 09422
Ceff = pCp = 0.85 % 15.5 = 13.17 (mm)
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The stiffener consisting of b, of the flange and ¢, of the lip (Figure 1) is subjected to
distortional buckling (b, of the flange is not affected by distortional buckling and not
included in the iterative procedure below):

b -

|‘ bp T -
be1 Aﬂ ’q— be?. —
/ b \
/ _ I‘.

/IIIII

Figure 1 Edge Stiffener (Dublna etal., 2012)
1% iteration:

th2, 18.12

bimb=b 2 g4 X2 = 40.76 (mm)
VURTP t(bey + copy) 1181+ 13.17)

Agy = Agy = t(bey + copp) = 1(18.1 + 13.17) = 31.27 (mm)

Koy = 252 = 4
T Ay

K= Et3 1
~ 4(1—v2) (b2h,, + b} + 0.5b; by hyky)
210,000 x 13 1

- =0.131 (N 2
4(1 —0.32) (40.762 x 149 + 40.763 + 0.5 x 40.76 x 40.76 x 149 x 1) (N /mm?)

t(t?bZ, + 4beyCapr + t*beyCopy + c;*ff)
$ 12(be2 + Ceff)
_ 1(12x18.1%2 + 4 x 18.1 x 13.173 + 12 x 18.1 X 13.17 + 13.17%)
B 12(18.1 + 13.17)
2/KEI zJo 131 x 210,000 X 522.46
Oerss = 31.27

/fyb/am J350/242.88 = 1.2 - 0.65 < 1, < 1.38

Xa =147 —0.72314 = 1.47 — 0.723 x 1.2 = 0.602

= 522.46(mm*)

= 242.88 (N/mm?)

Since y; = 0.602 < 1.0 - iteration is required.

2" jteration:

be, of the flange and c,¢f of the lip are subjected to reduced stress Ocomea = Xafyn/Ymo
such that:
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Apbrea = Appy/xa = 0.988 X /0.602 = 0.767 > 0.673
App —0.055(3 +1) 0.767 — 0.055(3 + 1)

B 2, B 0.7672
bes = 0.5br¢ = 0.5pb,, = 0.5 X 0.930 x 46 = 21.39 (mm)

Apcred = /Tp,c Xa = 0.942 x/0.602 = 0.731 < 0.748 - p = 1.0
Cefr = pcp = 1.0 X 15.5 = 15.5 (mm)

=0930<1.0

th2, 21.392
2 e X2 39.8 (mm)
by =b,=b, — =46 — = 39.8 (mm
PP by + copp) 1(21.39 + 15.5)
Agy = Agy = t(bey + copp) = 1(21.39 + 15.5) = 36.88 (mm)
Ky = 52— q
T Ay
K = Et3 1
41 = v2) (b2hy, + b} + 0.5b, by ks)
210,000 x 13 1

= 0.138 (N/mm?)

© 4(1-0.32) (39.82 x 149 + 39.83 + 0.5 x 39.8 x 39.8 X 149 x 1)
L t(t2bZ, + 4berc3rr + t2besCopr + Copf)
s 12(bey + coff)
1(1% x 21.16% + 4 x 21.16 X 15.53 + 12 x 21.16 x 15.5 + 15.5%)
- 12(21.16 + 15.5)
2\/KEI; 2,/0.138 x 210,000 x 815.9
Oers =74 T 36.88

Aa = |fyp/Ocrs = /350/269.7 = 1.139 - 0.65 < 14 < 1.38
Xa = 1.47 — 0.7231,; = 1.47 — 0.723 x 1.139 = 0.646

= 815.9 (mm*)

= 269.7 (N/mm?)

Since y; = 0.646 # 0.602 from previous iteration, more iterations are carried out and the
final iteration gives:

Xa = 0.646.

b., = 20.93 (mm)

Ceff = 15.39 (mm)

b., = 18.1 (mm)

The web is considered an internal (stiffened) element under uniform compression:
Y=1
ks, =4
_ hy/t _ 149/1

= = =3.2>0.673
PP 984efk, 284 x 08194V
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. Lo 0.9255(3 +9) _32 0.053(3 D _ o1 <10
2, 3.2
hesr = phy = 0.291 X 149 = 43.344 (mm)
Aeff = theff + 2tbe1 + Zth(beZ + Ceff)
=1X43344+2x%x1x18.1+ 2 x 0.646 x 1(20.93 + 15.39) = 126.44 (mm?)
Agrr = 126.44 (mm?) < 266 (mm?) = A
Acsrfyn _ 12644 X 350

YMo 1.0

- Ngga = = 44255 (N)

Because the section is symmetric about y-y axis, its effective properties are also symmetric
about y-y axis, resulting in ey, = 0 > AMy, g = 0

b,
YiAiz; 2t th, = 7 T 2tcpby 46 X 46 4+ 2 X 15.5 X 46

Z=—pm—= y N = 2712) = 13.02 (mm)
Z AeffLZL thel 2 L+ 2)(dtbez (b 22) + ZthCeffbp
Z, = =
o Acrr , Acrf
18.1 X 18.1 + 2 X 0.646 X 20.93 (46 _ ﬁ) +2 % 0.646 X 15.39 X 46
= 12644 = 17.42 (mm)

enz = Zef — Z = 17.42 = 13.02 = 4.4 (mm)
AM, g = Nggey, = 2200 X 4.4 = 9680 (N — mm)

2. Global buckling: includes flexural buckling and torsional and flexural-torsional buckling
i.  Flexural buckling: since the member is fully braced against flexural buckling about z-axis.
In the program, this bracing is modeled by assigning such a small value of effective length
factor Ky ninor for the element.

v - TEL _m*(210,000)925248.782 . .
T (kL) (10x30002 "

A_y _ Acrflyb — 126.44X350 — 0.456
«’ Nery \ 213076
For C section with lips, the buckling curve is b and ¢ = 0.34
@, = 0.5[1 + a(1, —0.2) + 23] = 0.5[1 + 0.34(0.456 — 0.2) + 0.456%] = 0.647
1 1

Xy = = = 0.903

— 2 _ 2
o, + ,q)z v 0.647 +v0.6472 — 0.456

Xy efffyb 0.903 x 126.44 x 350
Ym1 1.0

Npra =

= 39961 (N)

ii. Torsional and flexural-torsional buckling:

S \/i§ +i2+y2 422 =/58.3242 + 17.6112 + 34.15124+02 = 69.84 (mm)
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N 1. n?El, L 30770 % 90.667 4 m2210,000 x 392274920 20022 (N
= — = , X . =
ST R 69.842 (1.0 x 3000)2 )
2 2 2 2
Yo + 2z 34.151°+0
=1- =1-—————=10.761
g i 69.842
2
N, N N 2N
Ncr,TF _ cry 1+ cr,T _ <1 _ cr,T> +4 (&) cr,T
ZB Ncr,y Ncr,y lo Ncr,y
_ 213076 | 20022 ( 20022 )2 (34.151>2 20022 | ocio oy
~2x0.761 213076 213076 69.84 ) 213076| 2 (N)

AS Ny rp = 19548.2 (N) < 20022 (N) = Ny p
5 _ [|Aerffyb _ [126.44x350
oA = J NerTF _\/ 19548.2 1.505

For C section with lips, the buckling curve for torsional-flexural buckling is b and a = 0.34
@7 = 0.5[1 + a(Ar — 0.2) + 7] = 0.5[1 + 0.34(1.505 — 0.2) + 1.505%] = 1.854
1 1

Xr = = — = 0341
ot |02z 1854+ VL8547 — 1505
A 0.341 X 126.44 x 350
Ny = 2Aerrfre = 15090.6 ()

VM1 1.0

Member Flexural Capacity: the flexural capacity is calculated considering the limit states of
lateral-torsional buckling, and local and distortional buckling.

1. Local and distortional buckling:
The effective width method is utilized to calculate the nominal flexural strength in
consideration of local and distortional buckling with the compressive stress in the top flange of
fyp =350 (N/ mm?). As the section is subjected to positive moment, the top flange is under
compression and it is considered a partially stiffened element with a simple lip edge stiffener:

Y=1
ke, =4
- by/t 46/1

PP 2846k, 284 x 08194V
Zpp —0.055(3 +9)  0.988 — 0.055(3 + 1)
2z, B 0.9882

bess = pby = 0.787 X 46 = 36.2 (mm)
bey = bey = 0.5bp; = 0.5 X 362 = 18.1 (mm)

= 0.988 > 0.673

=0.787<1.0

p =

The bottom flange is in tension and calculation of its effective width is not carried out.
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The lip is considered an outstand (unstiffened) element under uniform compression:

¢p 155
P - - 0337<035-> k=05
b, 46
Aye = S/t _ 1>->/1 = 0.942 > 0.748
P€ 284ek, 28.4x0.8194/05 '
Apc—0.188  0.942 —0.188
p=-E = =0.85 < 1.0

2, 09422
Cefr = pCp = 0.85 % 15.5 = 13.17 (mm)

The stiffener consisting of b, of the top flange and c, s of the top lip (Figure 1) is subjected

to distortional buckling (b, of the top flange is not affected by distortional buckling and not
included in the iterative procedure below):

1* iteration:
ths, | 5 1812
by = b, ———2—— = 46 — 2
t(bez + Cefy) 1(18.1 + 13.17)
b, =0
Agy = t(bey + copp) = 1(18.1 4 13.17) = 31.27 (mm) (top flange)
A, = 0 as the bottom flange is in tension

= 40.76 (mm)

A
kf=—"=0
T Aq
K= Et3 1
— 4(1—v2) (b2h, + b} + 0.5b,byhyksy )
210,000 x 13 1

= =0.183 (N 2
4(1—0.32) (40.762 x 149 + 40.763 + 0) (N /mm?)

_ t(t2b%, + 4beycdrp + t?beyCeps + Cosf)
s 12(bey + Ceoff)
1(12 X 1812 + 4 x 18.1 x 13.173 + 12 x 18.1 x 13.17 + 13.17%)
- 12(181 + 13.17)
2JKEI, 2,/0.183 x 210,000 X 522.46
Oers =74 T 31.27

Xa = |fyp/0ers = [350/286.62 = 1.105 - 0.65 < 1, < 1.38
Xa = 147 — 0.7231,; = 1.47 — 0.723 x 1.105 = 0.671

= 522.46(mm*)

= 286.62 (N/mm?)

Since y; = 0.671 < 1.0 - iteration is required.

2" jteration:

be, of the flange and c, s of the lip are subjected to reduced stress dcom pa = Xafyn/Ymo
such that:
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,T,,,blr_ed = Appy/Xa = 0.988 x V0.671 = 0.81 > 0.673
A, —0.055(3 + 0.81 — 0.055(3 + 1
=B G+ _ ( )=0.9sl.0
2y 0.812
bes = 0.5b,¢¢ = 0.5pb,, = 0.5 X 0.9 X 46 = 20.7 (mm)

Apcred = ApeyXa = 0.942 x VO.671 = 0.772 > 0.748
Apc—0.188 0772 —0.188

=B =098 < 1.
P Z, o772z 098=10
Cefr = pCp = 0.98 X 15.5 = 15.2 (mm)
thz, 1x 20.72
2 2
by =b, ————— = 46— —————~ = 40.03 (mm
PP t(ben + copr) 1(20.7 + 15.2) (mm)

Agy = t(bey + copp) = 1(20.7 + 15.2) = 35.9 (mm)
Ay, = 0 as the bottom flange is in tension

As2
kg ==-=0
A
K = Et3 1
~ 4(1 = v?) (b2h, + b} + 0.5bybyhykys)
210,000 x 1° 1

= 0.19 (N/mm?)

" 4(1-0.32) (40.032 x 149 + 40.033 + 0)
t(t2bZ, + 4bezce3ff + t2boyCerp + cgff)
s 12(bey + coff)
1(1%2 x 20.7%2 + 4 x 20.7 X 15.23 + 12 x 20.7 x 15.2 + 15.2%)
- 12(20.7 + 15.2)
2/KEI, 24/0.19 x 210,000 X 799.6
Gers =74 © 359

Xa = |fyp/0ers = [350/315.16 = 1.054 - 0.65 < 1, < 1.38
Xa = 1.47 — 0.7231,; = 1.47 — 0.723 x 1.054 = 0.708

= 799.6 (mm*)

= 315.16 (N/mm?)

Since y; = 0.708 # 0.671 from previous iteration, more iterations are carried out and the
final iteration gives:

Xa = 0.704.

b., = 20.38 (mm)

Cepr = 14.95 (mm)

b,, = 18.1 (mm)

The neutral axis of the section with effective top flange and lip measured from the centerline
of the top flange is:
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PROGRAM NAME: SAP2000
REVISION NO.: 2

h c
SiAiy;  ther X 0+ Xathe X 0+ xatcers X 2f + thy =L+ thyhy + te, (b — 2)

A they + Xatbez + Xatcerr + thy, + th, + tc, B
0.704 x 1 x 14.95 X 14295 +1x 1491;}—9+ 1X 46X 149 + 1 x 15. 5(149 —152—5)
T 1x181+0.704X1Xx 2038+ 0.704 X 1 X 14.95+ 1 x 149 + 1 X 46 + 1 x 15.5
_ 20222.55 _ 79.78 (mm)
253.47

The web is considered an internal (stiffened) element under stress gradient:
o1 = fyp = 350 (N/mm?)

149 — 79.78 ,
O, = —fbe = —303.67 (N/mm )
o 303.67
ks = 7 81 — 6.29y + 9.78y? = 7.81 — 6.29 X (—0.867) + 9.78 x (—0.867)?
= 20.62
_ ho/t 149/1

=1.41> 0.673

1. = =

PP 084k, 284 x 0.8194v20.62

A,, —0.055(3 + 1.41 — 0.055(3 — 0.867
p="PL B+9) _ ( ) 065 < 1.0
A2 1.412
p,b
h. = iy 9 _ 79.807
“A—u) " a+o08en 0807 (mm)

he = hy, — he = 149 — 79.807 = 69.193 (mm)

h 149
hepf = p——— = 0.65 X —————— = 51.886 (mm)
(1-v) (1+0.867)

hey = 0.4hypp = 0.4 X 51.886 = 20.75 (mm)
hez = 0.6hsr = 0.6 X 51.886 = 31.13 (mm)

The neutral axis of the section with effective top flange and lip measured from the centerline
of the top flange is:

Ay
= Z‘Alyl = 85.363 (mm)

Weyre = 8849.77 (mm?)
Wesse = 11871.17 (mm?)
Werscfyn _ 8849.77 x 350

YMo 1.0

M rq = = 3097420 (N — mm)

Similar calculation is repeated to determine the effective section modulus about the minor axis
subjected to moment AM, g = Nggey, = 9680 (N — mm) due to the shift of centroidal axis
of the effective section under uniform compression as shown previously. Under this moment,
the web is in uniform compression and its effective width was found to be 43.344 (mm), and
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the neutral axis of the cross-section with this effective width and full unreduced flange and lip
widths is 21.293 (mm). This neutral axis is closer to the web than the lips, resulting in the
tensile stress exceeding the yield stress in the lips and part of the flanges. Therefore, the
partially plastic section modulus is calculated with the assumption of stress distribution being
bilinear on the tension side and linear on the compression side. The stress ratio in the flanges
is also assumed to be -1.0. Example of calculation of partially plastic section modulus can be
found in Ex005 and Ex006. For the C section considered in this example, the partially plastic
section modulus for bending about minor axis is determined to be:

Wesfze = Wepfze = 2484.5 (mm*)

w, 2484.5 x 350
Mespa = —2 )’; atfy _ = 869575 (N — mm)
MO .

2. Lateral-torsional buckling:
Due to the concentrated loading and simply support condition at both ends of the column:
C; = 1.365, C, = 0.553,C; = 1.73
ky, =1.0and K;75 = 1.0
Z, = 74.5 (mm) as the load is applied on the top flange
Zg = Zq — Zg = 745 — 0 = 74.5 (mm)
zj = 0.0 (mm) along z-z axis
Lo = 3000 (mm)
I; = 90.667 (mm*)
I, = 84362.534 (mm*)
I, = 392274920 (mm?®)

w2EL ([ (K1, L%.GI ,1%°
M, = ClTrZH(;—VTf)f + ”";—EIZT +(Cozg — C32)"| = (Cazg — cgzj)}
= 1082039 (N — mm)
)_LLT — \/Weff,yfyb _ \/8847.77><350 — 1.692
Mgy 1082039

The applicable buckling curve is b and a; = 0.34

.7 = 0.5[1 + ayr(Ar — 0.2) + A7) = 0.5[1 + 0.34(1.692 — 0.2) + 1.6922] = 2.185

1 1

/ - 2.185 + 1/2.1852 — 1.6922
cI)LT + chT - A%T
fyb 350
My pa = XLTWeff,ym = 0.28 x 8849.77ﬁ = 868206 (N — mm)
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Member Shear Capacity:

sw |fyb 149 | 350
1, = 03462 [22 _ 0346 — = 2.1047
w t | E 1 210000
0.67f,,  0.67 X 350
- = 52.937 (N 2
bv =T 2 2.10472 (N/mm*)
h,t 149 x 1 x 52.937
Vya = wthoe = 7888 (N)
YMmo 1.0

Combined D/C ratio:
Since N pg = 15090.6 (N) < 44255 (N) = N.rq and M}, gq = 2350508.7 (N — mm) <

3097420 (N — mm) = M, py4, the combination ratio is larger for member buckling
resistance. Also, by assuming ky, = k,, = k,,, = k,,, = 1.0, the ratio by Equation 6.36 in
Eurocode 3 1-3 2006 would provide the largest D/C ratio and govern the design

Eq. 6.36 in EC3 1-3:
0.8 08 0.8
D ( Ngq > + <My,Ed + AMy,Ed) 4 (Mz,Ed + AMz,Ed)

C - Nb,Rd Mby,Rd MbZ,Rd
B ( 2200 )0-8 (585000 + 0)0-8 (0 + 9680)0-8 0971
~\15090.6 868206 869575 e
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