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1 (a) Explain the general Eurocode approach in designing steel structural elements

for instability. In particular:

(1)  Explain why the classical solutions, e.g. the Euler buckling load of columns,

cannot directly be applied in design.
(i1) Explain the concept of ‘slenderness’ in general terms.

(iii)) Discuss the analogies between the design of steel columns for flexural buckling,
the design of steel beams for lateral-torsional buckling, and the design of steel beams
for web crippling.

(b) Consider the tree-shaped column shown in Fig. 1. The column is fully fixed at the
base (point A). Segment AB consists of a circular hollow section with an outside diameter
of 355.6 mm and a thickness of 12.5 mm (Class 1). Segments BC and BD consist of a
circular hollow section with an outside diameter of 193.7 mm and a thickness of 8.0 mm
(Class 1). The tie member CD is a rectangular hollow section RHS 150x100x5.0. All

members are cold-rolled and made of grade S355 steel.
(i) Determine the design capacity of the tie CD. The connections at C and D are
identical. The connection at C is detailed in Fig. 2. M20 bolts are used.

(ii)) A computer analysis assuming elastic material behaviour but accounting
for second-order geometric effects determines that the column buckles at a load
P =250kN. The buckled shape is shown in Fig. 1 as a dotted line. Determine the
design capacity P of the column.
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2 (a) A reinforced concrete beam is to be added to the roof of an existing hospital
building, to support a new helicopter landing pad, as shown in Fig. 3. The new beam is
to be continuous over an existing reinforced concrete column AD and a masonry column
BE before cantilevering a total distance of 8 m off the side of the roof. The helicopter
and landing pad are represented as a single factored point load of 60 kN. The beam is
to be designed in reinforced concrete. Concrete cover requirements for durability are
30 mm, the concrete is to have a characteristic compressive cube strength of 60 MPa and is
reinforced with steel with a characteristic yield strength of 500 MPa. The material partial
safety factor for concrete y. = 1.50 and for steel y; = 1.15.

(i)  Stating your assumptions, determine suitable cross—section dimensions for the
beam ABC.

(11) Calculate the change in axial load in members AD and BE.

(iii) Draw the shear force and bending moment diagrams for the beam ABC.

(iv) Sketch a feasible deflected shape for the beam ABC.

(v) Design a longitudinal reinforcement layout at the most critical section for
bending.

(vi) Without further calculations, suggest how the shape of the beam might be
optimised along its length.

(b) The masonry column BE is 0.5 m wide, and of an unknown thickness, . Assuming
that the masonry wall carries no load prior to the helipad being installed, that the
characteristic compressive strength of the masonry wall is 5 MPa, and the material partial
safety factor for masonry is y;; = 3.0, determine the thickness ¢ required for the masonry

wall.
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3 An incomplete design of a multi-storey office building is shown in Fig. 4. The
pin jointed structural frame is to be in S355 steel with 200 mm thick reinforced concrete
flat slabs and a reinforced concrete core. The building is clad in glass from floors 1 to
5. At ground level, public access must be provided across the site, which means that no
structural elements may be placed at ground floor level, apart from the core walls. The
building has five floors of office space and a roof above. The unfactored vertical load on
each office floor is 2 kPa. There is no vertical load on the roof level. The horizontal wind
load is 1.5 kPa, and is uniform over the height of the building.

(a) With the aid of sketches, devise a suitable structural scheme for the building, and
describe the vertical and horizontal load paths for the whole structure. Describe how your
design meets the site constraints. [30%]

(b)  Assuming that the steel beams in the floor are fully restrained, determine the lightest
possible UB section for the primary floor beams supporting the office areas, when the SLS
deflection limit is span/180 and the ULS load combination is (1.35 x dead load) + (1.5 X
live load). [30%]

(c) Calculate the maximum moment, shear force, and axial force on the concrete core
when the building is unoccupied. You may assume a load factor of 1.2 on the horizontal
wind load. [30%]

(d) Suggest one way in which the design of the building might be changed or improved
to reduce its carbon footprint. [10%]
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4 (@) A 1m wide, 4m span footbridge is to be supported on a pair of simply
supported timber beams that each span 4 m. The unfactored imposed load consists of a
uniformly distributed load of 4 kPa, and a point load of 4 kN applied at mid-span. The
unfactored dead plus superimposed dead load (which includes self-weight, the deck, and
balustrades) is 0.75 kPa. The beams are to be made in C24 timber with breadth of 100 mm.
You may assume Service Class 2, crack factor k., = 0.67, depth factor kj;, = 1.0, and the
load sharing factor k;; = 1.0. The material partial safety factor for solid timber is 1.3. The
bridge is to have a service life of 50 years. ULS load factors are 1.35 on dead load and 1.5
on live load.

(i) Calculate the ULS loading on each beam.
(11) Draw ULS shear force and bending moment diagrams for the beam.

(iii) Determine the depth of the beam required to carry ULS shear and bending, at
suitable critical locations along its length.

(iv) What other parameters should be considered in sizing the beams?

(b) The designer wishes to express the pinned end connections of the bridge as shown in
Fig 5. The connection between steel plate and timber is to be made with bolts of diameter
d =12mm. Each bolt has a characteristic strength of 5 kN perpendicular to the grain and
7kN parallel to the grain. The loaded end distance may be taken as 8d, while all other
minimum bolt spacings are 4d.

(1)  Calculate the design strength per bolt.

(ii) Design a suitable arrangement of bolts in the connection. You may assume
the final beam design has a total depth of 300 mm, as shown in Fig. 5. As a first
approximation, the eccentricity moment can be carried as a vertical push/pull.
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THE CUMULATIVE NORMAL DISTRIBUTION FUNCTION
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26 | 95339 '9*S473 9*5604 95731 -95855 95075 -9*6003 9?6207 -g*6319 9?6427
27 | -9*6533 9?6636 -9*6736 926833 -9*6928  -g*7020 -g*7II0 -9*7197 -9*7282 97365
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32 923129 ‘93363 °'9°3500 ‘9?3810 Q34024 QY4230 974429 9’4623 9’4810 -9'490r1
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39 | -9's1go ‘g*5385 ‘95573 -9*5753 '9*5926  -g*6092 -9*6253 °'g*6406 -9*6554 -9*6696
40 946833 -0*6964 947090 -Q*72I1 Q#7327 947439 ‘97546 °9*7649 ‘9*7748 -9*7843
41 | -g*7934 -g*8022 -g'8106 -g*8186 -g*8263  -0*8338 -9*B409 -9*8477 -9*B542 98605
42 g*8665 -g*8723 -g*8778 -g+8832 -g+8882  -9*8931 -9*8978 -g20226 -gs0655 -9*1066
43 9’1460 Q51837 932199 -Q52545 -9*2876 ‘953103 953497 -9°3788 -9°4066 -9%4332
44 944587 954831 -955005 -9*5288 -gs5502 955706 -gs590z -9s60Bg 96268 96439
45 936602 -g36759 -g*6908 957051 -gs7187 957318 957442 -957561 957675 -9%7784
46 957888 -gs7987 -g*8081 958172 -9sB258 938340 -9*8419 958494 -9*8566 958634
47 98699 938761 -gs8821 -9s8877 958931 -g$8983 -g0320 -9®0789 -gf1235 -g%166I
48 902967 ‘962453 -g*2822 -963173 983508  -9°3827 -9°4131 -gt4420 954606 -9S4958
49 .g65208 995446 985673 -985889 Q86094  9*628g -G6475 986652 -gé6821 -g°6g8r

Example: &(3-57) = -9*8215 = 0-9998215.
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Steel Data Sheet

(EN 1993-1-1)

Tension members

Yielding of the gross cross-section A:

Fracture of the net cross-section 4,:

A f, 0.94,.f,
Npyra = == Nyra = ———
o Ymo whd Ym2
Staggered bolt holes:
, ‘ . s
2t PR
A=Ay —mdyt+ Y sgl—_? A
staggers 9 - Q—'““Q}‘:“*‘
p| Sp
dy = bolt hole diameter
np = 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:

Pitch Pi <2,5d, >35,0d,
2 bolts i 0.4 0,7
3 bolts or more B 0,5 0,7

Page 3 of 18



Column buckling
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6.3.1.2  Buckling curves

(1)  For axial compression in members the value of y for the appropriate non-dimensional slenderness A
should be determined from the relevant buckling curve according to:

1
X=—F—— but x<10 (6.49)
O+VD* —A
— —2
where @ = 0,51+ afi—0.2)+7" |
— Af, )
A= N : for Class 1, 2 and 3 cross-sections
w Aerl'fy .
A= N for Class 4 cross-sections
o is an imperfection factor
N, is the elastic critical force for the relevant buckling mode based on the gross cross sectional
properties.

(2)  The imperfection factor o corresponding to the appropriate buckling curve should be obtained from
Table 6.1 and Table 6.2.

Table 6.1: Imperfection factors for buckling curves

Buckling curve ap a b C d
Imperfection factor o 0,13 0,21 0,34 0,49 0,76
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Local buckling

_x n’E (t)z
O =R 20— \b

where b is the width of the plate and ¢ is its thickness.
For plates in uniform longitudinal compression:
K=4 for internal elements.

K=0.43 for outstand elements.

Page 6 of 18



Internal compression parts
—_———
A i i i
_ G _ _ _ ¢ _ c _ _ J c _ Axis of
bending
tj&, telly t- t{k,
t
[ 'l [ '] '
i [}
N - t ~ - t t - Axis of
C
€ _ - |_c - - — bending
- C -
Class Eart SUbJCCt % Fart SUbJC(T‘t i Part subject to bending and compression
bending compression
f f f
Stress — — E—
distribution + + + | |gc
in parts c c c
(compression - )
positive) ! - ! !
f, f, f,
6
when o >0,5: c/t< 139 81
1 c/t< T2 c/t<33¢ 36a_
when o <0,5: ]
o
when a > 0,5: c/t< :5681
2 c/t<83¢ c/t<38¢ 4102_
when 0. <0,5: ¢/t <—2 &
o
f f
Stress ="~ f¥ — "
distribution + f +
in parts i c + c ¢
(compression . c/2 /
positive) ! 1 — !
f, v f,
42
when y > —1: cltg—
3 c/t<124¢ c/t<42 0,67 +0,33y
when y < —17: ¢/t <62e(1—y)./(—y)
f, 235 275 355 420 460
e=,/235/f, ¥
? g 1,00 0,92 0,81 0,75 0,71

*) y < -1 applies where either the compression stress ¢ < f, or the tensile strain g, > £,/E
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Beams

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

2 2
v _ZEL[1, LiGI
«O | I #*El
cr z z
where:
It = torsional constant
Iw = warping constant (= d’1,,/4 for I-beams, with d the distance between the centerlines of the
flanges)
I, = second moment of area about the minor axis
G = shear modulus
Ler = unrestrained length for lateral-torsional buckling

In the case of non-uniform bending:

Mcr :CI Mcr,O
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(EN 1993-1-1)
6.3.2.2 Lateral torsional buckling curves — General case

(1) Unless otherwise specified, see 6.3.2.3, for bending members of constant cross-section, the value of
yo7 for the appropriate non-dimensional slenderness pr, should be determined from:

! buty,, <10 (6.56)

At = —
(DL'I' + V(DiT —ArLr

where @, = o,sb Fayy (e —0.2)+ XiTJ

o1 1s an imperfection factor

— W._f
At = Yy

cr

M, is the elastic critical moment for lateral-torsional buckling

(2) M, is based on gross cross sectional properties and takes into account the loading conditions, the real
moment distribution and the lateral restraints.

NOTE The imperfection factor ot corresponding to the appropriate buckling curve may be obtained
from the National Annex. The recommended values ayr are given in Table 6.3.

Table 6.3: Recommended values for imperfection factors for lateral torsional
buckling curves

Buckling curve a b c d
Imperfection factor oy 1 0,21 0,34 0,49 0,76

The recommendations for buckling curves are given in Table 6.4.
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Table 6.4: Recommended values for lateral torsional buckling curves for cross-
sections using equation (6.56)

Other cross-sections -

Cross-section Limits Buckling curve
. h/b<2 a
Rolled I-sections Wb = 2 b
. h/b=<2 c
Welded I-sections Wb > 2 d
d

S
M, wi=X1r Wy ——

M1

Interaction between moment and shear in the cross-section:

2
2VEd
- (1- = (2rme _ 1)
fr = (1= p)f p = (P
pA,,° fy
M,y ra = [W ! W l— <M, . ra
y,V,R plLy 4tw Yuo ¥,C,R
Shear
_— (fy/V3)
plLRd — ‘v
Ymo
Av =A - thf + (tW + ZT')tf but = hWtW
where:
b = flange width
tr = flange thickness
tw = web thickness
hy = web height
r = transition radius between web and flange
Shear buckling: p T2E ( t)z
Ter = K—F——<|—
r 12(1—v2)\b
4 .
K_5'34+(a/_b)2 if a>b
4 .
1‘{—5.34-+(b/a)2 if b>a

h
Shear buckling needs to be checked if: t—w > 72¢

w

where A, is the web height, 7, is the web thickness and € = \/235/f,, (with f, in MPa).

(forV_,>0.5

Vpl,Rd)

where A4, = h,t,,
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(fy/‘/g)hwtw

Vora = X
R v Ym1

A, = 0.76

Iy

TCT

Table 5.1: Contribution from the web g, to shear buckling resistance

Rigid end post Non-rigid end post
Aw <083/ n n
083/M < Aw <108 083/ Ay 083/ Ay
Aw 2108 137/07+ 2w ) 083/ Aw
Web crippling:
t3
R A 70/ E.,. = 0.9kzE -~
Fyr Fe hu
0.5 lytwfyw
XrF=—=—<1.0 Fra = Xr
Ap Ym1
|OF/ITF: < a
EOF:
min
with:
(IOF) (ITF) (EOF)
Deflections:
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3D3 — Structural Materials and Design — Timber Datasheet

Cl4 |Ci6 |C18 |(C22 C24 | C27 |C40

Fonk bending MPa | 14 16 18 22 24 27 40
Seox tens | | MPa |8 10 11 13 14 16 24
iy tens | MPa |03 0.3 0.3 0.3 0.4 0.4 0.4
Seok comp | | MPa | 16 17 18 20 21 22 26
Sev0 comp | MPa |43 4.6 4.8 5.1 53 5.6 6.3
fok shear MPa | 1.7 1.8 20 |24 |25 2.8 3.8
Eomean |tensmod || | GPa |7 8 9 10 11 12 14
Ey s tens mod GPa 4.7 5.4 6 6.7 7.4 8 9.4

Eomean |tensmod | |[GPa [023 [027 [03 033 [037 |04 0.47

Gean shear mod GPa 044 050 |0.56 |0.63 0.69 |0.75 0.88

Pk density kg/m® | 290 310 320 340 350 370 420

Prmean density kg/m® | 350 |370 |380 |410 |420 |450 | 500

Table 11.2 Selected strength classes - characteristic values according to EN 338 [11.3]-
Coniferous Species and Poplar (Table 1)

Table 3.1.7  Values of kiod

Material/ Service class

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
fm,d = kmodkhkcritklsfm,k 'Vm

Shear — Design shear stress
fv,d = kmodklsfv,k 1Y m

Bearing — Design bearing stress
Je.90,a =kiske 900k mod f¢,90,k 'V m
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Stability — Relative slenderness for bending
/Irel,m = \lfm,k/o-m,crit

“For beams with an initial lateral deviation from straightness within the limits defined in chapter 7,
k. may be determined from (5.2.2 c-¢)”

1 for Arel,m <0.75 (5.2.2¢)
kerig =41.56=0.752,¢1 y  for 0.75< A,y < 1.4 (5.2.2d)
1 Arolm for 1.4 < Auerm (5.2.2¢)

Extract from [11.2] - ki

Joints
For bolts and for nails with predrilled holes, the characteristic embedding strength f;, o is:
fho.x =0.082(1-0.01d) p;. N/mm’

For bolts up to 30 mm diameter at an angle « to the grain:
Sn.o0.k for softwood  kgp =1.35+0.015d

koo sin® a + cos® a for hardwood  kgq = 0.90 +0.015d

Shak =

Design yield moment for round steel bolts: M, ; = (0.87, rd 3 )/(67,,)
Design embedding strength e.g. for material 1: f} 1 4 = (kjog 1/ n1.6)/ ¥ m

Design load-carrying capacities for fasteners in single shear

Foratid (6.2.1a)
In1d 2dp (6:2.16)
2 2
d
Jn1d B+2/2 1+Q+(Q] +ﬂ3(2J _ﬂ(1+t_2j (6.2.1c)
1+ﬁ Al Al Al A
o d 42+ pIM ), 4
Rg=min. gy Jhid 040 o gy gy rd _
24 3 B+ B) T B (6.2.1d)
thd 460+ 28)M
AVE 214 B+ p+2p) vd _p (6.2.1¢)
1+2p Snradt
25 6.2.1
1.1 m\/21\4%01]‘;1,1,[,61 (6.2.1f)
t t,
—>| [
H H H single shear
a b c d e f

Extract from [11.2] — Timber to timber and panel to timber joints
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3D3 — Structural Materials and Design — Masonry Datasheet

Bearing or crushing resistance per unit length
4
p oL
7/771
Buckling resistance per unit length

_PLt
7/m

B,

Graph for capacity reduction factor3

1.2

e, = 0.05¢

0.8 |

Q 0.6 ]

0.4

0.2 1

Flexural resistance per unit length
M — ka Z
7!7‘[
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3D3 - Structural Materials and Design — Glass Datasheet

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

j ' o (t)dt ~ 2

0 (n —2)V0 KI_(;Z (Y\/;)”ai(nd)/z

Idealised v—K relationship:

2-parameter Weibull distribution:

P, :1—exp[—kA(O'f _.frk)ﬂ]

Stressed surface area factor (uniform stress):

1/m

Laminated glass equivalent thickness for
bending deflection:

s =0-0) 17+ (3 1]

Laminated glass equivalent thickness for
bending stress:

Load duration factor (constant stress history):
1/n

®
(-
| |

@@@ centroidal axis of i™ ply

@ centroidal axis of laminated glass unit

| hm3 hm2
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G(t) of PVB and SGP interlayers:

Glass design strength:

fg :kmOdkAfgk n frk

7/mA 7/mV

Stress-history (load duration) interaction equation:
01,5 O, m O1,1

+ +
fgd,S fgd,M fgd,L

<1

Empirical stress concentration for bolted connections:

2
K, =15+ 1.25(ﬁ - 1) - 0.0675(2 - 1)
d d

where

Kt — Gmax (z — d)t

|-
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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

. 14 20
simply supported slab

2. End span of continuous beam or one-way continuous slab 13 26
or two-way spanning slab continuous over one long side

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 17 4
on longer span

5. Cantilever 6 8

highly stressed p = 1.5% and lightly stressed p = 0.5% (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 | width 450 300 200
to fire
Beams width 240 200 200
cover 70 50 45
Slabs with plain soffit | thickness 170 125 100
cover 45 35 35
Extracts from Table 4.1 [1.1]
i 2 K| 4 a5 B 7 8 9 10 11 12 13 14 15 16
50 L — .
i 1
SIS ) !
40 : ':-Q".f :ﬂ?%,v% | B
35 \\\E ’”\\g_k\:.,
i !( Z P
E 30 Q“x \f\;\\:\ \\4{ ) S I i
= ({ - = ]
s \\\’:\ix \\F\w\a\
i ] { < ot 0.8
N
15 [ \f\x\ \;\\ - ]
10 04\\\\\3\?\\;\\ \*\““3\ : I “
] :j_'."_'_j___; ..... >_--,_- __->--.%--.; ----:\//Jui_o _%.
0 1 2 3 4 5 6 7 8 8 40 11 12 43 14 15 1B fs %0
M/bh?  N/mm? fy 460
Rectangular columns d/h 0.0

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

Elexure
Under-reinforced — singly reinforced
A, fyd(1-0.5x/d)

u

Vs
i 7cAsfy
d  y,0.6f.,bd

if x/d =0.5
M, =0225f.,bd* /7,

Balanced section
ﬁ=7s0-6fcu b

Pb =

bd velfy €y tée
Shear
Without internal stirrups

0.18

Vide =[=—k(100py i)' 3 1by,d 2 (0035632 £,V )b, d

C

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

k=1++/200/d <£2.0 (d in mm)
p1=Aysbd <0.02
With internal stirrups

- Concrete resistance
VRd max = fc,max (b,,0.9d) /(cot @ + tan 0)

where:  fo max =0.6(1— fox /250) f 4

- Shear stirrup resistance
VRa,s = Aswfy (0.9d)(cot &) /(sys)

Columns — axial loading only
fcu fy

+ P
¢ Vs

o, =0.6

Standard steel diameters (in mm)
6,8, 10, 12, 16, 20, 25, 32 and 40
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3D3 2024
Numerical answers

(b)(i) N =774kN

(b)(ii) P4 =170kN
2(b) t=333mm
4(b)(i) 3kN; 4.3kN





