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 ENGINEERING TRIPOS PART IIA 
______________________________________________________________________ 
 
 Tuesday 4 May 2021        1.30 to 3.10 
______________________________________________________________________ 
 
 Module 3D3 
 
 STRUCTURAL MATERIALS AND DESIGN 
 
 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 and at the top of 
each answer sheet. 

 
 
STATIONERY REQUIREMENTS 
Write on single-sided paper. 
 
SPECIAL REQUIREMENTS TO BE SUPPLIED FOR THIS EXAM 
CUED approved calculator allowed. 
Attachment: 3D3 Structural Materials and Design data sheet (18 pages). 
You are allowed access to the electronic version of the Engineering Data Books. 
 
 
10 minutes reading time is allowed for this paper at the start of 
the exam. 
 
The time taken for scanning/uploading answers is 15 minutes. 
 
Your script is to be uploaded as a single consolidated pdf 
containing all answers. 
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1 (a) With the aid of annotated sketches as appropriate, explain the role of 
characteristic values and partial safety factors for actions and resistances in achieving a 
suitably safe structural design using a limit state design approach. [30%] 

(b) Actions on a structure may be permanent (i.e. they are always present) or transient 
(i.e. they may or may not be present at any given time). Different partial safety factors 
are usually used for permanent and transient actions. Figure 1 shows a continuous three-
span beam over simple supports. The loadings on each span will be uniformly 
distributed. The beam is to be designed for a permanent load of 10 kNm−1 and a 
transient load of 20 kNm−1. Suitable partial safety factors are indicated in Table 1. If the 
beam is to be made from a brittle material, sketch the design load cases that would lead 
to: 

  (i) Maximum sagging moment at the mid-span of BC. [10%] 

 (ii) Maximum sagging moment at the mid-span of CD. [15%] 

 (iii) Maximum hogging moment over support C. [15%] 

 

 

Fig. 1 

 
Table 1. 

action partial safety factor 

permanent action  
adverse effect 1.35 

beneficial effect 1.00 

transient action 
adverse effect 1.50 

beneficial effect 0.00 
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(c) The final design for the beam uses a ductile material. During construction, the 
support at D is built slightly too low, such that the unloaded beam is initially not in 
contact with the support. Without calculation but with the aid of annotated sketches, 
explain how the strength of the beam and the deflection at the mid-span of CD is 
affected for the case of a mid-span point load on span CD as shown in Fig. 2.  [30%] 

 

Fig. 2 
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2 Figure 3 shows a 12 m long reinforced concrete beam continuous over two 
simple supports at B and C. The beam is to be 300 mm wide and 600 mm deep and 
requires a cover of 45 mm for reasons of fire. The concrete strength is to be C32/40 
meaning that it has a characteristic compressive cylinder strength fck = 32 MPa and a 
characteristic compressive cube strength fcu = 40 MPa. All reinforcing steel used in the 
design is to be high yield deformed bar with a characteristic compressive and tensile 
strength fyk = 500 MPa. Material partial safety factors are 𝛾𝛾c = 1.5 for concrete and 
𝛾𝛾s = 1.15 for steel. Permanent loads including the self-weight of the beam can be taken 
as 3 kNm−1 and transient loads on the beam are 24 kNm−1. Partial safety factors for load 
should be taken as 1.35 for permanent loads and as 1.50 for transient loads. A single 
load case of uniformly distributed load along the full length of the beam should be 
considered, as indicated in Fig. 3. 

 
 

 
Fig. 3 

 

(a) Sketch the shear force and bending moment diagrams for the beam, clearly 
identifying salient values and their locations. [20%] 

(b) Design the required longitudinal reinforcement for the regions of maximum 
sagging and hogging moments.  [30%] 

(c) Determine whether transverse shear reinforcement is required in the region of 
maximum shear and design this reinforcement if required. [20%] 

(d) Without further calculation, sketch an efficient reinforcement layout for the 
proposed reinforcement design.  [10%] 
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(e) After construction, a proposal is made to reduce the tip deflection of the right-hand 
cantilever by providing an additional support at D. Without further calculation but with 
the aid of sketches, comment on the implications of this proposal and any concerns you 
might have as the structural engineer.  [20%] 
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3 (a) During a design meeting, the architect you are working with shows you a 
sketch summarizing their preferred primary structural grid layout for a small, multi-
storey office building. You are concerned that the architect’s sketch does not appear to 
have considered stability. 
 

 
Fig. 4 

 

 (i) Sketch two suitable, efficient structural arrangements and stability systems 
for the building based on the architect’s proposed grid – one for a structural steel 
frame option and one for a structural concrete frame option. Clearly indicate the 
restraint conditions at the ends of members (e.g., fixed, pinned) and any other 
design assumptions as appropriate for each option. [30%] 

(ii) Comment on the reasons for your design choices in (i). [10%] 
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(b) The client is also attending the meeting and has a new-found interest in 
sustainability. During the meeting, the client asks you, “whether an engineered timber 
structure might reduce the environmental impacts of the building compared to a steel or 
concrete option?” Provide a brief but balanced answer to the client’s question. [30%] 

(c) The client’s mind now turns to fire. Briefly explain to the client the differences 
between the design of a structure using steel, concrete and engineered timber from the 
point of view of structural fire safety.  [30%] 
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4 A plastic tank with negligible weight, having the shape of a cube, rests on top of a 
steel frame. The tank is filled with 8000 litres of water. Fig. 5 shows the elevation view, 
which is identical in both orthogonal directions. The frame is made of S355 (hot-
finished) square hollow sections, which are welded together at the connections. For the 
purposes of design, all connections can be considered to be hinges. 

 

 
Fig. 5 

The load is first transferred by contact to the horizontal upper members of the frame, 
which act as simply supported beams. To ensure lateral stability, the frame needs to be 
able to resist a lateral force equal to 2% of the vertical load. Partial safety factors for 
permanent load may be taken as 1.35 and for transient load may be taken as 1.50. 

(a) Determine the design values of the actions that the beams, columns and bracing 
members that comprise the structure must resist. [20%] 

Material partial safety factors are 𝛾𝛾M0 = 1 for the resistance of the cross section, 𝛾𝛾M1 = 1 
for the resistance of the member to buckling and 𝛾𝛾M2 = 1.25 for the resistance of the 
cross section in tension to fracture.  
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(b) All members have the same cross-section. Determine the member size with 
minimum weight so that the necessary design checks are satisfied for: 

 (i) the beams;  [30%]

 (ii) the columns;  [30%] 

 (iii) the bracing members.  [20%] 

 

 

 

END OF PAPER
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Steel Data Sheet 

(EN 1993-1-1) 

Tension members 

Yielding of the gross cross-section Ag:       Fracture of the net cross-section An: 

 

 

Staggered bolt holes: 

               d0 = bolt hole diameter                                       

  nb = number of bolt lines across the member 

 

Bolt size 12 14 16 18 20 22 24 27 to 36 

Clearance (mm) 1 1 2 2 2 2 2 3 
 

Reduction factor for shear lag in eccentrically connected angles: 

 

 

spsp
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𝑁𝑝𝑙,𝑅𝑑 =
𝐴𝑔𝑓𝑦

𝛾𝑀0
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0.9𝐴𝑛𝑓𝑢
𝛾𝑀2

 

𝐴𝑛 = 𝐴𝑔 − 𝑛𝑏𝑑0𝑡 + ∑
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Column buckling 

 

 



 
 

 

 

 

 

 

 



Local buckling 

 

 

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. 
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Beams 

Elastic lateral-torsional buckling moment of a beam with doubly symmetric cross-section: 
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where: 

IT =  torsional constant 

Iw =  warping constant (= d2Iyy/4 for I-beams, with d the distance between the centerlines of the  

    flanges) 

Iz =  second moment of area about the minor axis 

G =  shear modulus 

Lcr =  unrestrained length for lateral-torsional buckling 

 

In the case of non-uniform bending: 

            0,1 crcr MCM =
 

 

 

 



 
 

 

(EN 1993-1-1) 
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Interaction between moment and shear in the cross-section: 

 

 

 

 

Shear 

 

 

        𝐴𝑣 = 𝐴 − 2𝑏𝑡𝑓 + (𝑡𝑤 + 2𝑟)𝑡𝑓    but     ≥  ℎ𝑤𝑡𝑤 

where: 

b  =  flange width 

tf =  flange thickness 

tw =  web thickness 

hw =  web height 

r =  transition radius between web and flange 
 

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).
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 𝐾 = 5.34 +
4

(𝑎/𝑏)2
             if   a > b 

 𝐾 = 5.34 +
4

(𝑏/𝑎)2
             if   b > a
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Web crippling: 

    

Deflections: 

Design approach
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Elastic solution:
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3D3 – Structural Materials and Design – Timber Datasheet 

C14 C16 C18 C22 C24 C27 C40 

 fm,k bending MPa 14 16 18 22 24 27 40 

ft,0,k tens  MPa 8 10 11 13 14 16 24 

ft,90,k tens  MPa 0.3 0.3 0.3 0.3 0.4 0.4 0.4 

fc,0,k comp  MPa 16 17 18 20 21 22 26 

fc,90,k comp  MPa 4.3 4.6 4.8 5.1 5.3 5.6 6.3 

fv,k shear MPa 1.7 1.8 2.0 2.4 2.5 2.8 3.8 

E0,mean tens mod  GPa 7 8 9 10 11 12 14 

E0,05 tens mod GPa 4.7 5.4 6 6.7 7.4 8 9.4 

E90,mean  tens mod  GPa 0.23 0.27 0.3 0.33 0.37 0.4 0.47 

Gmean  shear mod GPa 0.44 0.50 0.56 0.63 0.69 0.75 0.88 

ρρρρk density kg/m
3

290 310 320 340 350 370 420 

ρρρρmean density kg/m
3 350 370 380 410 420 450 500 

Table 11.2 Selected strength classes - characteristic values according to E$ 338 [11.3]– 

Coniferous Species and Poplar (Table 1) 

Table 3.1.7 Values of kmod

Service class Material/ 

load-duration class 1 2 3 

Solid and glued laminated 

timber and plywood 

          Permanent 0.60 0.60 0.50 

          Long-term 0.70 0.70 0.55 

          Medium-term 0.80 0.80 0.65 

          Short-term 0.90 0.90 0.70 

          Instantaneous 1.10 1.10 0.90 

Selected Modification Factors for Service Class and Duration of Load [11.2] 

[11.2] DD ENV 1995-1-1 :1994 Eurocode 5: Design of timber structures – Part 1.1 General rules and rules for buildings 

[11.3] BS EN 338:1995 Structural Timber – Strength classes 

Flexure - Design bending strength 

mkmlscrithmoddm fkkkkf γ/,, =

Shear – Design shear stress 

mkvlsmoddv fkkf γ/,, =

Bearing – Design bearing stress 

mkcmodclsdc fkkkf γ/,90,90,,90, =



Stability – Relative slenderness for bending  

critmkmmrel f ,,, σλ =

“For beams with an initial lateral deviation from straightness within the limits defined in chapter 7, 

kcrit may be determined from (5.2.2 c-e)” 
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Joints 

For bolts and for nails with predrilled holes, the characteristic embedding strength fh,0,k   is: 

kkh df ρ)01.01(082.0,0, −= N/mm
2

For bolts up to 30 mm diameter at an angle α to the grain:
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3D3 – Structural Materials and Design – Masonry Datasheet

Bearing or crushing resistance per unit length  

 

Buckling resistance per unit length  

 

Graph for capacity reduction factorβ  

 

Flexural resistance per unit length  

m

k

b

tf
P

γ

=

m

k

b

tf
P

γ

β
=

m

kx Zf
M

γ

=

0

0.2

0.4

0.6

0.8

1

1.2

0 5 10 15 20 25 30

h ef  / t ef

ββ ββ

e x  = 0.3t

e x  = 0.05t

e x  = 0.1t

e x  = 0.2t



  m
rkff fkAP  exp1

3D3 – Structural Materials and Design – Glass Datasheet

Explicit relationship between the flaw opening stress history and the initial flaw size: 

Idealised v–K relationship: 

2-parameter Weibull distribution:

 

Stressed surface area factor (uniform stress):  Load duration factor (constant stress history): 

 

 

Laminated glass equivalent thickness for  
bending deflection: 

 
 

Laminated glass equivalent thickness for  
bending stress: 
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G(t) of PVB and SGP interlayers: 

Glass design strength: 

 

Stress-history (load duration) interaction equation: 
 
 

Empirical stress concentration for bolted connections: 
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3D3 – Structural Materials and Design – Concrete Datasheet (pg 1 of 2) 

Table 1.1  Span versus depth ratio  
Span/effective depth ratio 

Structural system EC2*
high light

1. Simply supported beam, one-way or two-way spanning
simply supported slab

14 20

2. End span of continuous beam or one-way continuous slab
or two-way spanning slab continuous over one long side

18 26

3. Interior span of beam or one-way or two-way spanning slab 20 30 
4. Slab supported on columns without beams (flat slab), based
on longer span

17 24

5. Cantilever 6 8 
highly stressed and lightly stressed slabs are normally assumed to be lightly 
stressed)  *Table 7.4N, NA.5 [1.2] 

Table 1.2 Minimum member sizes and cover (to main reinforcement) for initial design of 
continuous members  

Member Fire resistance Minimum dimension, mm 
4 hours 2 hours 1 hour 

Columns fully exposed 
to fire 

width 450 300 200

Beams width
cover 

240 
70 

200 
50 

200 
45 

Slabs with plain soffit thickness 
cover 

170 
45 

125 
35 

100 
35 

Extracts from Table 4.1 [1.1] 

Fig 1.1 Interaction diagram from [1.3] 
[1.1] Manual for the design of reinforced concrete building structures to EC2, IStructE, ICE, March 2000  - FM 507 
[1.2] Eurocode 2: Design of concrete structures, EN 1992-1-1:2004, UK National Annex –NA to BS EN 1992-1-1:2004 
[1.3] Structural design.  Extracts from British Standards for Students of Structural design.  PP7312:2002, BSi  



3D3 – Structural Materials and Design – Concrete Datasheet (pg 2 of 2) 

Flexure 
Under-reinforced – singly reinforced 
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Shear 
Without internal stirrups 
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1,  


where:  fck  is the characteristic concrete compressive cylinder strength (MPa). 

0.2/2001  dk  (d in mm) 
1 = As/bwd   ≤ 0.02 

With internal stirrups 
- Concrete resistance

)tan/(cot)9.0(max,max,   dbfV wcRd

where:  cdckc fff )250/1(6.0max, 
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Columns – axial loading only 
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Standard steel diameters (in mm)  
6, 8, 10, 12, 16, 20, 25, 32 and 40 




