ENGINEERING TRIPOS PART IIB

Tuesday 26 April 2011 2.30to 4

Module 4D7 |

CONCRETE AND MASONRY STRUCTURES
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.

Attachments: (i) Concrete and Masonry Structures: Formula and Data Sheet

(4 pages).
(ii) The Cumulative Normal Distribution Function (I page).
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Single-sided script paper Engineering Data Book
Graph Paper CUED approved calculator allowed
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1 (a) Describe briefly at least three failures of concrete structures in the past fifty
years, with differing primary cause(s) of failure. In each instance outline the reason(s) for
the failure and discuss the implications for and effects on Codes of Practice, and whether
the failure could have been avoided if the designer had used larger factors of safety on the
main loadings. [45%]

(b) The probability density function for the maximum value of a certain loading on
a certain structure during its design life is made up of straight lines as shown in Fig. 1.

(i) Show that the maximum probability density ¢ is 1/(40) and that the
characteristic value of this loading is L,, +2.1060 . [10%]

(ii) The strength of such structures against this loading has a probability density
function of the same form as in Fig. 1 , with the same magnitude o but mean
value S,,. Determine the probability of failure under this loading for a structure
designed to have characteristic strength equal to the characteristic value of this
loading. How could an engineer ensure that the probability of failure is zero? [30%]

(iii) Comment briefly on how these results differ from those obtained when both

probability density functions are the normal distribution with standard
deviation o . [15%]
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2 (a) Write brief notes on the effects that the amount, form and behaviour of any
water present have on the strength, behaviour and performance of typical reinforced
concrete structures, during the casting, curing, hardening and subsequent life of the
structure. [50%]

(b) Seven years after the construction of a concrete structure, with specified cover
30 mm to the steel reinforcement, a phenolphthalein indicator test on a core taken from an
exposed surface gave a deep pink colour beyond 10 mm from the surface. Concrete dust
samples were taken from the same region of the structure at a depth of 12 mm four and
eight years after construction, and showed chloride concentration per unit weight of cement

0.2% and 0.6% respectively.

(i) Without considering detailed solutions of the diffusion equation, obtain
three simple bounds on the age at which corrosion of the reinforcement will be

initiated. [15%)]
(i) Refine your estimate of the time to corrosion initiation by considering a

solution to the diffusion equation. [25%]
(iii) What factors will affect the rate of corrosion after initiation? [10%)]
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3 An experiment is conducted where a simply-supported reinforced concrete beam is
subjected to two vertical point loads at locations one third distance from each end of the
beam. The point loads are of equal magnitude. The concrete cross-section is rectangular
with a width of 200 mm and an overall height of 330 mm. The concrete stiffness is 20 GPa
and the concrete tensile strength is 4 MPa. All steel reinforcement has a Young’s modulus
of elasticity of 200 GPa and a design yield stress of 475 MPa. In the constant moment
region, the longitudinal reinforcement is located in a single layer where the centroid isata
distance of 30 mm from the bottom surface of the beam. In the shear spans, vertical steel
stirrups with a diameter of 8 mm are located at 100 mm spacings. The applied loads are
increased gradually and, when the moment in the constant moment region reaches 17.4
kNm, first cracking is observed.

(a) At an applied moment of 48.6 kNm, the neutral axis depth at a cracked cross-
section in the constant moment region is measured to be 102.2 mm. At this stage, the
concrete and the steel can be assumed to behave elastically and the concrete can be
assumed to carry no tension.

(i) By considering a cracked section, calculate the percentage of internal
longitudinal steel reinforcement in the constant moment region.

(ii) If an initial approximation is made whereby, in calculating curvature, the
contribution of the steel to the uncracked second moment of area is assumed to
be negligible, predict the average curvature through the constant moment
region.

(iii) If the contribution of the steel to the uncracked second moment of area is
taken into account then find the corresponding uncracked second moment of
area. Comment on the implications in connection with the approximation made
in part (ii).

(b) A similar beam is being designed to sustain a factored design shear load where
each of the point loads has a magnitude of 150 kN. Use the variable-angle truss analogy to
calculate the range of strut angles that would result in a safe design. The factored design
compressive stress in a concrete strut can be taken as 8 MPa.
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4 (a) An axial load, N, of 600 kN is applied to the centre of a 325 mm x 325 mm
square reinforced concrete column. The internal longitudinal reinforcement consists of 4
No. 32 mm diameter bars as shown in Fig. 2. The cover distance to the centroid of the
reinforcement steel is 40 mm. The factored design yield stress of the longitudinal steel is
410 MPa. The concrete has a factored design compressive cube strength of fos = 30 MPa.
The concrete is assumed to fail in compression at a uniform stress of 0.6 fog. The column
is stocky and all the steel can be assumed to yield (g, /& is small).

(i) Ifthe column is subjected to uni-axial bending about the x-x axis, find the
maximum bending moment that the section can withstand. [15%]

(i) In addition to bending about the x-x axis, the column is also subjected to
bending about the y-y axis. When the bending moment about the y-y axis is
fixed at 12 kNm, find the location of the neutral axis at failure and the
corresponding value of M, . Discuss how approximations of bi-axial failure
surfaces can be used in design. [55%]

(b) Compare and contrast a load-bearing masonry building versus a reinforced
concrete frame structure with infill masonry walls in terms of constructability, structural,

fire, aesthetic, acoustic and thermal performance. [30%]
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Engineering Tripos Part IIB FOURTH YEAR

Module 4D7 : Concrete and masonry structures

Formula and Data Sheet

The purpose of this sheet is to list certain relevant formulae (mostly from Eurocode 2)
that are so complex that students may not remember them in full detail. Symbols used in the
formulae have their usual meanings, and only minimal definitions are given here. The sheet also

gives some typical numerical data.
Material variability, partial safety factors and probability of failure

The word 'characteristic’ usually refers to a [ in 20 standard. At SLS, usually y, = 1.0
on all material strengths, 7, = 1.0 on all loads.

At ULS, usually y is 1.15 for steel, 1.5 for concrete; and % is 1.4 for permanent loads,
1.6 for live loads (possibly reduced for combinations of rarely-occurring loads).

The difference between two normally-distributed variables is itself normally distributed,
with mean equal to the difference of means, and variance the sum of the squares of the standard

deviations.

+a0
Convolution integral Fre= j. fo(x) Frlx)dx

—x

Cement paste

The density of cement particles is approx. 3.15 times that of water. On hydration, the
solid products have volume approx. 1.54 times that of the hydrated cement, with a fixed gel
porosity approx. 0.6 times the hydrated cement volume. This gives capillary porosity about

[3.15Z—1.14h1/{1+3.15g
c L C |

L wdf
for hydration degree 7 :
and gel/space ratio (gel volume / gel + capillaries) 2.14h/lh +3.15 W/C + aJ.
Mechanical properties of concrete

Cracking strain typically 150 x 1075, strain at peak stress in uniaxial compression
typically 0.002. Lateral confinement typically adds about 4 times the confining stress to the
unconfined uniaxial strength, as well as improving ductility. In plane stress, the peak strength
under biaxial compression is typically 20% greater than the uniaxial strength.

Durability considerations
Present value of some future good: Sy(1 + r)! for stepped,

or  Syexp(ret;) for continuous discounting

where (1 +r) = exp(r¢)
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/ater penetration : cumulative volume uniaxial inflow / unit area is sorptivity times square root

of time. On sharp-wet-front theory penetration depth is {2 k( H+h, ) / An} /1/2 ,7 2,

2

e dc
Uniaxial diffusion into homogeneous material : Y =D )
&

solution c=cy(l—erf(z)),z= x/ 2+ Dt

Table of erf (z) :
|z 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
_erf(z) |0 0.11 0.22 0.33 043 052 0.60 0.68

z 0.8 0.9 1.0 1.1 12 ‘ 1.3 1.4 1.5 0
erf(z) |10.74 080 1 0.84 0.88 0.91 10.93 0.95 0.97 1.00

Passivation for pH > 12 and CI~ < 0.4% by weight cement.

Corrosion unlikely for corrosion current < 0.2 pA/cm?2, resistivity > 100 k Q cm, half-cell

potential > —200 mV (but probable for <-350 mV).

SLS : cracking
Steel minimum area Asfy 2 frde

for pure tension, to produce multiple cracks.

Then, limitation of crack width to about 0.3 mm under quasi-permanent loads depending on

exposure.
Maximum (characteristic) width Wi =S, max(Esm — Ecm)
Where crack spacing Spmax = 3:4c+0425kky0/ pp opr

with &y 0.8 for high bond, 1.6 for plain bars;
ko 1.0 for tension, 0.5 for bending.

SLS : deflection
Interpolated curvature

a=¢oy+1-¢)a;

where ¢ =1-plo, /oy )2

i) is 1.0 for short-term, 0.5 for sustained load,

Osr is steel stress, for cracked section, but using loads which first cause

cracking at the section considered.

Oy is current steel stress, calculated for cracked section.
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ULS : moment and axial force
It is usual to assume failure at a cross-section to occur when the extreme-fibre compressive strain

in the concrete reaches a limiting value, often &, = 0.0035. The yield strain of steel &, of course
depends on strength, as roughly /j/E.  Initial calculations often use uniform stress 0f 0.6 foq on
the compression zone at failure. With these assumptions, for a singly-reinforced under-
reinforced rectangular beam

M, =4, f,d(1-0.5x/d)/ y;
A
where &fd = M ;
750.6 f.,bd
over-reinforcement for ¥/7> 0.5.
For Tee beams, effective flange width 4 in compression is of order
bu+'o/ <b
w 5 —Yactual >

where o is span between zero-moment points.

For long columns, extra deflection prior to material failure is of order

1,2
€)= —5 Ky
ﬂ,Z
where Km is curvature at mid-height at failure and /,, is effective length.

Eurocode multiplies by further factors K, and K, ,
\

n,—n
where K, = (—"——J <1
Py —pal

Shear in reinforced concrete
For unreinforced webs at ULS, shear strength in EC2 is

0.18 3
VRd.c :[y—kaoo/alfck)” +0.150,,1b,d

c

> (Vmin +0.150¢,)by,d
where: k=1++/200/d <2.0 a factor that varies with effective depth, d (with d in mm),
o1 is the reinforcement ratio of anchored steel= 4,/b,,d but p;<0.02.

=0.0356%/2 1,172

Vmin

For reinforced webs at ULS, shear strength in EC2 is

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

where: fomax = 0-6(1— fog 1250) frg

- Shear stirrup resistance
Ved,s = Aswfy (0.9d)(cot &) /(s75)

3 jml/1IB/4D7/09/10



Torsion at ULS

Based on truss analogy with variable strut angle, for a thin-walled box section; shear

flow
A D
q= fyd P
where Op <V- feu

Masonry walls in compression

{5 /em 2 }

charpcteristic compressive strength of masoney

compressive strength of umt (N/mmZ}

interpolation for classes of inadbegrng bricks nof shown on the graph may be used for average
crushing strengths intermedate between those given on the graph, as described m clause 10 of
BE 397t ¥8Es ond clouse 7 of BS187 1978

Figure 5.6(a) Characteristic compressive strength. £ of brick masonry {sce Table 3,45

Note.  Mortar designations in the figure above range from (i) a strong mix of cement and
comparatively little sand with 28 day site compressive cube strength of around 11 MPa, through
(ii) and (iii) with strengths around 4.5 and 2.5 MPa respectively, to (iv) soft mortars e.g. of
cement, lime and plentiful sand or cement, plasticizer and plentiful sand, with strength around

1.0 MPa.

CRM/IML Nov 2009
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THE CUMUL%’FIVE NORMAL DISTRIBUTION FUNCTION

3

Blu} = Se ’é:c FOR 006 < u < 4-§9.
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Example: {357} = -$°8215 = §-8098215.
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