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1 Figure 1 shows a multi-storey building consisting of a pin-jointed S355 steel
frame with a braced internal lift / stair core for lateral stability. The building perimeter
in the upper levels overhangs 5 m beyond the lower levels. All floor slabs consist of
250 mm thick one-way spanning simply-supported concrete with an unfactored
superimposed live load of 2.5 kN m°. The total horizontal wind pressure on the
building is 2.5 kPa and is uniform over the height of the building.

(a)  With the aid of sketches where appropriate, devise a suitable structural scheme for
the overhangs and describe the vertical and horizontal load paths for the whole
structure.

(b) By assuming that the steel beams are fully restrained against lateral torsional
buckling, that the SLS deflection limit is span/200 and that the load combination at
ULS is: (1.4 x dead load) + (1.6 x live load), determine the UB section required for the
most heavily loaded secondary steel floor beam.

(c) By assuming a load combination at ULS of: (1.2 x dead load) + (1.2 x live load) +
(1.2 x wind load), select the lightest possible UC section for the four internal, centrally
located columns around the lift / stair void, at ground floor level.

(d) The client now wishes to create a large internal void in the building, indicated by
the hatched area in Fig. 1. Consider how this would affect your answer to part (a) and
without doing any detailed calculations, sketch a viable structural scheme to
accommodate this request.
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2 (a) Describe, with the aid of sketches, the two principal methods of joining
structural steel components and list their advantages and disadvantages. [15%]

(b) Fig. 2 shows a 356 x 171 x 45 universal beam that is bolted to a 254 x 254 x 73
universal column by means of 7 mm thick equal-angle cleats. The shear force at ULS
between the beam and the column is 240 kN. All steel sections are grade S355 and the
bolts have a yield strength of 460 MPa.

(i) By considering both the vertical force and the overall transmitted couple
determine the component forces in each bolt. [30%]

(i1)) By considering the resultant shear forces in the bolt group that connects the
beam to the cleat, verify that the M20 bolts are sufficient and assess the bearing
capacities of the adjoining components. [20%]

(ii1) By considering the average shear stress, the maximum elastic bending stress
and the maximum bolt bearing stress in the cleat, verify whether a 7 mm thick
cleat is adequate. [20%]

(¢) An alternative connection to that shown in Fig. 2 is required to transmit a large
bending moment between the beam and the column. Without performing any further
calculations, sketch a suitable connection. [15%]
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3 A 200 mm wide by 400 mm deep by 4.5 m long beam is simply supported and
carries a point load at mid-span with a characteristic value of 20 kN.

(a) The beam is made of reinforced concrete with a concrete cube strength of 40 MPa,
minimum cover of 40 mm, the steel reinforcement has a yield stress of 460 MPa and the
diameter of longitudinal bars and stirrups are 25 mm and 12 mm, respectively. The
partial safety factors for concrete and steel are 1.5 and 1.15 respectively, and the load
factors for dead and live loads are 1.4 and 1.6 respectively. Design and sketch a layout
for the longitudinal and shear reinforcement at the critical cross-sections that will satisfy
SLS and ULS requirements.

(b) Consider an alternative option where the beam is made of timber. Calculate the
grade of timber required to satisfy shear strength requirements, bending strength
requirements and an instantaneous deflection limit of span/200 at mid-span. In your
calculations you should assume that the beam is laterally restrained and has a negligible
self-weight, that 3, = 1.3, ks = kin = kis = 1.0, and that the load factor for ULS is 1.6.

(c) By considering your answers to parts (a) and (b) above, but without performing

further detailed calculations, describe, how you would optimise the concrete and timber
beams.
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4 Figure 3 shows a typical section through a glazed floor consisting of 1 m long
triple laminated glass units spanning between steel square hollow sections that in turn
span into the plane of the paper and are simply supported at their ends. The three layers
of glass in the laminated units are of equal thickness. The floor is subjected to a short-
term live load of 2.5 kN m™. The glass has a density of 2500 kg m°, a Young’s
modulus of 70 GPa and is fully toughened with fx = 90 MPa and f, = 45 MPa. You
should also assume that, y,4 = 1.8, %, = 1.2, ks= 1 and that k,,s is 1.0 and 0.3 for
short and long term loads, respectively. The steel is grade S355 with y, = 1.15. In your
calculations you should assume that the thicknesses of the adhesive and the interlayer
are negligible, the load factors for dead and live loads are 1.4 and 1.6 respectively, and
that the SLS limit for both the glass and the steel is span / 200.

(a) By assuming that the adhesive and the interlayer have negligible shear and axial
rigidity, plot the bending moment diagrams in the glass and steel and determine the
thickness of the laminated glass required to span between the steel hollow sections.
What is the maximum permissible span of the steel hollow sections in this scenario?

(b) An alternative option uses a very stiff and strong adhesive. Describe, with the aid
of sketches, how this affects the distribution of bending moments in the glass and steel.
Determine the thickness of the laminated glass required to span between the steel
hollow sections and state any assumptions you make in your calculations.

(c) State the principal advantages and disadvantages of option (a) and option (b).

1 1000 | laminated
[~ | glass

JL 11

| |
I |
I 1L 1[ |
f 1

adhesive

150 x 150 x 8 mm SHS
(all dimensions in mm)

Fig. 3
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Steel Data Sheset

Material. The two most common steels are S275 and S355, with characteristic yield strengths,
Oy, of 275 MPa and 355 MPa, respectively. The design strength divides Oy by a specif ed partial
safety factor, Y. Partial safety factors for loads at ULS are often 1.4 for dead loads and 1.6 for
live loads.

Tension member s (axial force only). Gross cross-section area is A; net area, Ay, is A subtract
hole(s). Effective section is KA, but not greater than A, where K is 1.2 for S275 or 1.1 for S355.
For eccentric connection, with area, Ay, not connected at the joint, the effective area is Ae —
CAout, where cis 0.5 bolts or 0.3 for welds.

Compression members (axial force only). Radius of gyration is r, extreme fbre distance is
y, effective length of column is L, and A = L/r. Defne A = A/Ag where A¢g = T,/E /0y and
a reduction factor, X, on the full axial yield strength, equal to 0¢/0y where O¢ is the critical
buckling stress. Buckling performance given by:

1 = curve A ||

Select curve A: r/y > 0.7;B: 0.5 <r/y < 0.7; C: 0.5 > r /y; D: only when the flange thickness
is larger than 40 mm.

Beams (without axial force).

Moment: check maximum moment is less than oyZp. Beware local buckling for thin-walled
sections.

Shear: yield strength, qy, given by 0.60y. Check buckling stress capacity, , is not exceeded
in thin webs with thickness, t, and panel aspect ratio, a/b (< / ]), where ¢, = [3/4+b?/a?| -
10007 /(b/t)? in MPa.
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Lateral torsional buckling, (LTB); theoretical elastic critical moment, M, for a beam of span
L under constant moment (and supported at its ends only where lateral def ection and twist are
prevented), then

0.5
Tt ®

where Cyy is a constant due to the restraining (stiffening) effect of warping, equal to Dzlyy/ 4,D
being the distance between f ange centres. Design curve is given by

ALt
where XLT = /Mp/Mc and X1 = Mcr/Mp. M is the critical moment, which must be greater

than the maximum moment in practice: Mg > Mpax for uniform bending moment case; M¢ >
0.8Mpax for centrally loaded, simply supported case.

Joint design. Ductility of steel allows a reasonably simple equilibrium system to be envisaged
for initial design, often with a transmitted force uniformly distributed across the various fasten-
ers involved. For a bolted joint in shear, a couple, C, about its centre can be taken simply by
extra shear forces, F, on each bolt perpendicular to the line to the centre of the bolt group and
proportional to the distance, d; from the centre, so that F; = Cd;/ s d?.

Applied shear forces are commonly checked against the shear strength (0.60y) of the bolt,
depending on the number of active shear planes; and against bearing strength in each plate, oydt
where d x t is the bolt diameter times plate thickness.


mo318
Rectangle


3D3 — Structural Materials and Design — Timber Datasheet

C14 C16 C18 C22 C24 C27 C40

Fonk bending MPa | 14 16 18 22 24 27 40
Srok tens | | MPa |8 10 11 13 14 16 24
Soook tens | MPa | 0.3 0.3 0.3 0.3 04 |04 |04
Seok comp | | MPa |16 17 18 20 21 22 26
S0 comp | MPa |43 46 |48 5.1 53 56 |63
fok shear MPa | 1.7 1.8 |20 [24 25 |28 |38
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 94

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

Prean 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 kyod

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 'Vm

Bearing — Design bearing stress
fc,90,d = klskc,90kmadfc,90,k 1Vm
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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¢)
kerit =31.56=0.752y01 1y for 0.75< Ayo,y < 1.4 (5.2.2d)
1 Atolm for 1.4 < Auerm (5.2.2¢)

Extract from [11.2] - k.,

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

For bolts up to 30 mm diameter at an angle « to the grain:
Jn.0.k for softwood  kgp =1.35+0.015d

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

Snak =

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

Design load-carrying capacities for fasteners in single shear

foratid (6.2.1a)
forat2df ,where S = frzal fara (6.2.1b)
2 2
nd
Jh1at B+2/2 1+Q+(Q] +ﬂ3(2J _ﬂ(1+t_2j (6.2.1c)
1+ﬁ Al Al Al A
o d 42+ M, 4
Ry =min.{; /ol 19] |, 0 yd
e B+ )+ o ar B (6.2.1d)
thd 40 +28)M
l.lfh,l,d 291 204 py+ B +25) 2y,d y (6.2.1¢)
1+2p Sn1adty
24 6.2.1
1.1 ﬁ\/zMy’dfh’l’d d (6219
t, L,
—>| [
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 — Advanced Composites Datasheet

YOUNG'S MODULUS: HS CARBON FIBRE/EPOXY-RESIN
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SHEAR MODULUS: HS CARBON FIBRE/EPOXY-RESIN
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Figure 1. HS carbon/epoxy plots (a) Young’s modulus (b) shear modulus and (c)
Poisson’s ratio [12.3]
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YOUNG'S MODULUS  E-GLASS FIBRE/EPOXY-RESIN
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SHEAR MODULUS:  E-GLASS FIBRE/EPOXY-RESIN
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Figure 2. E-glass/epoxy plots (a) Young’s modulus (b) shear modulus and (c)
Poisson’s ratio [12.3]

[12.3] M.G. Bader, Materials selection, preliminary design and sizing for composite laminates.
Joumnal Paper: Composites Part A, 27A, (1996), pp 65-70.)
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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

_BLt
7/m

B,

Graph for capacity reduction factorf3

1.2

e, = 0.05¢

0.8 |

Q 0.6 1

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 .
: (n-2yvy Kt (¥ a2

Idealised v—K relationship:

1.E+06
K,c=0.75 MPa m'2; K;;, = 0.25 MPa m'2; v,=6mm s'; n = 16
I
Il | )
1.E+02 1 I
v=Vo(K;/ Ki)" |
1E-02 - \ ''''''' i
> i
9] :
] H
- 1 ]
1.E-06 - ;
1.E-10 - |
1.E-14 : N
0.10 Ko, K. 100

log K;

2-parameter Weibull distribution:

P, :1—exp[—kA(O'f _.frk)ﬂ]

Stressed surface area factor (uniform stress):
I/m

Laminated glass equivalent thickness for
bending deflection:

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

Laminated glass equivalent thickness for
bending stress:

3D3 - Oct 2013

Load duration factor (constant stress history):

1/n
LT T
mo

O, tf

I R e e e
< @

o e £
£ @ —
1 o — |
| e —

@@@ centroidal axis of i™ ply

@ centroidal axis of laminated glass unit



G(t) of PVB and SGP interlayers:

1E+3 E ] ] ] '
1s 3s 1m?in thri  1d §1mo Oyr

= 1E+2

o

3

2 ]

S 1E+1 3

'c p

o

= ]

S 1E+0

L ]

7

1E-1
1E-2 T—rrrmr T Ty T—rrremr e —rrrom
1E-2 1E+0 1E+2 1E+4 1E+6 1E+8 1E+10
Time (s)

Glass design strength:
f _kmodkAfgk+frk

o =

7/mA 7mV

Stress-history (load duration) interaction equation:

o o o}

N A A
fgd,S fgd,M fgd,L
P

Empirical stress concentration for bolted connections:
2
H H
K, =15+ 1.25(; - 1] - 0.0675(; - lj

where

Kt — Gmax (g — 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 |
SIS ) !
40 : ':-Q".f :ﬂ?%,v% | B
35 \\\E ’”\\g_k\:.,
i !( Z P
E 3 Q“M \’\:‘\\K”\ \\4{ : | OO I _
= ({ - = ]
s \\\’:\ix \\F\w\a‘
£ RIS
s BRSSP =
o | SEEN \x\f\\;\\ \*\““3\ R
] :j_'."_"_j'_"_'_; ..... >_--,_- __->--.%--.; "":\/J Kafl.0 l _%.
0 1 2 3 4 5 6 7 8B 9 40 14 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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Flexure
Under-reinforced — singly reinforced
A, f,d(1-0.5x/d)

u

Vs
1_ 7cAsfy
d  y,0.6f.,bd

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

Balanced section
b:é=7s0-6fcu. Ecu
bd velfy €y tée

Shear
Without internal stirrups

0.18
Vid.e = (= k(100py i)' 3 b, 2 (0035632 1,41 )b, d

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

k=1++/200/d <£2.0 (d in mm)
p1=Ays/bd <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

S, I
c Vs

o, =0.6

Standard steel diameters (in mm)
6,8,10,12, 16, 20, 25, 32 and 40
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