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 EGT3 

 ENGINEERING TRIPOS PART IIB 

______________________________________________________________________ 

 

 Tuesday 5 May 2026        14.00 to 15.40 

______________________________________________________________________ 

 

 

 Module 4D10 

 

 STRUCTURAL STEELWORK 

 

 Answer not more than three questions. 

 

 All questions carry the same number of marks. 

 

 The approximate percentage of marks allocated to each part of a question is 

indicated in the right margin. 

 

 Write your candidate number not your name on the cover sheet. 

 

STATIONERY REQUIREMENTS 

Single-sided script paper 

 

SPECIAL REQUIREMENTS TO BE SUPPLIED FOR THIS EXAM 

CUED approved calculator allowed 

Attachment: 4D10 Structural Steelwork data sheet (21 pages) 

Engineering Data Book  

 

 

10 minutes reading time is allowed for this paper at the start of the 

exam. 

 

You may not start to read the questions printed on the subsequent 

pages of this question paper until instructed to do so. 

 

You may not remove any stationery from the Examination Room. 
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1         An equal-leg angle profile is used as a 2 m long column. Its leg length is 103 mm 

and its thickness is 6 mm, as shown in Fig. 1. The steel grade is S355. The ends of the 

column are fixed against rotations about any axis, including twist. 
 
(a) Identify all possible instabilities in the column. 

 

(b) Determine the compressive capacity of the column. Note that columns with fixed 

ends do not undergo a shift of the effective centroid.           

 

 

 

 

 
 

All dimensions in mm. 

 

 

Figure 1 
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2          A column made of a linear elastic material is pin-ended and has length L, as shown 

in Fig. 2. The column is free of residual stresses, but has an initial geometric imperfection 

which is described by the following relationship: 

 

𝑣0 = 𝑒0 𝑠𝑖𝑛 (
𝜋𝑥

𝐿
) 

 
 

(a) Formulate a differential equation which describes the equilibrium of the column 

in its deformed state.    
 

(b) Find a solution for the deflected shape v(x) and the bending moments M(x) along 

the column. 
 

(c) Using the solution found in Part (b), derive the Perry-Robertson equations. 

 

 

 

Figure 2 
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3          The steel bridge girder pictured in Fig. 3(a) is continuous over two 45 m long 

spans. The cross-section of the girder is shown in Fig. 3(b). Its torsion constant is                      

J = 2.89×107 mm4, and its warping constant is Cw = 1.09×1015 mm6. Note that the vertical 

scale in Fig. 3(a) is exaggerated to highlight the locations of the vertical stiffeners, which 

are indicated in thick black line. Cross-bracing to adjacent girders is provided at 9 m 

spacing, connected to the vertical stiffeners. The spacing between girder lines is 2.5 m. 

The girder acts compositely with a 250 mm thick concrete bridge deck. Traffic loads can 

be considered uniformly distributed, with a characteristic value of 5 kPa. The grade of 

steel used is S355 and the concrete class is C30/37. 

 

(a) Check the girder at the ULS for bending at the location of the internal support.  

 

(b) Check the girder at the ULS for bending at the critical location for sagging 

bending within the span. 
 

 

 

(a) 

 

(b) All dimensions in mm. 

Figure 3 
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4         A UB 356×127×33 needs to be connected to a column, using a simple flag plate 

connection. The maintained design philosophy is that the connection cannot be the ‘weak 

link’, and that the connection needs to be able to transfer a force equivalent to the full 

shear capacity of the beam. The flag plate and the beam are made of grade S355 steel      

(fu = 490 MPa). The dimensions of the flag plate, as well as the locations of the bolt holes, 

are shown in Fig. 4. 
 

(a) Determine the minimum bolt size to be used in the connection, if bolts are grade 

8.8. 
 

(b) Determine the minimum thickness of the flag plate. 
 

Note: The partial safety factor M2 may be taken as 1.1. 

 

 

 

 

All dimensions in mm. 

Figure 4 
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4D10 Data Sheets 

Do not use for practical design. Consult the Eurocodes instead. 

 

DS1: Load combinations and partial safety factors 

 

 

 

 

 

Partial safety factors on resistances: 

• Resistance of cross-section:  𝛾𝑀0 = 1.0 

• Resistance of member to buckling:  𝛾𝑀1 = 1.0 

• Resistance against fracture: 𝛾𝑀2 = 1.1 
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DS2: Members in tension, compression and bending 

 

Members in tension 

Shear lag effect in eccentric connections: reduction factor  

 

Columns 

 

  

 

 

 

𝜒 =
1

𝜙 + √𝜙2 − 𝜆̅2
 

 

𝜙 = 0.5[1 + 𝛼(𝜆̅ − 0.2) + 𝜆̅2] 
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Equations of column stability: 

 

 

 

 

 

Uncoupled solutions: 

 

 

 

For single-symmetric cross-sections: 

 

 

 

 

For asymmetric cross-sections: 

 

 

  

𝐸𝐼𝑦𝑢′′ + 𝑃(𝑢 + 𝑦0𝜙) = 0 

𝐸𝐼𝑥𝑣′′ + 𝑃(𝑣 − 𝑥0𝜙) = 0 

𝐸𝐶𝑤𝜙′′′′  
− (𝐺𝐽 − 𝑃

𝐼0

𝐴
) 𝜙′′  

+ 𝑃𝑦0𝑢′′ − 𝑃𝑥0𝑣′′ = 0 

𝑃𝑥 = 𝜋2
𝐸𝐼𝑥

𝐿𝑐𝑟,𝑥
2

 𝑃𝑦 = 𝜋2
𝐸𝐼𝑦

𝐿𝑐𝑟,𝑦
2

 𝑃𝜙 =
𝐴

𝐼0
(𝐺𝐽 + 𝜋2

𝐸𝐶𝑤

𝐿𝑐𝑟,𝜙
2 ) 

𝐼0 = 𝐼𝑥 + 𝐼𝑦 + 𝐴(𝑥0
2 + 𝑦0

2) 

𝑃𝑦,𝜙 =
1

2 (1 −
𝐴𝑦0

2

𝐼0
⁄ )

(𝑃𝑦 + 𝑃𝜙 − √(𝑃𝑦 − 𝑃𝜙)
2

+ 4
𝐴𝑦0

2

𝐼0
𝑃𝑦𝑃𝜙) 

(𝐼𝑥 + 𝐼𝑥)

𝐼0
𝑃3 + [

𝐴

𝐼0
(𝑃𝑥𝑦0

2 + 𝑃𝑦𝑥0
2) − (𝑃𝑥 + 𝑃𝑥 + 𝑃𝑥)] 𝑃2 +(𝑃𝑥𝑃𝑦 + 𝑃𝑥𝑃𝜙 + 𝑃𝑦𝑃𝜙)𝑃 − 𝑃𝑥𝑃𝑦𝑃𝜙 = 0 
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Torsion 
 

Closed sections: (𝐴𝑒 = enclosed area; t = thickness; 𝑠 = coordinate   

along the centreline) 

 

Open sections:     (𝑏𝑖= width of plate 𝑖; 𝑡𝑖 = thickness of plate 𝑖) 

 

      (warping constant) 

 

For I-beams:  𝐶𝑤 = 𝐼𝑦𝑑2/4   (𝐼𝑦= second moment of area about the minor axis; 

       𝑑 = distance between the centrelines of the flanges) 
      (normalized sectorial coordinate) 

 

 

 

 

       (shear centre coordinates) 

 

 

 

 

Beams 

 

 

 

   

 

 

 

𝐽 = 4
𝐴𝑒

2

∮
𝑑𝑠
𝑡

 

𝐽 = ∑
𝑏𝑖𝑡𝑖

3

3
𝑖

 

𝐶𝑤 = 𝐼𝑤 = න 𝜔𝑛
2 𝑑𝐴

 

𝐴

 

𝜔𝑛 = 𝜔 − 𝜔0 

𝜔0 =
1

𝐴
න 𝜔 𝑑𝐴

 

𝐴

 

𝑇 = 𝐺𝐽𝜙′ − 𝐸𝐶𝑤𝜙′′′ 

න 𝜔𝑛𝑥 𝑑𝐴 = 0
 

𝐴

 

න 𝜔𝑛𝑦 𝑑𝐴 = 0
 

𝐴

 

𝑥0 =
1

𝐼𝑥
න 𝜔𝑐𝑦 𝑑𝐴

 

𝐴

 

𝑦0 =
1

𝐼𝑦
න 𝜔𝑐𝑥 𝑑𝐴

 

𝐴

 

𝑀𝑐𝑟,0 =
𝜋2𝐸𝐼𝑧

𝐿𝑐𝑟
2

√
𝐶𝑤

𝐼𝑧
+

𝐿𝑐𝑟
2

𝜋2

𝐺𝐽

𝐸𝐼𝑧
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𝑀𝑐𝑟 = 𝐶1𝑀𝑐𝑟,0 
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Shear 

 

 

 

For rolled I-beams:       𝐴𝑣 = 𝐴 − 2𝑏𝑡𝑓 + (𝑡𝑤 + 2𝑟)𝑡𝑓         but            ≥  ℎ𝑤𝑡𝑤 

(𝑏 = flange width; 𝑡𝑓 = flange thickness; 𝑡𝑤 = web thickness; ℎ𝑤 = web height;     

𝑟 = web-flange transition radius) 

For other I beams:       𝐴𝑣 = ℎ𝑤𝑡𝑤 

 

Beam-Columns 

 

 

 

 

 

 

𝑉𝑝𝑙,𝑅𝑑 = 𝐴𝑣

(𝑓𝑦 ξ3)Τ

𝛾𝑀0
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DS3: Thin-walled Structures 
 

Cross-sectional classification 

(EN 1993-1-1; Table 5.2) 
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Local buckling of plates 

 

 

 

where b is the width of the plate and t is its thickness. 

• For plates in uniform longitudinal compression: 

K = 4   for internal elements. 

K = 0.43  for outstand elements. 

• For plates under in-plane bending (EN 1993-1-5):  K = k   (see table below) 

𝜎𝑐𝑟 = 𝐾
𝜋2𝐸

12(1 − 𝜈2)
(

𝑡

𝑏
)

2
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• For plates in shear: 
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Effective widths 

(EN 1993-1-5; Clause 4.4) 

 

 

Shear buckling 

Shear buckling needs to be checked if:    
ℎ𝑤

𝑡𝑤
≥ 72𝜀 

where hw is the web height, tw is the web thickness and 𝜀 = √235/𝑓𝑦  (with fy in MPa). 

 

 
 

 

 

 

 

𝜏𝑐𝑟 = 𝐾
𝜋2𝐸

12(1 − 𝜈2)
(

𝑡

𝑏
)

2

 

 𝐾 = 5.34 +
4

(𝑎/𝑏)2
             with   a > b 

𝜆𝑤 = 0.76√
𝑓𝑦

𝜏𝑐𝑟

 

𝑉𝑏,𝑅𝑑 = 𝜒𝑤

(𝑓𝑦 ξ3Τ )ℎ𝑤𝑡𝑤

𝛾𝑀1
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Flange induced buckling 

(EN 1993-1-5; Clause 8) 

 

 

Stiffener buckling 

(EN 1993-1-5; Clause 4.5.3) 

 

where: 

 = 0.34 for closed section stiffeners 

 = 0.49 for open section stiffeners 

i    =  the radius of gyration of the effective column 

e   =  max (e1, e2) 

e1  = the distance between the centroid of the stiffener and the centroid of the effective  
        column 

e2  = the distance between the centre line of the stiffened plate and the centroid of the  
        effective column 
 
 

𝛼𝑐 = 𝛼 +
0.09

𝑖 𝑒Τ
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Moment-shear-axial force interaction 

(EN 1993-1-3; Clause 8) 
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DS4: Connections 

 

Bolt size Tensile Area 

- mm2 

M10 58.0 

M12 84.3 

M14 115 

M16 157 

M18 192 

M20 245 

M22 303 

M24 353 

M27 459 

M30 561 

 

 

Shear capacity of a bolt (single shear): 

 

 

Tensile capacity of a bolt: 

 

 

Bolt in tension and shear: 

 

 

 

 

Minimum end and edge distances, and bolt spacings: 

 

e1 ≥ 1.2 d0 

e2  ≥ 1.2 d0 

p1 ≥ 2.2 d0 

p2 ≥ 2.4 d0 

Bolt tear-out:        Block tear-out in tension:  

 

 

           Block tear-out in shear: 

t   = ply thickness 

Ant = area in tension 

AnV = area in shear 

Bolt bearing:  

𝐹𝑉,𝑅𝑑 = 0.6𝐴𝑓𝑢𝑏/𝛾𝑀2 

𝐹t,𝑅𝑑 = 0.9𝐴𝑠𝑓𝑢𝑏/ 𝛾𝑀2 

𝐹𝑉,𝐸𝑑

𝐹𝑉,𝑅𝑑

+
𝐹𝑡,𝐸𝑑

1.4𝐹𝑡,𝑅𝑑

≤ 1.0 

𝐹1,𝑅𝑑 = 2𝑎𝑡
𝑓𝑦

ξ3
𝛾𝑀0⁄  𝐹𝑒𝑓𝑓,1,𝑅𝑑 =

𝑓𝑢𝐴𝑛𝑡

𝛾𝑀2

+
𝑓𝑦

ξ3

𝐴𝑛𝑉

𝛾𝑀0

 

𝐹𝑒𝑓𝑓,2,𝑅𝑑 = 0.5
𝑓𝑢𝐴𝑛𝑡

𝛾𝑀2

+
𝑓𝑦

ξ3

𝐴𝑛𝑉

𝛾𝑀0
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Punching shear:  

 

 

tp   = thickness of the plate under the head/nut 

dm  = average diameter of the head/nut 
 

Bolt slip load: 

 

 

n    = number of friction planes 

Fp,C  = bolt pre-load 

    = friction coefficient (see below) 

M3,ser  = 1.10 

 

Reduction factor for long bolted connections (Lj > 15d, where d is the bolt diameter): 

 

 

Reduction factor for shear lag in eccentrically connected angles (EN 1993-1-8 Clause 3.10.3): 

𝐹𝑏,𝑅𝑑 =
𝑘1 ∝𝑏 𝑓𝑢𝑑𝑡

𝛾𝑀2

 

 𝐵𝑝,𝑅𝑑 = 0.6𝜋𝑑𝑚𝑡𝑝𝑓𝑢/𝛾𝑀2 

𝐹𝑠,𝑅𝑑 =
𝑛𝜇𝐹𝑝,𝐶

𝛾𝑀3,𝑠𝑒𝑟

 

𝛽𝐿,𝑓 = 1 −
𝐿𝑗 − 15𝑑

200𝑑
 0.75 ≤ 𝛽𝐿,𝑓 ≤ 1.0 
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Bolt group subject to moment: 

 

 

 

M   = applied moment 

ri    = distance from the bolt to the centre of rotation of the bolt group 

Fi    = bolt shear force 
 

Design of welds: 

 

                                                                                           and 
 

fu   = ultimate tensile strength of the weaker connected part 

w  = 0.9 for S355; 0.85 for S275 

 

Reduction factor for long welds: 

• if                         : 

 

• if                          in stiffeners of plate girders:  

 

  where a is the throat thickness of the weld. 

 

S-N curves: 

Nr   = number of cycles causing failure 

r  = amplitude of the stress cycle 

K, m = constants 

 

 

𝑘 =
𝑀

∑ 𝑟𝑖
2 𝐹𝑖 = 𝑘𝑟𝑖  

√𝜎𝑥
2 + 3(𝜏𝑦

2 + 𝜏𝑧
2) ≤

𝑓𝑢

𝛽𝑤𝛾𝑀2
 𝜎𝑥 ≤ 0.9

𝑓𝑢

𝛾𝑀2
 

𝑁𝑟(∆𝜎𝑟)𝑚 = 𝐾 

𝛽𝐿𝑤,1 = 1.2 −
0.2𝑙𝑤

150𝑎
 𝑙𝑤 ≥ 150𝑎 𝛽𝐿𝑤,1 ≤ 1.0 

𝑙𝑤 ≥1.7 m 𝛽𝐿𝑤,2 = 1.1 −
𝑙𝑤

17
 (𝑙𝑤 in m) 

0.6 ≤ 𝛽𝐿𝑤,2 ≤ 1.0 
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Typical fatigue details in plate girders.  

 
 

Palmgren-Miner rule: 

 

ni   = number of applied cycles with amplitude i 

i  = number of cycles with amplitude i causing failure 

 

 

 

 

 

 

 

 

 

 

 

  

𝑛1

𝑁1

+
𝑛2

𝑁2

+
𝑛3

𝑁3

+ ⋯
𝑛𝑖

𝑁𝑖

+ ⋯ ≤ 1 
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DS5: Composite beams 
 

Headed shear studs:  

• standard sizes are 13 mm, 16 mm, 19 mm, 22 mm, 25 mm. 

• shear capacity is the lesser of: 

 

 

 

 

where: 

fu   = ultimate tensile strength of the steel 

d    = diameter of the stud 

fck   = concrete compressive strength 

Ecm = elastic modulus of the concrete 

V   = 1.25 

• Reduction factor for studs on steel decking: 

                                                                                     

Effective width of the concrete slab:                                                                                   

 

Modular ratio:  

𝑃𝑅𝑑 =
0.8𝑓𝑢(𝜋𝑑2 4Τ )

𝛾𝑉

 

𝑃𝑅𝑑 =
0.29𝑑2 (𝑓𝑐𝑘𝐸𝑐𝑚)0.5

𝛾𝑉

 

𝑘𝑡 =
0.7

ξ𝑛𝑟

𝑏0

ℎ𝑝

(
ℎ𝑠𝑐

ℎ𝑝

− 1) 

nr  = number of studs per rib 

𝑏𝑒𝑓𝑓 =  𝐿𝑒 4Τ + 𝑏0 

𝑛 = 2𝑛0 𝑛0 = 𝐸𝑎 𝐸𝑐𝑚Τ  
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where Ea is the elastic modulus of steel and Ecm is the elastic modulus of the concrete: 

 

 


