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Exercise #6 – Seismic design of steel moment resisting frames  
 
Problem #1: Seismic design of steel beams 
 
The steel moment-resisting frame (MRF) shown in Figure 1-1a has been designed in a high 
seismicity zone for gravity and seismic loading. The steel beam-to-column connections can 
be assumed as rigid as shown in Figure 1-1b. A behaviour factor of 𝑞	 = 	5 has been adopted. 
The cross-sectional profiles shown in Figure 1a represent the final design of the steel MRF. 
Steel beams and columns have been designed with a S355J2 profile (𝑓! = 355𝑀𝑃𝑎, 𝐸 =
210𝐺𝑃𝑎, 𝑣 = 0.3). Steel beams are braced laterally at two locations as shown in Figure 1-1c. 
The moment distribution due to earthquake and gravity loading is shown in the same figure. 
 

     
a. Moment resisting frame design b. Rigid connection 

 

 
c. Moment distribution in interior IPE330 steel beam and lateral support locations 

 
Figure 1-1.  Steel moment-resisting frame design and typical beam-to-column 

connection detail  

21m
7m 7m7m

3.
5m

3.
5m

3.
5m

3.
5m

HE
A3

60

HE
A3

60

HE
A3

60

HE
A3

60

HE
A3

60

HE
A3

60

HE
A3

60

HE
A3

60

HE
A3

60

HE
A3

60

HE
A3

60

HE
A3

60

HE
A3

60

HE
A3

60

HE
A3

60

HE
A3

60

IPE330

IPE330

IPE330

IPE330

IPE330

IPE330

IPE330

IPE330

IPE330

IPE330

IPE330

IPE330

2

2m 3m 2m

400kN-m

400kN-m

3.5m

centerline
Lateral bracing



CIVIL 522 – Seismic Engineering  Prof. Dr. Dimitrios G. Lignos, EPFL 2 

The following questions should be answered: 
 

1. Check if the first-floor interior beam IPE330 is adequate in terms of cross section 
classification as discussed in SIA 263 or the Eurocode provisions (calculations should 
be explicitly done). 

2. Check if the first-floor interior beam IPE330 satisfies the lateral bracing requirements 
for lateral torsional buckling. If not, compute the reduced flexural strength of the first-
floor interior steel beam because of lateral torsional buckling. List your assumptions 
clearly. In any case, the flexural resistance of the beam, reduced by the effects of 
lateral torsional buckling, cannot be less than 210kNm. 
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Problem #2: Seismic design of welded beam-to-column connections 
 
The steel moment-resisting frame (MRF) shown in Figure 2-1 has been designed in a high 
seismicity zone for gravity and earthquake loading. The cross sections shown in the figure 
represent the final design of the steel MRF in the East-West (EW) loading direction. Steel 
beams and columns have been designed with S355J2 (𝑓! = 355𝑀𝑃𝑎) profiles. The total floor 
weight due to gravity loading is 𝐺	 = 	5𝑘𝑁/𝑚" (all included). A behaviour factor of 𝑞	 = 	4 
has been adopted as part of the design process. Welded beam-to-column connections are 
realised in the steel MRF. 
 
The following questions should be addressed: 

3. Do the steel beams satisfy the design requirements for the ductility class the MRFs 
are designed for? 

4. Compute the flexural design resistance, 𝑀#$,&',( at the column face of the first-floor 
beam to be used for the seismic design calculations. Assume that the beam satisfies 
the lateral bracing requirements and can develop its full-plastic bending resistance 
(i.e., no need to check for lateral torsional buckling). 

5. What are the requirements for the complete joint penetration welds between the beam 
flanges and the column face in terms of fracture toughness? 

6. Compute the shear demand, 𝑉)', of the first-floor interior steel beam. 
7. Compute the flexural design resistance at the centre of the connection at joints 1 and 

2. 
8. Check if at nodes 1 and 2 the column flexural resistance, 𝑀*,#$,&', is larger than that 

of the respective steel beams intersecting the joints. 
 
Consider the following assumptions: 

• Ignore the composite action due to the presence of the concrete slab. 
• The axial and shear force diagrams of the columns are shown Figure 2-2. 
• The flexural resistance of the columns may be approximated as follows (linear 

interaction): 

𝑀*,#$,&' = 𝑀#$,&' ∙ 81 −
𝑁)'
𝑁#$,&'

: 

 
𝑁)' is the design axial load due to earthquake and gravity as shown in Figure 2-2. 𝑁#$,&' 
is the axial design resistance of the steel column. 
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Figure 2-1.  Final design of steel MRF 

 
 

 
 (a) axial force diagram  (b) shear force diagram 

 
Figure 2-2.  Shear and axial force diagram for steel MRF columns  
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Problem 1 – Solution 
 
1. According to EC8 or SIA-263, for 𝑞	 > 	4, Class 1 cross section profiles are only permitted 
since the steel beam ends should be the dissipative zones. Therefore, steel beams should be 
checked for section classification: 
 
IPE 330: 
 
Flange subject to compression: 
 

𝑏
𝑡(
=
>0.5𝑏( − 𝑟 − 0.5𝑡+@

𝑡(
=
(0.5 ∙ 160 − 18 − 0.5 ∙ 7.5)

11.5 = 5.07 < 9 ∙ H
235
355 = 7.32 

Therefore, the flange is classified as Class 1 
 
Web subject to pure bending 
𝑏 = ℎ − 2 ∙ 𝑡( − 2 ∙ 𝑟 = 330 − 2 ∙ 11.5 − 2 ∙ 18 = 271𝑚𝑚 (you could also use h1 from the 
table of SZS) 
 

𝑏
𝑡 =

271
7.5 = 36.13 < 72 ∙ H

235
355 = 58.58 

 
Both flange and web are classified as Class 1; the IPE330 beams are Class 1 and comply with 
the seismic requirements for steel MRFs. 
 
2. We should first check the allowable stable length for Class 1 profiles: 
 
𝑀,-,./,0 =

1!"∙(#
3$%

= 456∙75&∙5.9::
7.5

=285.4kNm  
 
Note that 𝑀,-,./,0 	< 	400kNm near the connection; However, we should check the 𝑀;< 
because the question is asking to verify the stability requirements of the steel beam. 
 
Moment at lateral bracing location, MEd,min = 400 ∙ 1.5/3.5 = 	171.4kNm. 
 

𝜓 = ='(,*+,
='(,*-.

= 7>7.6
655

=0.43 < 1, 𝜀 = O"9:
9::

= 0.81 

 
Assume: 
𝐿7 = 2000𝑚𝑚–350/2𝑚𝑚 = 1825𝑚𝑚 (note that you need to subtract the column depth 
contribution) 
𝐿" = 3000𝑚𝑚 
 
𝐿?@AB$C = (60 − 40 ∙ 0.43) ∙ 𝜀 ∙ 𝑖D = 43 ∙ 0.813 ∙ 35.5~1241𝑚𝑚 < 2000mm and 3000mm 
lateral bracing spacing. Therefore, the steel beam does not comply with the lateral stability 
checks. Its flexural resistance should be reduced by the effects of lateral torsional buckling. 
Because the moment diagram is different in segments L2 and L3 the check should be done in 
both segments. 
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To compute 𝑀;<,B , 

𝑀;<,B =
𝐶7𝜋"𝛦𝛪D
𝑘E𝑘F𝐿B"

Y𝐼G
𝐼D
[
𝐺𝐾>𝑘F𝐿B@

"

𝜋"𝐸𝐼G
+ 1^ 

 
The beam is welded to the column face; therefore, fixed end boundary conditions may be 
assumed. Therefore, 
 
𝑘E = 1.0 (for torsion) and 𝑘F = 0.5 (for warping) 
 
For the segment with 𝐿7 	= 	1825𝑚𝑚: 

- The moment at the column face, 𝑀7 = 400 ∙ 3325/3500	 = 	380kNm 
- The moment at the other end of the beam, 𝑀" = 171.4𝑘𝑁𝑚 
- Therefore, κ = -171.4/380 = -0.45  
- 𝐶7 = 1.75 − 1.05 ∙ 0.45 + 0.3 ∙ 0.45" = 1.33 < 2.3 
- 𝐸 = 210000𝑀𝑃𝑎, 𝑣 = 0.3, 𝐺 = )

"(7IE)
= 80769.2𝑀𝑃𝑎 

- Iz = 7,88 x 106mm4 
- Torsional moment of inertia, 𝐾 from structural mechanics (Note that the units of 𝐾 

are mm4) 
𝐾 = 7

9
>2𝑏(𝑡(9 + >ℎ − 𝑡(@𝑡+9 @ =

7
9
(2 ∙ 160 ∙ 11.59 + (330 − 11.5) ∙ 7.59) =

207015.7𝑚𝑚6 (note that value is 24% lower than the one listed in the SZS table in 
C5 because we ignore the radius cut, r) 

- Warping constant, 𝐼G from structural mechanics (Note that the units of 𝐼G are mm6) 

𝐼G =
>ℎ − 𝑡(@

"𝑏(9𝑡(
24 =

(330 − 11.5)"160911.5
24 = 1,99𝑥1077𝑚𝑚K 

 
Therefore, 	

𝑀!",$ =
1.33 ∙ 𝜋% ∙ 210000 ∙ 7,88𝑥10&

1.0 ∙ 0.5 ∙ 1825% /
1,99𝑥10''

7,88𝑥10& 1
80769 ∙ 207015.7 ∙ (0.5 ∙ 1825)%

𝜋% ∙ 210000 ∙ 1,99𝑥10'' + 16 = 2121	𝑘𝑁𝑚 

 
The reduction factor for lateral torsional buckling should be calculated as follows, 
 

𝜆̅LM = H
𝑊#$,!𝑓!
𝑀;<

= H285.4
2121 = 0.367 

 
ℎ/𝑏	 = 	330/160	 = 	2.06	 > 	2 – for a rolled I-beam, EN 1993-1-1 uses the imperfection 
curve b; therefore, 𝑎LM = 0.34. 
 

ΦLM = 0.5 ∙ [1 + 0.34 ∙ (0.367 − 0.2) + 0.367"] = 0.596 
 

𝜒LM =
1

ΦLM +OΦLM
" − 𝜆̅LM"

=
1

0.596 + √0.596" − 0.367"
= 0.938 < 1.0 

 
Therefore, 𝑀B,&' 	= 	0.938 ∙ 285.4/1.05 = 255	kNm 
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For the segment with 𝐿7 = 3000𝑚𝑚: 

- The moment at the column face, 𝑀7 = 171.4𝑘𝑁𝑚 
- The moment at the other end of the beam,	𝑀" = −171.4𝑘𝑁𝑚 
- Therefore, 𝜅	 = 	1 (member in double curvature) 
- 𝐶7 = 1.75 + 1.05 ∙ 1.00 + 0.3 ∙ 1.00" = 3.1 > 2.3 → 𝐶7 = 2.3 
- 𝐸 = 210000𝑀𝑃𝑎, 𝑣 = 0.3, 𝐺 = )

"(7IE)
= 80769.2𝑀𝑃𝑎 

- Iz = 7,88 x 106mm4 
- Torsional moment of inertia, 𝐾	from structural mechanics (Note that the units of 𝐾 

are mm4) 
𝐾 = 7

9
>2𝑏(𝑡(9 + >ℎ − 𝑡(@𝑡+9 @ =

7
9
(2 ∙ 160 ∙ 11.59 + (330 − 11.5) ∙ 7.59) =

207015.7𝑚𝑚6 (note that value is 24% lower than the one listed in the SZS table in 
C5 because we ignore the radius cut) 

- Warping constant, 𝐼G from structural mechanics (Note that the units of 𝐼G are mm6) 

𝐼G =
>ℎ − 𝑡(@

"𝑏(9𝑡(
24 =

(330 − 11.5)"160911.5
24 = 1,99𝑥1077𝑚𝑚K 

 
Therefore, 	

𝑀/0,1 =
2.3 ∙ 𝜋2 ∙ 210000 ∙ 7,88𝑥103

1.0 ∙ 0.5 ∙ 30002 /
1,99𝑥1044

7,88𝑥103 1
80769 ∙ 207015.7 ∙ (0.5 ∙ 3000)2

𝜋2 ∙ 210000 ∙ 1,99𝑥1044 + 16 = 1385.8	𝑘𝑁𝑚 

 
The reduction factor for lateral torsional buckling should be calculated as follows, 
 

𝜆̅LM = H
𝑊#$,!𝑓!
𝑀;<

= H 285.4
1385.8 = 0.454 

 
ℎ/𝑏	 = 	330/160	 = 	2.06	 > 	2 – for a rolled I-beam EN 1993-1-1 uses an imperfection 
curve b; therefore, 𝑎LM = 0.34. 
 

ΦLM = 0.5 ∙ [1 + 0.34 ∙ (0.454 − 0.2) + 0.454"] = 0.646 
 

𝜒LM =
1

ΦLM +OΦLM
" − 𝜆̅LM"

=
1

0.646 + √0.646" − 0.454"
= 0.905 < 1.0 

 
Therefore, 𝑀B,&' = 0.905 ∙ 285.4/1.05 = 246	kNm 
 
Although we checked both segments, the one with the largest length becomes slightly more 
critical to reduce the plastic flexural resistance by the effects of lateral torsional buckling. 
Because the member is in double curvature, the moment diagram helps the member regarding 
lateral torsional buckling resistance. 
  



CIVIL 522 – Seismic Engineering  Prof. Dr. Dimitrios G. Lignos, EPFL 14 

Problem 2 – Solution 
 
1. Design requirements for steel beams: 
 
According to EC8, for ductility class medium (i.e., 2	 < 	𝑞	 ≤ 	4) Class 1 & 2 cross sections 
should be used. Therefore, steel beams should be checked if they comply with the cross-
section classifications: 
 
IPE 500: 
 
Flange subject to compression: 

𝑐
𝑡(
=
(0.5𝑏 − 𝑟 − 0.5𝑡+)

𝑡(
=
(0.5 ∙ 200 − 21 − 0.5 ∙ 10.2)

16 = 4.62 < 9 ∙ H
235
355 = 7.32 

Therefore, the flange of the cross section is classified as Class 1. 
 
Web subject to bending and compression. 
 
𝑐 = ℎ − 2 ∙ 𝑡( − 2 ∙ 𝑟 = 500 − 2 ∙ 16 − 2 ∙ 21 = ℎ7 = 426	mm 
 

𝑎 =
>𝑧B − 𝑡( − 𝑟@

𝑐 =
500/2 − 16 − 21

426 = 0.5 
 
When a = 0.5, it does not matter if you consider the limit for bending and tension or bending 
and compression because the two limits for 𝑐/𝑡+ are the same at a = 0.5. 
  
since a = 0.5, c/tw = 426/10.2=41.76 < 36 N

A
=58.58  

 
The beam web is Class 1; therefore, the IPE 500 profile is Class 1 and comply with the 
seismic requirements for steel MRFs for the selected q-factor. 
 
Span-to-depth ratio (Note that one column is oriented with respect to the weak-axis and one 
with respect to the strong-axis): 
 
Lo/h = {[8000 - 377/2 – 21/2)]/2}/500 = 7.8 > 5 OK (q = 4 has been selected) 
 
2. Flexural resistance at the beam’s cross section: 
 
The flexural design resistance of the beam at the column face is as follows: 
 

𝑀#$,&' =
𝑊#$,! ∙ 𝑓!
𝛾O5

= 2190 ∙ 109 ∙ 0.355 = 777.5	kNm 

 
To compute the design flexural resistance at the centre of connections 1 and 2, the shear 
demand, 𝑉)', shall be computed first. 
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3. Requirements for complete joint penetration groove welds of the connections 
 
These are demand critical welds; therefore, their CVN values should be as follows: 

• 27 Joules at -30oC 
• 54 Joules at 21oC 

 
4. Shear demand 𝑽𝑬𝒅 
 
Shear due to gravity load at the beam: 
 
Uniform load on a steel beam 
𝐺	 = 	5	 ∙ 	4	 = 	20	kN/m 
 
𝐿B 	= 	8000	–	ℎ;/2	 −	𝑡+/2 = 8000 − 377/2 − 21/2 = 	7801	m (Note that one column is 
oriented with its weak axis) 
 
𝑉)',R 	= 	20 ∙ 7.801/2	 = 	78.0	kN 
 
𝑉)' 	= 	𝑉)',R 	+ 	1.1𝛾SE ∙ (2 ∙ 𝑀#$,&'/𝐿B) = 78.0 + 	1.1 ∙ 1.25 ∙ 2 ∙ 777.5/7.801 = 352.1	kN 
 
5. Connection flexural resistance at joint centres: 
 
Joint 1 (1-beam intersecting the joint):  
𝑀&' 	= 	1.1 ∙ 𝛾SE ∙ 𝑀#$,&' 	+ 	𝑉)' ∙ 𝑡+/2 = 1069	 + 	352.1 ∙ 21/2/1000 = 	1073	kNm 
 
Joint 2 (2 beams intersecting the joint):  
𝑀&' 	= 	2 ∙ (1.1 ∙ 𝛾SE ∙ 	𝑀#$,&' 	+ 	𝑉)' ∙ ℎ;/2) 	= 	2 ∙ 837.6 = 	2271	kNm 
 
6. Flexural resistance ratio comparisons at joints 1 and 2: 
 
Joint 1: Column is oriented with the weak axis with respect to the loading direction of 
interest: 
 
HE340M 

𝑀#$,&' =	𝑊#$,D ∙ 𝑓!/𝛾O5 	= 1950 ∙ 109 ∙ 0.355	 = 692.3	kNm	
	

𝑁#$,&' 	= 	 𝑓! ∙ 𝐴/𝛾O5 	= 	0.355 ∙ 31600	 = 11218	kN 
Column above joint 1: 

𝑀*,#$,&' = 𝑀#$,&' ∙ 81 −
𝑁)'
𝑁#$,&'

: = 692.3 ∙ p1 −
1200
11218q = 618.2	kNm 

Column below joint 1: 

𝑀*,#$,&' = 𝑀#$,&' ∙ 81 −
𝑁)'
𝑁#$,&'

: = 692.3 ∙ p1 −
1400
11218q = 605.9	kNm 

 
Therefore, 
 
Summation of column moments in the centre of the joint: 
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r𝑀; = 618.2	 + 	605.9 + 80 ∙
0.50
2 + 110 ∙

0.50
2 = 1271.6	kNm 

 
Ratio for Joint 1: 
 
∑𝑀;

∑𝑀B
=
1271.6
1073 = 1.19 < 1.30 → not	OK	(columns	are	not	protected) 

 
Joint 2: Column is oriented with the strong axis with respect to the loading direction of 
interest: 
 
HE340M 
𝑁#$,&' 	= 	 𝑓! ∙ 𝐴/𝛾O5 = 11218	kN 
𝑀#$,&' 	= 	𝑊#$,! ∙ 𝑓!/𝛾O5 = 4720 ∙ 109 ∙ 0.355	 = 	1675.6	kNm 
 
Column above joint 2 

𝑀*,#$,&' = 𝑀#$,&' ∙ 81 −
𝑁)'
𝑁#$,&'

: = 1675.6 ∙ p1 −
1500
11218q = 1451.5	kNm 

 
Column below joint 2 

𝑀*,#$,&' = 𝑀#$,&' ∙ 81 −
𝑁)'
𝑁#$,&'

: = 1675.6 ∙ p1 −
1900
11218q = 1391.8	kNm 

 
Therefore, 
 
Summation of column moments in the centre of the joint: 
 

r𝑀; = 1451.5 + 1391.8 + 150 ∙
0.500
2 + 200 ∙

0.500
2 = 2930.9	kNm 

 
Strength ratio for Joint 2: 
 
∑𝑀;

∑𝑀B
=
2930.9
2271 = 1.29 ≅ 1.30 → marginally	OK	(columns	are	protected)	 

 
 


