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General information

Material properties:

The design compressive strength of concrete: £ 4

The design tensile strength of concrete:

Concrete strength class C40/50:
compression:

fek = 40 N/mm?

tension:

fetk,0,05 = 2,5 N/mm?

Concrete strength class C45/55:
compression:

fek = 45 N/mm?

tension:

fetk,0,05 = 2,7 N/mm?

Stress-strain diagram for concrete in compression
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Concrete strength class up to C50/60:

€cu3 = 3,5 %0
E€c3 = 1,75 %o

OLccfck
Te

with acc = 1,0 and yc = 1,5

with act = 1,0 and ye = 1,5
Te

Additional information
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Normal strength concrete compression zone characteristics of a rectangular cross-section

(< C50/60)

sectional area factor a=0,75 (A =a b xu)
distance factor B=0,39(y=pxu)




Prestressing steel:

Mechanical properties prestressing steel

Strength |Type| Tensile | Failure | 0,1% Permissible tensile stress Kink in o-¢ | Modulus of
class strength | strain | fractile | During | During stressing | Initial | diagram | elasticity
stressing with accurate stress (ULS)
jacking

ﬁJk f;)k/ Vs Epu fl‘)O, 1k Op,max O’p,max Gpmo ﬁJd E P

MPa | MPa %0 MPa MPa MPa MPa MPa GPa
Y1030H | bar [1030] 936 35 927 773! 773% 773 843 205 or 170
Y1670C | wire | 1670[1518] 35 1503 1336 1428 1253 1366 205
Y1770C | wire | 1770[1609| 35 1593 1416 1513 1328 1448 205
Y1860S7 |strand| 1860 [ 1691 35 1674 1488 1590 1395 1522 195

Stress-strain diagram of prestressing steel

2 P
Euk
Y1860S7: fok/ys=1860/1,1 =1691 N/mm?

fod = fpo,ik /ys = 1674 /1,1 = 1522 N/mm?
guk = 35 %o

max. initial stress opi = Gpmo = 1395 N/mm? ; 6p.max = 1488 N/mm? (at jacking)
Ep=195 - 10° N/mm?

Note:
The strain allowed in ULS (&uq) is related to eu.

The ratio is €ud / €uk = 1,0 in these examples. A National Annex to EN 1992-1-1 might prescribe a

different ratio, e.g. 0,9. Apart from a cut-off at €uq, it has no further impact on the stress-strain
diagram.

Prestressing force including frictional loss:

Po(x) = P (x=0)- MO+ 5

friction coefficient
Wobble-factor k




Reinforcing steel: BS00:

fya=500/1,15 =435 N/mm?
bond factor: &= 1,0
Es=200 - 10° N/mm?

Stress-strain diagram of reinforcing steel

9
fyd - 1
i
1
1
1
1
:
|
= -
1
| . €
fya £ud P
Es
gud = 45 %o

Load specifications (general):

Partial load factors in ultimate limit state (ULS) design:

permanent load 6 =1,2
variable load cyo=1,5
prestressing load cyp=1,0

Partial load factors in serviceability limit state (SLS) design:
All loads cy=1,0

Reinforced/prestressed concrete: volumetric mass (density) = 25 kN/m?



Crack width:

1 f 0 1
Wmax = — -2 —— . —. (Gs — Ol-Csr T+ B'Scs' Es )
Tom Pperr Ly
where
Os steel stress in a crack under external tensile load
Osr maximum steel stress in the crack in the crack formation stage
tension: follows from the cracking axial force (based on feim)
bending: follows from the cracking bending moment (based on fetm)
Ecs shrinkage of the concrete (> 0)

ppetf  reinforcement ratio As/Acetr based on the cross-sectional area of the “hidden tensile
member”’

heeft  height of the effective concrete tensile zone with regard to cracking:

fetm mean concrete tensile strength

Tbm mean bond stress between concrete and steel

Values for om, @ and £ for various conditions.

crack formation stage stabilised cracking stage

short term a =0,5 a =0,5
loading S =0 p =0

Tbm = 2,0fctm Tbm = 2,0fctm
1 a =05 a =03
ong term or
dynamic loading | 8 =0 p =1

Tbm — 1,6fctm Tbm — 2,0fctm

The height of the effective area is:

tension:

hy 5 =2,5(h—d)
hyy <h/2

C

bending:
h, o =2,5(h—d)

hy g <(h-x)/3



Effective concrete area:
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Example 1 — Slab, crack width and punching shear resistance

A building uses the outrigger system. According to the requirements of the architect, the exterior
columns are reinforced concrete columns and the ground floor is left open. The structural system is
given in Figure 1.1. The thickness of the concrete floor is 200 mm. The cross-sections of the square
columns are 175 mm x 175 mm.
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m C
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Figure 1.1 Design of a building.
Parameters:
Concrete strength class : C25/30
weight density concrete :ye =25 kN/m’?
mean concrete tensile strength : form = 2.6 N/mm?
bond strength D Tom = 2 fetm
modulus of elasticity : Ecm = 31000 N/mm?
Reinforcement class B500B : fya =435 N/mm?
modulus of elasticity : Es=200000 N/mm?
Concrete Column : 175 mm x 175 mm
Concrete slab
thickness : 200 mm
floor finishing : 0.4 kN/m?
Variable load : gok = 4.0 kN/m?
Quasi-permanent combination : w2 = 0.5 (for qo)
(SLS)
Partial load factors (ULS) tye=1.2
ty0=1.5



Additional information:

Crack width control:

Lw O 1 46
" 2 z-bm ps,eff Es ) .
E
A I+—=
N, crack Cfam( EC ng
O-Sr = =
A A

S S

Table 15,111

Values for tom, @ and £ from eq. (15.15) for various conditions. The

values for o between brackets are the recalibrated values as applied in
the Eurocode by means of the coefficient ki (EN 1992-1-1 eq. (7.9))

crack formation stage

stabilized cracking stage

Short term
loading

long term or
dynamic loading

a =05 (0.6)
p =0

Tom — 2’0fc1111
a =0,5(0,6)
p =0

Tom — l,GfCIm

a —0.5(0.6)
p =0

Tom — 2a0fctm
a =0,304)
g =1

Tom — 2,0fctm

Punching shear; axial force and bending moment:

Approximated safe values for £ (load eccentricity factor) according to the Eurocode:




Question 1.1

Calculate the (design) load of the exterior column at ULS and SLS load combinations.

Hint: Consider the shaded part of the slab in Figure 1.1(b) as a simply supported one-way slab, which
implies that half of the distributed load on this slab strip is transferred to the exterior column.

Answer 1.1

self weight: hy,xy,=02x25 =50 kN/m?

floor finishing: =04 kN/m?

dead weight: der =54 kN/m?

variable load: dox =4.0 kN/m?

ULS: Qe =76 X Dox + 70 X Do =1.2x54+1.5x4.0 =12.48kN/m’
P.,=q.,xaxb =12.48%(6.0/2)x4.0 =149.76 kN

SLS: 4= T¥, X qp; =54+0.5x4.0 = 7.4 kN/m’
P=gxaxb =7.4x%(6.0/2)x4.0 =88.8kN

Question 1.2

The tensile reinforcement in the columns at the lowest floor level is 4 bars @12 mm. Check the
capacity of the column (ULS).

Answer 1.2

A, =4x%7r®2 :4><%7r><122 =452.39 mm’

o, =fr 1976 1660331 MPa < 435 MPa
A 45239

Result: ULS capacity is OK.

Question 1.3

Will the exterior columns crack JUST AFTER the installation of the slab?
Answer 1.3

Column tensile force from self-weight of the slab Po and column cracking force Per:
P, =5,4x4,0x(6,0/2)=64,8kN
P =f A+f, aA

ctm” ¢ ctm~"e” s

E, _ 200000 _

S

" E_ 31000
Cracking force (concrete and steel contributions):
P, =2.6x175 +2.6x6.45x45239=872kN, P, >P,— the column will not crack

10



Question 1.4

Will the exterior column crack after the building is in use (SLS)? If so, calculate the long term crack
width wmax and check whether the calculated crack width is smaller than 0.20 mm. If not, calculate
at which variable load gor the column cracks and calculate wmax at that load. (Assume that the full

column cross-section is effective).
Answer 1.4
SLS load; see Answer 1.1:

P =88.8kN > 87.2kN = P,, — the column will crack.

Calculate the steel stress directly after cracking s and the steel stress os in SLS:

_Ja
O-S)‘ - L_m(l + aep)
o,
A 452.39
where p=—-= —=1.48%
A 175
2.6
= (1+6.45%0.0148) = 192.8MPa
0.0148
P 88.8
o =E = x 1000 = 196.29 MPa
A 45239
1/, 01
— t
max 5 = _E(O-s _ao-sr + ﬂgsc Es)
Tbm p s
Table 15,111 Values for mpm, o and S from eq. (15.15) for various conditions. The
values for o between brackets are the recalibrated values as applied in
the Eurocode by means of the coefficient & (EN 1992-1-1 eq. (7.9))
crack formation stage stabilized cracking stage
Short term a =0,5(0,6) a =0,5(0,6)
loading g =0 £ =0
Tom — 230 fctm Tom — 2’0fctm
long term or a =0,5(0,6) a =0,3(0,4)
dynamic loading | S =0 L =1
Tom = 1,6 fcml Tom — 2,0fcml

a=0,3,assuming &, =0—

12 y 1
0.0148 200000

1 1
=—X—X
2 2

max

x(196.29-0.3x192.8) =0.14 mm < 0.2 mm; OK

11



Question 1.5

Is the calculated crack width related to the phase “fully developed crack pattern” or not?

Answer 1.5

The SLS load is greater than the cracking load and, therefore, the tensile member is in the “fully
developed crack pattern stage” (stabilized cracking); not in the “not fully developed crack pattern
stage” (crack formation stage).

Answer: Yes.

Question 1.6

Draw the control perimeter u1 of the edge column, and calculate its value.

:z,oll '
e

A

e

Answer 1.6.

£k
-5 OL

Calculate the length of the control perimeter u: of the edge column:
First calculate d, the effective slab height.

Assume that the slab is reinforced with rebars, mesh @ 12 mm, and has a concrete cover of 20 mm.

d =200-20-12/2=174 mm

1
d=—=(d +d, )=168
dy:200—20—12—12/2=162mm}_> 2< c+d,) i

R=2d =2x168 =336 mm

u, =2cl+cz+2-4d-7z-%:2-175+175+2-4-168-7r-%:1581mm

12



Question 1.7

At the column - slab connection, the slab is provided with a reinforcement mesh at the top; @12
spaced 200 mm in both x and y direction. Check the punching shear capacity of the edge column.
Assume that f=1,4.

Answer 1.7

The design value of the punching shear stress of the edge column can be calculated as (use the load
transferred to the edge column, Pkd, from Answer 1.1):

149.76-10°
v Ed—, 2 =0,79 MPa
rd ﬁud ﬂud 1581-168

The punching shear resistance stress of the edge column is:

=0,12k(1 OO,ofk)3 +k,0,, with a minimum of

Rd c
v =0,035k"% f, +ko
min > ck 1~ ¢cp
where o, is the concrete stress in the cross-section from an axial load and/or prestressing. In

this case o, =0.

A reinforcement mesh ¥12-200 is applied:
d’z 1000 12°7z 1000

a,=a, = . = . = 565,49 mm’/m
Y4 s 4 200
- a, __ 56549 _ 0.32%
: 174-1000 0349,
_>10= pxloy =Y Y
bl 56549 oo
: 162-1000

k=1+‘/@ﬁ2,0
d

k:1+‘/200 >2—>k=2,0
168

C25/30 > f, =25MPa

1
Vrge = 0,12-2-(100-0,0034 - 25)* = 0,49 MPa
v =0,035-2%4/25 = 0,49 MPa

The punching shear capacity of the slab is too small.

5 Vige = MAX Ve, Vo L = 0,49 MPa < v, (= 0,79 MPa)

Structural measures should be taken. These measures can consist of the application of punching shear
reinforcement (hooks, stirrups or dowels) or a drop panel (the local increase of slab thickness). Take
into account that the upper limit for punishing shear resistance is

K pax X Vyge =1.6x0,49 MPa = 0.78MPa < v, (= 0,79 MPa) and therefore, in this case, strictly speaking,

max

only application of punching shear reinforcement is not enough.

13



Question 1.8

When the punching shear capacity is too small, a drop panel can be added to increase the thickness
of the slab locally. Calculate the thickness of the drop panel to avoid the use of punching shear

reinforcement.

Answer 1.8

The thickness of the slab should be such that the design punching shear stress is smaller than the

punching shear resistance stress:

4 B _ 4. 149.76-10°

v = BB _ -1, <0,49 MPa
=/ u,d g ud (3c+2dr)d
where ¢=175mm — 6,28d* +525d — 427886 >0
d =223 mm

h>2234+20+12 =255mm

Make the drop panel such, that the local height of the slab is 2 >270 mm.

14



Example 2 — Slab

A concrete slab floor is supported by beams and columns. The floor plan is given in Figure 2.1. The
beams can be modelled as rigid line supports. Rotation is allowed on the beams.

56m

- ]
—— W || ||
E
s tm,
s
TN || ||

L column

t— column

rigid supporting beam

H‘—\

Figure 2.1 Floor plan of a two-way slab

Parameters:

Total slab thickness
Concrete cover
Design load

Concrete strength class

Reinforcement class B5S00B

Additional information:

Concrete slabs

Shear force calculation:

—
@

viy)
' 1
vix)
2 bearwn@®

gl
ra

bearn (@

: 250 mm

: 20 mm

: 15 kN/m?
: C25/30

: fya = 435 N/mm?

|

o
(=]
]

&

L3
(X))
L

ALAAE LA 1A

Y

' < '
45
) é/qux
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Question 2.1

Determine the maximum design sagging moment m, in the middle of the slab and the hogging
moment m; at the intermediate beam position using the strip method. For the positions of mx and

my, see Figure. 2.1,

Hint: Transfer the load in two directions using the table presented below (Figure 2.2).

YA ”
A 7
! ol
y »
h 4
7 o %
-
4 4 4 4 4 4
ke = ty 5ty 5ty Ly 28y ty
Xx= 4 4 4 4 4 4 4 4
£ +e 28 + 50 £ +5¢ B +8 £ +2¢ £ +2
y y y y y Y
ky = 1 = kx
Figure 2.2 Strip method load transfer results (uniformly distributed load)
Bending moment table of beams with different boundary conditions:
| } 77 - 1
1 4 . .2
I — ’—?—z’—"h gl LI
2 32 El
[“! | El ;) o_g :T_lz s | ( ) 4 El
| i ) T E Y] - \" 1 ar
i | s B -~ M= T, W I
| 20, E 2 ’
— - S -
. ' £ § 5, F 1 H 7 Fit
\r l 2 3 s 5 ul 2B M Tes BT
| 1 2 Ft Ft > 3 1 k] 2
| 2y Oy=—— wy=— E < [ (®) (
| w 2E1 3E1 O e n 5
J S R i | MR R R
{ -.‘J_BZ =) g 1 2
{ i 5\3
! F q9 j‘: M O—9q v 1 q{] 1 gt
| = ) ) = D owyE
| of of* 2| ( LI “wc 192 £t
o f i 3 ~ by S 3
W ) 5 1\ o, f . M, = gqlz; V= gql; V,==qt
i -‘_Jﬂz = 4 vy 8
[ A F (Wils
| "“%’_+_§[_+r 3 T 3 % " E
i 3 2) g AT ATt 1 Te 5(:0)( -
d '"TeEl P 3ET 16 EI T M=M= Ft v oy oLF
| : : &M b, | rmrmars vene
3 )
: &
q
: 0§ 2 | e 3;41;7
1 Fé 1 Fe T o lan )
ER T AT S B M€ Lot !
8 K
£ 3 M, 1 Te
£ 2 RN BT e
o -g Lol 54t ¥ og|® (P""ﬁ%-——’-i )
VT M e E 5 3 ‘ o MoaM.=lp pop 3T
s 7 g bo| TR gy
b
‘ = Some formulae for prismatic beams with bending stiffness £/,
1 E T, F and g represent the load by a couple, force and uniformly distributed
| g b T 1T 1Tt load respectively.
I 2 0, =8 = LI .
| (3 1 z }m VT E T 12E th M, and ¥, represent the bending moment and shear force on the end i of the
| 1 [ beam, due to the support reactions.
| | S— - R
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Answer 2.1
Uniformly distributed load: 15 kN/m?.

The load transfer results from figure 2.2 are based on having the same deflection for x and y
direction strips.

According to Figure 2.2, the second slab type from the left hand side:

—> [, =56m [ =4.0m

51° 4
k= = 54X4'0 _=0.394
2174517 2x5.6"+5x4.0

k,=1-0.394 =0.606

Result:
39,4% of the uniformly distributed load is transferred in x-direction; 60,6% in y-direction.

y-direction (model: 1 span; simply supported at both supports):

m :%qukyxly2 :é><15><0.606><4.02 =18.2 kNm/m

y

x-direction (model: 2 spans; simply supported at both end supports; uniform load over both spans):
Bending moment at the intermediate support:

m, = (—%)quk}c x1’ :_?l><15><0.394><5.62 =-23.2 kNm/m

Additional information

x-direction:
Bending moment at midspan position:
11 1 -1

m,=—| —— |qk1*+—qkl?=">-15-0.394.5.6" = +11.6 KNm/m
20 8 8 16

Note that the maximum positive bending moment in x-direction is not
at midspan position, but at 3/s/ from an end support, see figure below
(Mspan,max at the position where the shear force V= 0).

PRTLIC R I L)

CaE M mE
(9)

| 5 3
M ==gf*, Fi==gl; V,==
1 E'i' 1 Rﬂ' H s?"

Result:

3 3 1 3 9
=Zglx=1——qg(=1)* =——ql’
o =g %3 2q/(g) g

17



Question 2.2

Determine the maximum design sagging moment m, in the middle of the slab and the hogging
moment mx at the intermediate beam position with the theory of elasticity. For the position of mx

and my, see Figure. 2.1,

Hint: Use the table presented in Figure 2.3 (NEN6720 table 18)

Lty 10 {12 |14 16 182025730
!)’

-4 dto3 my = 0001 pyiy? 41 | 54 | 67 | 79 | 87 | 97 | 110 | 17

Tl Gl JHA M myy = 0001 pgly? 41 [ 35 | 31 | 28 |26 | 25 | 24 | 23
‘ H
1m,,

s my = 0,001 pgli? 18 | 26 | 32 | 36 | 39 | 41 42 | 43

e TR myy = 0,001 pal 18 [ 16 12 {10 1w /|[1w0]10]10

I me Mo = 0001 pald 51 [ 63 | 72 [ 78 | 81 | 82 | 83 | 83

mgy  =— 0,001 paly 51 | 54 | 55 | 54 | 54 | 53 | 51 | 49

ES aglly - 0,18 {019 {019 (0,19 | 0,19 | 0,19 | 0,19 | 0,19

aylly - 018 | 016 | 015 [ 013 {011 | 010 | 007 | 0.06

my = 0,001 pgh? 25 | 36 | 45 | 53 | 58 | 62 | 67 | 69

myy = 0,001 pal? 25 | 23 | 20 19 18 17 17 17

me  =- 0001 pal® 68 | 84 | 97 [106 | 113 [ 117 | 122 | 124

msy  =— 0,001 pgh? 68 (74 |77 |7 |77 |18 3| M

ax/ly = 020 {022 (022 022|023 {023 |0724 | 024

aylly = 021 [ 019 [017 {016 | 0.13 | 0,12 | 0.09 | 0,09

my = 0001 pgly? 16 | 28 [ 42 | 56 | 69 | 80 | 100 | 112

myy = 0,001 pgl? 29 | 32 | 32 |30 |27 )24 | 20| 18

mgy == 0,001 pgh? 69 | 85 [ 97 [105 [ 110 | 112 | 112 | 12

ay/ly - 019 (0,19 | 0,17 } 0,17 | 0,16 [ 0,15 | 0,02 | 0,11

myx = 0,001 pgly? 29 | 34 | 38 |40 | 42 | 42 | 42 | 42

myy = 0,001 pgh? 16 | 14 | 13 13|13 ]13 |13 ]13

mg  =- 0,001 pgly? 69 [ 76 | 80 | 82 | 83 | 83 | 83 | 83

ax/ly - 0,19 (020 | 020 [ 021 [021 [021 |021 |021

myy = 0,001 pgly? 27 | 41 | 54 | 67 | 78 | 89 | 105 | 115

myy = 0,001 pgh? 38 | 37 | 34 | 30 |27 |25 | 24| 23

mgy =- 0,001 pgh? 91 102 | 108 | 111 | 113 | 114 | 114 | 114

aylly - 021 | 021 {020 ]|018 | 017 [015 |03 | 0,10

my = 0,001 pgl,2 38 | 44 | 52 | 58 | 62 |65 | 68 | 70

myy = 0,001 pal? 27 | 21 19 {18 |17 |17 |17 | 17

mg  =- 0,001 pgly? 91 | 98 | 107 | 113 | 118 | 120 | 124 | 124

ax/lx = 021 021 | 022|023 |024 [024 | 024|025

my = 0,001 pgiy2 18 129 | 39 | 47 | 54 | 59 | 66 | 69

my = 0001 pgh? 23 123 {20 [ 17 [ 15 | 14 |13 | 13

mg  =— 0,001 paly? 54 | 72 | 88 [ 100 | 108 | 114 | 121 | 124

mey == 0,001 pah? 60 | 69 |74 |76 |76 |16 | 13| N

ax/lx - 0.19 (021 023 [ 023 023 | 024 | 0,24 | 024

aylly - 019 | 018 | 0.17 | 0,15 | 0,14 | 0,4 | 0,10 | 0,08

my, = 0,001 pgli® 23 | 30 | 35 | 38 | 40 | 41 | 42 | 43

— - My = o.mlpdzé 18 |15 |14 |13 1313|1313

Y omsx =- 0,001 paly 60 [ 70 | 76 | 80 | 82 [ 83 | 83 | 83

mgy == 0,001 pal? 54 | 55 [ 55 | 54 | 53 [ 53 | 5t | 49

e ax /b - 0,18 10,19 0,19 (0,19 {020 | 021 | 0,21 | 021

’ aylly = 0,19 | 0,18 014 013 | 013 | 0,10 [ 0,08 | 0,07

plate support conditions:

- solid line = line support, no
rotational fixity

- two solid lines = line support
and fully fixed (no rotation)

my is the positive moment
per unit length in a cross-
section along the longer
edge (1y)

myy 1is the positive moment
per unit length in a cross-
section along the shorter
edge (k)

ms  is the negative moment
per unit length in a cross-
section along the longer
edge (y)

msy is the negative moment
per unit length in a cross-
section along the shorter

edge (k)

Pd is the design value of the
uniformly  distributed
load

Figure 2.3: Bending moments in a slab (uniformly distributed load) according to the theory of

elasticity
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Answer 2.2

Use the following part of Figure 2.3 (slab type VA; line supports; 3 sides vertically supported only;
1 side completely fixed):

: L myy = 0,001 pgli? 27 | 41 | 54
J_j“ 0.3(, myy = 0,001 pghy? 38 37 34
A il i ”’" msy == 0,001 pah® o1 | 102 | 108
: aylly - 0.21 | 0,21 | 0,20
mgy
A2 Myy

/
According to NEN 6720 table 18 > / =4.0m [ =5.6m li =1.4. — Use the coefficients from the

X

last column.

=m, =0.001x p, x]*x54=0.054x15x4.0° =12.96 kNm/m
m,, =—0.001x p, x1>x108 =—0.108 x15x4.0> = -25.92 kNm/m

my
mx
Question 2.3

An engineer decides to apply a rebar mesh of @8 — 200 mm in both directions in the slab as both
bottom and top reinforcement. Is this amount of reinforcement applied sufficient to resist the design
bending moments? If not, give your own design. (Use the moment calculated in Question 2.2; z can
be approximated by 0.9d).

Answer 2.3

Calculate the amount of reinforcement, the effective height of the cross-section and the bending
moment resistance of the cross-section (assume that the reinforcement in x-direction is in the first
layer from top and bottom):

2
a, :mg—ﬂ:5-50.2:251mm2/m
200 4

My =A% f,xz=Axf,x0.9d
d:250—20—§:226mm
_ 251x435%x0.9x226

My =22 kNm/m
1000000

The maximum bending moment is at the intermediate support position.
Absolute value: 25,92 kNm/m: m,, <m,, — not OK

Additional information:

Apply a mesh @8-150mm (PS 335, A = 335 mm?/m)
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50.2xmx435x0.9>< 226

My, = 150 =29.33 kNm/m > my, ; OK
1000000 ’

Question 2.4
Indicate with a drawing the part(s) of the slab where torsional reinforcement is needed.

Answer 2.4

Use the following part of Figure 2.3: Slab type VA; line supports; 3 sides vertically supported only;
1 side completely fixed):

; L My = g%: pdixf 27 | 41 54
3 - Uj '!" m‘i}' = X pd X 38 37 34
T A ‘ at F{—- mw mgy =— 0,001 pgli* 91 | 102 | 108
! Qy / fy = 0.21 1021 | 020
Mgy
3y Myy

| 56m |

A
03/ =03x4.0=12m

y

t_, column

Question 2.5

Indicate with a sketch at which position the maximum shear stress occurs, and determine the design
value of the shear stress.

Concrete slabs
Shear force calculation:
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. : 5 '
45° [ 4 45
“TEne o
2) q 6o G |_qa,
K -~
. —=7 g @) bearn@®
R .
-— — -
o’ L5¢ 0,
viyl bear (&) A {st—~ 60 ‘
1 5 1 ]
' H:I vtxl! d o [
L‘
. ~ - qa i
: 2 Lm Y . Ve (D)

Answer 2.5

The load transfer is modelled using envelopes. The 90° corner angles are split:
e 2 times 45° for a corner where two identical types of supports meet (vertical, rigid line
support; no rotational fixity)
e 30°+ 60° where a vertical, rigid line support (no rotational fixity) and a completely fixed
line support meet.

56m
o n
£
=
=t
= n

t_— column

The maximum shear force per unit length occurs at the intermediate support (load transfer in x-
direction).
/
L (g}an60°-qd (40200)\6-15-103
VEdmax = — = = = O, 23 MPa
’ d d 226

Additional information:

The total load transferred to the line support can be assumed to be uniformly
distributed over the length of the support (/y), and then the average value of the shear
stress in the slab is:

! 1 4000 1
-~ ltan60°-[ - —- bt IBVET .~.15-107
y (J vy 4 (2)6400021510

Vg = o= = ~0,115MPa
1d ld 4000-226

y
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Question 2.6

Check the shear capacity of the slab.
Answer 2.6

The design value of the shear resistance of a concrete structure without shear reinforcement has a
minimum value that can be always applied (EN 1992-1-1, eq. (6.3N)):

v, =0,035k"2/f,

k=1+,—<2,0

k=1+]2% _ 104
226

C25/30 - f, =25MPa

v =0,035- 1,94 225 = 0,47 MPa > v, = The shear capacity of the slab is greater than the

design value of the shear stress; OK.
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Example 3 — Slab and crack width

A reinforced concrete balcony slab is supported at two sides by beams, see fig. 3.1. It is not connected
to the main building at the longer edge. The clear spacing between the two supporting beams is 3,35
m. The slab is subjected to its self-weight, a permanent load and a live load. The reinforcement in
the length direction (x direction) is @10 mm — 200 mm (5 bars per meter). The concrete cover is
15 mm. The slab thickness is 150 mm. The width of the beams is 300 mm.

335m

i

w gl

Figure 3.1 Balcony slab.

Parameters:

Concrete strength class
weight density concrete
mean concrete tensile strength
modulus of elasticity
Poison’s ratio

Reinforcement class BS00B
modulus of elasticity

Concrete slab thickness
floor finishing
Variable load

Additional information:

Crack width control:

H 300mm

: C20/25

:y =25 kN/m’

Iﬁtm = 2,2 N/mm2

: Ecm = 30000 N/mm?
v=0,2

: fya = 435 N/mm?
s =200000 N/mm?

: 150 mm
: gs = 0,4 kKN/m?
: gok = 4,0 kN/m?

Lm0 L(a —ao,)
- 2 z-bm ps,eff Es ’ B
M
Gsr — crack
A,

Member loaded in bending:
o, follows from the cracking

bending moment

Table 15,111

Values for tom, @ and £ from eq. (15.15) for various conditions. The
values for o between brackets are the recalibrated values as applied in
the Eurocode by means of the coefficient ki (EN 1992-1-1 eq. (7.9))

crack formation stage stabilized cracking stage
Short term a =0,5(0,6) a =0,50,6)
loading g =0 g =0
Tom — 2’0fc1111 Tom — 2a0fctm
long term or a =0,5(0,6) a =0304)
dynamic loading | f =0 g =1
Tom — l,GfCIm Tbm — 2,0fctm
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Question 3.1

Determine the effective span of the balcony slab. Use the figure below (EN 1992-1-1 fig. 5.4).

$ h it : L h
I 1

| - .
&= min {1/2h; 1/2t} a;= min {1/2h; 112t}

Jn -———

7 LT,

ot t

(a) Non-continuous members (b) Continuous members

— A

- centreline

a;=min{1/2h; 112t}

(c) Supports considered fully restrained (d) Bearing provided
' T
]L_ h
'
a,= min{1/2h; 1/2t}

I

Ireﬂ

¢

(e) Cantilever

Figure 5.4: Effective span ([ ) for different support conditions

Answer 3.1

The effective span, e, of a member can be calculated as follows:
ly=1,+a+a,

where /» is the clear distance between the faces of the supports and a; and a2 corresponds to case (a)
non-continuous members from EN 1992-1-1, fig 5.4:

h=150mm$ h
I .
= min {1/2h; 1/2¢ 11 R 1
a=min{ } I, alzaz=m1n{5h;5t}=m1n{5-0,15;5-0,3}=0,075m
: st ly=3,35+2-0,075=3,5m
't
t=300mm

(a) Non-continuous members
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Question 3.2

Determine the bending moment Mg x at SLS (assuming that all load factors are 1,0).

Answer 3.2

self weight: hy,xy,=015x25 =3.75 kN/m?

floor finishing: =0.4 kN/m?

dead weight: Gon =4.15 kN/m?

variable load: dor =4.0 kN/m?

SLS: q=dg V240 =4,15+1,0x4,0 =8,15 kN/m’

Ly’ 8,15-3,5’
M, =q;ﬁ == =12,48 kNm/m

Question 3.3

Verify whether or not the slab cracks when subjected to the bending moment Mg x. Use the flexural
tensile strength of concrete.
(Note: the flexural tensile strength is fetm.n = (1,6 — 4/1000)fctm according to the Eurocode).

Answer 3.3

The flexural tensile strength is:
Sema =1,6=1/1000) £ =(1,6-150/1000)-2,2 = 3,19 MPa

The cracking bending moment of the slab is:

2 2
M, = %fcmﬂ = MG,D =11,96-10° Nmm/m =11,96 kNm/m < M, =12,48 kNm/m
At the SLS bending moment Mex the slab will crack.

Question 3.4

When the slab cracks, determine the height of the compressive zone x and calculate the steel stress
owr directly after cracking, which is at the cracking bending moment Mer.

Answer 3.4

The height of the compression zone can be calculated as follows:

gz —a,p++(a,p) +2a,p where a, = E, 200000 _ 6

E, 30000

i@zﬂ-IOOO/s

p=—"= , d=150-15-10/2=130 mm
bd bd
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1102 21000/ 200
p=2 =0,3%
1000-130

§:—6,67-0,003+\/(6,67-0,003)2+2-6,67-0,OO3 =0,182

The height of the compression zone is:
x=0,182-130=23,6 mm

The stress in the steel can be calculated as:

o =Ma g X300
Az 3
11,96-10°

o, =—————=249MPa
T 392,7-122,1

=122,1 mm

Question 3.5

Indicate the height of the effective tensile area around the tensile reinforcement of the slab /c.efr.

Based on that, calculate the effective reinforcement ratio ps.efr.
Hint: Use the figure below: Effective concrete area [15.4] (EN 1992-1-1 fig. 7.1).

- level of steel centroid

- effective tension area, Ag e

h|@ T o
_/177‘/7‘/‘/_/‘/‘/_/'/'/"1’/'7777 :
- . - . t. - N
- B]
- effective tension area, Ag e
b) Slab

| ‘ hee - - effective tension area for upper
2

surface, Acteff

L] - - - I
ol i e e Bl ek e s Ao et i s o Vo ek
d . . .
i”n?”ﬂwn_ﬂ?”% ‘ effective tension area for lower
I i VI P surface, Acp.eff

heet ! ! #
C .

c¢) Member in tension

Answer 3.5

The depth of effective tensile area around the tensile reinforcement /¢ ff can be calculated as follows
(EN 1992-1-1, Section 7.3.2):
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L)

L |
pfr e 1
el 5 < :
_I%777 7_/_/_/_/—/_/'/‘/‘/'7'777i
. . . . N
I |

5,.
he.et !
- effective tension area, Acerr
b) Slab
C(2,5(h-d) - (2,5-(150-130) - (50
h, & =min =min =min =42,13 mm
: (h-x)/3 (150-23,6)/3 42,13
392,7
ps.eff = AS = ’ = O’ 93%

bh, 1000-42,13

Question 3.6

Calculate the maximum crack width wmax at a SLS bending moment of 12,48 kNm/m (long term
loading). Use the tensile member model.

Maximum crack width is calculated as follows (tensile member model):

_ l&ﬁi(q -ao,)

2 2-bm ps,eff Es

max

where o5 is the steel stress directly after cracking and os is the steel stress at SLS.

Table 15,111 Values for my,, @ and f from eq. (15.15) for various conditions. The
values for o between brackets are the recalibrated values as applied in
the Eurocode by means of the coefficient &t (EN 1992-1-1 eq. (7.9))

crack formation stage stabilized cracking stage
Short term a =0,5(0,6) a =0,5(0,6)
loading L =0 g =0
Tom — Zaofclm Tpm = 2,0 ﬁ11}1
long term or a =0,5(0,6) a =0,3(0,4)
dynamic loading | S =0 p =1
Tom — l,6fclm Tom = 2,0 ﬁil}l

Answer 3.6
Maximum crack width:

1 g 1 : . .
= —&——(O'S —ao, ) where oy is the steel stress directly after cracking.

2 Tbm ps,eff Es

max

Steel stress in a crack at SLS (cracked cross-section loaded in pure bending):
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6
o =210 60 3MPa
392,7-122,1
a=03 10 1

o =L L .
=2 . ™72 20,0093 200000

-(260,3-0,3-249) = 0,25 mm

Additional information

Note that o is the steel stress directly after cracking, which is calculated from the
cracking bending moment and not from the tensile member model. Using bending
moment for the calculation of o results in more consistent results in case it is a
prestressed element.

Question 3.7

Based on the reinforcement configuration in x direction, determine the minimum reinforcement area
in y direction.

Answer 3.7

Based on the design bending moment in x direction and Poisson’s ratio, the bending moment in y
direction is My, =vMy, ~0,2My, .
Amount of secondary transverse reinforcement required to resist this bending moment:

0,2M,,

S
Y V4

yJ yd

Additional information:

In this example, the reinforcement in the y direction has not to fulfil
the requirement of minimum reinforcement according to the design
code (i.e. after concrete cracking, the steel can resist the full tensile
force, so that after cracking, the slab/beam does not directly fail).
This requirement makes that brittle failure does not occur. For pure
bending, the result would be:

2
bh f
tm, {1
_ M, 6 T
sy
Zy vk Zy vk

(Note that EN 1992-1-1 uses the axial concrete tensile strength feim,
whereas other codes might use the flexural tensile strength).

In this example, however, it is a one way slab. In that case, the
secondary transverse reinforcement should not be less than 20% of
the principal reinforcement.
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Example 4 — Slab and punching shear resistance

A building uses the outrigger system. The structural system is illustrated in Figure 4.1. The thickness
of the concrete floor is 200 mm. The reinforcement mesh in the slab is @8 mm — 200 mm in both
directions. The concrete cover is 15 mm. The cross-sections of the square columns are 175 mm x
175 mm.

a) b)

5] =

Podiidld iyl
5] 5

yulbbyldy bidde
5] 5

bl Wil
5] =

2122212 b
exterior columns o

Figure 4.1 Design of a building. (a) side view, (b) plan view.

Parameters:
Concrete strength class : C25/30
Material factor cye=15
Concrete Column 175 mm x 175 mm
Concrete slab
thickness : 200 mm
concrete cover 115 mm

Additional information

Approximated safe values for S according to the Eurocode:

‘
R R TR
- B=15
| 5
. ,,,,,,,,,,,,,,,,,,,,,,,,,, | PR
- p=14 - =115
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Question 4.1

The punching capacity of the concrete floor close to the exterior column is verified (see fig 4.1 for

the position of the exterior column). Draw and calculate the control perimeter of the side column.

Answer 4.1

u, is the basic control perimeter and d is the effective slab depth.

d.=200-15-3 = 181mm |
2 >d==(d, +d,)=17Tmm
A

d, =200—15—8—§=173mm
2

2d =2x177 =254 mm
¢ =c,=175mm

u, :201+02+%:3c+2dx7z:3><175+2><177><7z:1637mm

Question 4.2

The design load of the column is 150 kN under ULS. Calculate the value of ved.

Answer 4.2
3
Vi = ﬂ@ = 1.4><M =0.72 MPa
ud 1637x177
Question 4.3

Calculate vra,c, (take vmin into account). Does the exterior column punch through the slab?

Answer 4.3

The punching shear resistance stress of the edge column is:
1
Vg =0.12xkx(100pf,,)* + ko, with a minimum of vy, =, =0.035x K f + ko,

where o, is the concrete compressive stress in cross section due to axial loading and/or

prestressing. In this case o =0.
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Reinforcement mesh @8 mm — 200 mm is applied:

d’z 1000 8z 1000
X = X

A =4 = =251.33mm* / m
: Y 4 S 4 200
Px= il;x - 182151i3()2()0 =0-14%
X
4 55132 —>p=p.xp, =0.14%
p, = Y - T =0.15%

d, 173x1000

k:1+‘/—200 <2,0
d
k:1+‘/@>2,0—>k:2,0
177

C25/30 > f, =25MPa

VRd,c = 0

Vi = 0.

1
12x2,0%(100x0.14/100x 25)? = 0.37MPa
035%x2%225 = 0.49MPa

Vg = Max {vR d,c,me} =0.49MPa <v,, =0.72MPa — The exterior column punches through the

Questio

slab.

n 4.4

Assumed that the punching shear capacity of the slab is not sufficient, describe the options to increase
the punching shear capacity. Check whether all the proposed strengthening methods can be applied
in this building.

Answer

4.4

In case structural measures should be taken, these can consist of the:

application of punching shear reinforcement (hooks, stirrups or dowels). This can be done

even after the structure is constructed. However, one should check v . Only when v,

Rd,max

is smaller than vy, . it is possible.

increase the thickness of the slab locally by a drop panel or column head. This has to be
done at the bottom of the slab since the compression zone is at the bottom. u1 (which is a
function of, amongst other, dr) has to be calculated to determine the size of the head/panel,
from which the additional height of the panel can be calculated (4 = du - defr):

v
_ Ed

Veg = B < Veye
uldH

other approaches such as an increase of the compressive strength, increase of the
reinforcement ratio, increase of the column size can only be done before the building is
constructed.
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Example 5 — Slab and crack width

A continuous one-way spanning slab is considered. The floor is intended to be an office area. The

slab is supported on 200 mm wide load-bearing block walls at 6000 mm centres, see fig. 5.1.

g, =4 kN/m*
g, = 0.4 kN/m’

bbb

200 mm 5800 mm 200 mm 5800 mm 200 mm
Figure 5.1 Side view of a concrete floor.
Parameters.:
Concrete strength class : C20/25
weight density concrete :y =25 kN/m’
mean concrete tensile strength  form = 2.2 N/mm?
modulus of elasticity : Ecm = 30000 N/mm?
Poison’s ratio :v=0.2
Reinforcement class BSOOB : fya =435 N/mm? fy = 500 N/mm?
modulus of elasticity : Es =200000 N/mm?
Design moment of the critical : MEd = 42 kNm/m (ULS)
section in the primary load transfer =~ ME freq = 25 kKNm/m (SLS)
direction

Additional information:

Concrete Cover:

Table 4.4N: Values of minimum cover, Cpindur. requirements with regard to durability for
reinforcement steel in accordance with EN 10080.

Environmental Requirement for cyin.qu (Mmm)
Structural Exposure Class according to Table 4.1
Class X0 XC1 | XC2/XC3 XC4 XD1/XS1 [ XD2/ X582 | XD3/XS3
S1 10 10 10 15 20 25 30
52 10 10 15 20 25 30 35
53 10 10 20 25 30 35 40
54 10 15 25 30 35 40 45
S5 15 20 30 35 40 45 50
S6 20 25 35 40 45 50 55
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Slab thickness estimation:

Scheme 1/d(<7,0m) 1/d({=>7,0m)
A A
la »l
~ 1
slabs simply supported at both sides
(pinned supports). 25 175171
K 1
la »l
€ !
slabs simply supported at one side and
fixed or continuous at the other side 32 22571
i 1
le »|
< q!
slabs fixed or continuous at both sides 35 245/1

[ .
a;= min {1/2h; 112t}

i

(a) Non-continuous members

g

a=min{1:2h; 12t} '
B ]

a;= min {1/2h; 112t}

(b) Continuous members

G

les

-

(c) Supports considered fully restrained

|

| -

)

h
1

[

a,= min {1/2h: 1/2t}

Feﬂ

Lt

(e) Cantilever

Figure 5.4: Effective span (I ) for different support conditions

I’eﬁ

(d) Bearing provided

centreline
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Bending moment table of beams with different boundary conditions:

T

’ | El z) o TC T8

W PTE T am
| e N
| %,

i F

1 ) zl o FC . _FC

| ) *T o M T 3gr
! S

e 2t

*TeE " RE

l .
[ 3 17t | T¢ 176
4) | === Oy=c—, wy=——
P W) 6 El 3EI 16 EI
i | 8, 4,
l'
|
I I
| FE | FO
1 3 2 _ _are LI i
@ W R T R T
{ 4, D,
9
1 gt 5 gt
@) % OO e ™ S B
| g, [}
i
.
e 6T
P i | geg LT gl LT
@ =7, T 12 E

Sforget-me-nots

simply supported beam (statically determinate)

statically indeterminate beam (one fixed end)

statically indeterminate beam (rwo fixed ends)

1 rét

M,F%!—{_%E_%T 3 E

3 2
(<=

1 L 3T

6,* M= T Ki=hh= o

Oy = ——, Wy

v, E
s N
TR M e EE
®8)
3 1 5
== V,=—F, Vy==—F
M m“‘ T T
LIC [ I
G e M E
@ 1 5 3
M=gath R=gqt Vr=qqt
. Lre
TN,
1o

M,:M,:%Fl; l’,=l’,=%F

an (

(®) (T—%..—_;—H

1 3T
My =My =T, h=h=sy

Some formulae for prismatic beams with bending stiffness £/,

T, F and q represent the load by a couple, force and uniformly distributed
load respectively.

M, and ¥, represent the bending moment and shear force on the end 1 of the
beam, due to the support reactions.
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Question 5.1

Determine the concrete cover of the floor slab. Assume that Acdev = 10 mm. The structural class is
S1. Also estimate the thickness of the floor.

Answer 5.1

The floor is intended to be the office area (indoor). According to EN 1992-1-1 Table 4.1, the
corresponding exposure class is XCI.

The structural class is S1.

The nominal cover can be determined using the following equation:

cnom = cmin + Acdev
Crin,b

Cpp =N C g + ACyy, =D 4 = AC4y aaa
10 mm

where:

® C.i, 1S the minimum cover requirement with regard to bond and should be > @ (bar diameter,

or in case of bundled reinforcement, the equivalent diameter)

Coin o takes into account the exposure classes and the structural classes, and can be determined

from EN 1992-1-1, Table 4.4N. For exposure class X1 and structural class S1 Cmina = 10 mm
e Ac,, is the additive safety element (the recommended value is 0)

e Ac,, .1s reduction of minimum cover for use of stainless steel (the recommended value is 0)

® Ac,, .18 reduction of minimum cover for use of additional protection (the recommended

value is 0)

Therefore, c,,, = 10 mm, and for the recommended value of Ac,, = 10 mm:

Coom =Cpin T+ AC,,, =10+10 =20 mm

nom

Slab thickness can be estimated from the following table:
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Scheme 1/d(I<7,0 m) 1/d(>7,0 m)

a

[P »|
< )

slabs simply supported at both sides

(pinned supports). 25 17571
1
[P »l
[€ !
Islabs simply supported at one side and :
= fixed or continuous at the other side 32 . 22571
I 1
la »l
< !
slabs fixed or continuous at both sides 35 245/1
l/d=32

The effective span, leg, of a member can be calculated as follows:

ly=1,+a+a,

where /» s the clear distance between the faces of the supports and a; and a2 correspond to case
“(a) non-continuous members” from EN 1992-1-1 fig 5.4:

[ '
a;= min{1/2h; 172t}

7

W

't

(a) Non-continuous members

Assuming that £ >¢, h>200mm

L, =1, +2x= =5800+200 = 6000 mm
2

d=l/32=leﬁ/32=6000/32=187.5mm
h=d+c+0/2

Assuming that g =12 mm:

h=187.5+20+12/2=213.5~220 mm which is in accordance to the intial assumption
h >200mm
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Question 5.2

Assume that the thickness of the floor is 220 mm. Design the primary reinforcement and the
secondary reinforcement at the bottom of the floor. Check your design with the minimum
reinforcement ratio.

Reminder: Use the design moment given in the question properly. The minimum reinforcement
ratio can be estimated by pmin = 0,26fctm/fyk, With Smaxslab < 450 mm; you may assume that z = 0.9d.

Answer 5.2

With /4 =220mm and assuming that & =12mm —d =220-20-12/2=194mm
=z =09%xd_ =174.6mm

In this assignment, the design moment at the critical section in the primary load transfer direction is
given: Med =42 kNm/m (ULS) and ME freq = 25 kNm/m (SLS).

Additional information

If it was not given, it would have to be calculated in the following way:

self-weight: hy,xy,=022%x25 =55 kN/m?
floor finishing: =0.4 kN/m?
dead weight: 9ok =59 kN/m?
variable load: Do =4.0 kN/m?
ULS: Gea = V6 *bor 70 % dox =1.2x5.9+1.5x4.0 =13.08 kN/m’

This is one way span, which maximum moment can be calculated by using the strip method.
Note that the maximum positive bending moment is not at midspan position, but at */s/ from an end
support, see figure below (Mspanmax at the position where the shear force V' = 0).

1 gt* 1 gt
@ -1 =—d_
PCag g 92 A
%)

| 5 3
M,==gt*, V,==gl; V,==gt
1 B'i' ' R‘? s'?

Result:
3 3.1 3., 9
M, ==qlx=1—-—q(=])"=——ql
o =g 9PQ 2q(g) g
9gl ° 2
_ 9oy =9><13.08><6 33,1 KNm/m

B128 128
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The primary reinforcement can be determined as follows:
M
A =—1= 2 10° =553 mm®/m
Tz f,, 174.6x435

For one way slabs, the secondary transverse reinforcement can be determined from the bending
moment in transverse direction:

My, , =vMy, ,~0,2M,,  (Poisson’s ratio for uncracked concrete is about 0.2).
My, , ~0.2x42=8.4kNm/m

Assuming that @ =12mm , d,=194-12=182mm — z,=0.9xd , =163.8mm

A — MEd,_V — 8.4
- z,x 163.8x435

yd

10° =117.9mm* / m

For the primary reinforcement:

A > A — A =553 mm’/m

1000
STV

O’r

2
With g =12mm — s, < 1000 __ 204.5mm — 012 -200mm (A, = oz X 1000 =565.5mm> / m)
*7 4x%x553 s 4 K
12°7

For the secondary transverse reinforcement:
— 4, =118 mm’/m

: 1000
= < =
With g =12mm — s _< %113 960 mm
12°7
2
Since S,y < 450mm —> @12 — 450mm (4, = O 1000 551 mm?/m)
2
Or with @ =8mm — s, < 1000 =426 mm —> J8—-425mm (A4, = o ”XIOOO =118 mm*/m)

4%x118
87

Question 5.3

The crack width has to be evaluated at the bottom surface of the floor. Estimate the effective depth
of the equivalent tensile member. (Assuming a reinforcement design of @12 — 200 mm in the
primary direction).
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d T . £2=0
h E
‘17777777_/_/-/-/'/'/‘/‘/'77777 .

Ld L - . *f. L] L

| £
| 1
hc,ef

- effective tension area, Acefr

b) Slab

. |2,5(h—-4d)
h, & =min
’ (h—-x)/3

where x is the height of the concrete compression zone.

Answer 5.3

Calculate the concrete compression zone height in the cracked stage:

g =—a,p+(a,p) +2a,p

where
o = £ _200000
E. 30000
1 _, 1 )
y —@°7-1000/s —-127-72-1000/200

=0,29%
bd bd 1000-194

§= —6,67-0,003+\/(6,67-0,0029)2 +2-6,67-0,0029 =0,179

The height of the compression zone is:

x=0,179-194 = 34,7 mm
. 12,5(h—d) . 12,5-(220-194) . |65
h, & =min =min = min =61.8 mm
’ (h—x)/3 (220-34.7)/3 61.8

Question 5.4

Determine the maximum crack width of the floor (long term loading; do not take into account
shrinkage). Use the tensile member model.
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Crack width control:

1 fdm 0 1 Table 15,111 Values for tom, @ and £ from eq. (15.15) for various conditions. The
max E . p E(O-s —a Gsr) values for o between brackets are the recalibrated values as applied in
bm Pseff s the Eurocode by means of the coefficient ki (EN 1992-1-1 eq. (7.9))
o = Mcrack
’ Z crack formation stage stabilized cracking stage
Short term a =0,5(0,6) a =0,5(0,6)
loading p =0 p =0
Tom — 2’0fc1111 Tom — 2a0fctm
long term or a =0,5(0,6) a =0304)
dynamic loading | f =0 g =1
Tom — l,GfCIm Tbm — 2,0fctm
Answer 5.4

First, it is important to determine whether cracking occurs when the SLS load ME freq = 25 kKNm/m
is applied and, if so, what the cracking stage is (either crack formation stage or stabilized cracking
stage).

The cracking bending moment of the slab is (calculated based on the flexural tensile strength):
Mcr = W x ](ctm,ﬁ

where fems11s the flexural tensile strength:

famn = (1,6=1/1000) £, = (1,6 -220/1000)-2,2 = 3,04 MPa

bh* 1000-220°

Moy =W X fo == fama = —— 3,04 = 24,49 kKNm/m < M, = 25kNim / m

E,freq

Result:
The member cracks at SLS. Furthermore, when the SLS load is applied, the member is in the
stabilized cracking stage.

Maximum crack width is calculated as follows (tensile member model):

:lﬁgL(O-s _agsr +ﬂ8“ Ev)
2 Tom P Es ‘ ‘ | |

max

where o is the steel stress directly after cracking, os is the steel stress at SLS and o and 3 can be
determined using the following table:
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Table 15,111 Values for myy,, a and £ from eq. (15.15) for various conditions. The
values for o between brackets are the recalibrated values as applied in
the Eurocode by means of the coefficient & (EN 1992-1-1 eq. (7.9))

crack formation stage stabilized cracking stage
Short term a =0,5(0,6) a =0,5(0,6)
loading £ =0 p =0
Tom 2’0fclm Tom 230 ﬁil}l
long term or a =0,5(0,6) a =0,3(0,4)
dynamic loading | S =0 g =1
Tom — l,6fclm Tom = 2,0 ﬁtm

osr 1S the steel stress directly after cracking:

M

crack

st
Az

red =2 219237 180 amm
3 3
_24,49x10°

o, =—— " _—237MPa
565.5x182.4

Steel stress in a crack at SLS (cracked cross-section loaded in pure bending):

ME,freq
O'S =
A xz

Note that here, z is not the same as in Question 5.2 where the ULS was investigated and where it

was stated that it was allowed to assume that z = 0.9d . Now, the member is at the SLS. Therefore:

z:d—§:192—347'7=182.4mm

25%x10°

o =——  =242MPa
565.5x182.4

According to table 15,II - o =0.3 and asuming &, =0and 7,,, =21,

Finally, maximum crack width in the stabilized crack stage can be calculated as follows:

12 1
w =

LI . —.(242-0,3-237)= 0,28 mm
22 0,0091 200x10
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Example 6 — Slab and punching shear resistance

Consider the following two-way slab, simply supported at four edges as rigid line supports (no

rotational fixity) and a column in the centre.

line support

Figure 6.1 Top view of the slab
Parameters.:

Concrete strength class
Floor thickness
Column size

Concrete cover

Rebar configurations

8000
4000

| s
| | B
-§200 3
| . (I
! 200 !
- line support

: C30/35

:h =180 mm

: 200 x 200 mm?

¢ =20 mm

: pre = 0.26%, pr = 0.24%, with @12 rebars in
both directions

Design value of the punching shear

force

Additional information

VeEa= 150 kN

Approximated safe values for faccording to the Eurocode:

‘
. ,,,,,,,,,,,,,,,,,,,,,,,,,,,
- p=15
i |
. __________________________ | T
- p=14 . p=1,15
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Question 6.1

Estimate the force that is carried by the column with the strip method. There is a uniformly
distributed load g on the slab, thus the value of the force is in terms of g.

Hint: You may assume that the width of the column strip is '/4/, or simply choose a load carrying
mechanism which you think is appropriate. Figure 6.2 is only an addition to the following formulae

table.

Figure 2.2 A complimentary formula for a shear force calculation.

Bending moment and shear force table of beams with different boundary conditions:

T |
T [
[ 4 . . 2
B emm— 1e— l 174
[ 1 - T mb—de——te—, | g 1 o
L] ’f_ﬂ) o T _TE slm ( | 3 ;) TE 2 E
| == W= o— J» =
| El 2E! g
b e T = ! 0, VRS S
“Ja, ] W ' 2 !
. - s T
. ' £ § é F 1 Fe? 7 Fit
‘F i 2l Fe? Fe H 5 ;' | 3 REC e E
o T T Pose
| ! 261 3E1 T s 1" 5
{ w2 S 3 My==—Ft, Vi=—F;, ¥V=—
{ ST S £ 16 16 16
| L2 = E
i E B
| S
| ¢ 3 g1 ae 1 gt
{ = ? 8 EI 192 1
3 A = 3 El 192 E
| o= i me i s
| 1 6EI 8E/ 2 1 5
; A 5 Mimgeti heges eyt
| “Je, °
[ T 1 M, F M _ 1L Fe
| te—— e 3 ' R M E
| : Y | el g-lnt 110 £ [vof € -
‘ ‘ l‘ Ces ToEn en 3 f f My=M,=—Ft V,=V,=—F
1 1“? é Vi V!
g g
g ; q 1 qt*
| F 3 3 M, M, Wy = ——
| 3 2 N 384 EY
) =0y = ——; - = 2
£ = 16 EI 48 Ef 3 g M=l
L |
< ]
£ 3 M 17
o £ 2 T T BT A
'“-—r!r-r"v"'—r 1 ¢t 5 gt* 3 g|® (
P FESITHIITTRIYY PRPRLE LR X g 2 | 9"_"
AL T A 24 & 384 £ 5 3 ‘ T My=My=11 pap =31
| 4, @, & h h 2¢
| 3
— ~§ Some formulae for prismatic beams with bending stiffness £/,
1 ‘ 5 T, F and q represent the load by a couple, force and uniformly distrnbuted
4 4, T | Tt 1 Te load respectively.
| & 2 G =by=—=—; G=——; wy=0 v :
(a) j z =0 = E YT E M, and V] represent the bending moment and shear force on the end i of the
: 1 /] beam, due to the support reactions.
Ll -

Answer 6.1

Take a quarter of the slab. Sub-dividing this part of the slab into strips could result in the following
sketch:
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3/4 Co1/4

q/2

“Middle” strip

3/41

q/2!
—‘l(—> ! Half column strip
|

1/4] \l,q

The horizontal half column strip is now considered.

Boundary conditions:
At the left, there is a rigid line support without rotational fixity. The result is a vertical support
only.
At the right, symmetry makes that the column strip can’t rotate. Therefore, there’s a fixed end.

The column strip functions both as a part of the slab and as a beam (it carries part of the load from
the middle strip and it carries its own load part too).

In the left hand side part of the middle strip, 50% of the load is transferred in horizontal direction;
50% in vertical direction. The result is 4 times ¢/4 transferred. Two times ¢g/4 is transferred to the
line supports; two times g/4 is transferred to the two half column strips (¢/4 to the horizontal half
column strip; g/4 to the vertical half column strip;

First consider loads transferred in — direction. There is ¢/2 (—) at the right hand side, directly
loading the strip (over half column strip width):

1 1 1
lg-l=—gqgl
2q4 8(1T

= I

Now, loads transferred in | direction are considered. There is g/2 from the middle strip (width %/4).
Half of this load is being transferred to the edge rigid line support and half to the half column strip.
This load acts over a */4/ part (length) of the half column strip. Moreover, there is ¢ from the half
column strip itself (width !/4/). This load also acts over a /4l (length) part of the half column strip.
Finally, there’s g/2 from the half column strip itself (width /4/). This load acts over a !/4/ (length)
part of the half column strip. The result is:

lgd3 1 7 S031=57
|
|
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The total load on the half column strip is:

1 1
2-—ql=—ql
8 4

z |
s |

To be able to use this in the equation in figure 6.2, the load is presented as:

_1 _Ta—0 -3
Ql_4ql andQ2_16ql Ql_16ql

0, = qu
| 0, —%ql
2 |
Py T Vit Vs
a=1
Use the equation given in figure 6.2:
r-afis(s)
The support reaction at the column edge becomes:
For load O, = V, =Qll{%—%}:%ql§l =3i2q12 (a=1)
Forload 0, > :ng{g.g_g(gﬂz%ng%zo,@nqzz @2

The total force carried by the column is (/ =4 m) (8 half column strips; 4 in both horizontal and
vertical direction, see following figure):

V=8(Vl +V2):8-0.23-q12 =29.2¢ (I = 4m)
29.2¢q

( 64q

~ 0.46 — this is around 46% of the total vertical force carried by the structure)
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line support

Question 6.2

Assume that the design value of the total force transferred to the column (result from Question 6.1)
is Vea = 150 kN. Check the punching shear capacity of the floor around the column with the

provided information.
Answer 6.2

For a rectangular cross-section of a column the size of the basic control perimeter is:

u,=2(c,+c,)+2d-2rx

U

W} ]
1 i 3
S di 3
Cy +4d
St

where d is the effective slab depth.

d, =180-20 2 = 154mm 1
2 —>d:5(dx+dy):148mm

d,=154-12=142mm

The length of the basic control perimeter is:

U =4x200+4x148x 7 =2659.82mm

According to Eurocode, the load eccentricity factor for inner columns is g =1.15, so the design
shear stress is:
Via 150

Ve =B =1.15

=115x————"  x10°=0.44MPa
u, xd 2659.82x148
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The punching shear resistance stress of the slab is:
1

Veae = 0.12xk x(100p £,)* + ko, with a minimum of vy, =v,,, = 0.035xk>*/ f,, + ko,
where o, is the concrete compressive stress in cross section due to axial loading and/or

prestressing. In this case o, =0.

According to the provided information:
p, =0.26%

Sp=y —0.25%
py=o.24%} PENPLs '

k:1+\/7@£2,0

d

k:1+‘/@>2,0—>k:2,0
148

C30/35—> f, =30 MPa

1
Viae = 0.12x2x(100%0.25/100x30)* = 0.47MPa
v =0.035x 27430 = 0.54MPa

Vpao = Max {de’C, vmin} =0.54MPa > v,, =0.44MPa — The column will not punch through the

slab so the slab is safe for punching shear
failure.
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Example 7 — Slab and crack width

The ceiling of a cut-and-cover tunnel segment is considered. The cross section of the tunnel is

given in Figure 7.1.The ceiling is a reinforced concrete slab with a thickness of 600 mm. One may
assume the clear span of the ceiling slab is 10 m. All the joints between the walls and the slabs are

assumed to be hinges.

0.60 10.00 0.50

Figure 7.1.

Parameters:

Concrete strength class
density of concrete
mean concrete tensile strength
modulus of elasticity
Poison’s ratio
Slab thickness
Concrete cover

Reinforcement class BSO0B
modulus of elasticity

Soil density
Depth of soil cover

Traffic load on the ground

Quasi-permanent combination (SLS)
Partial load factors (ULS)

Question 7.1

10.00 0.60

Cross section of the cut-and-cover tunnel segment. (unit [m])

: C40/50

: ye =25 kN/m?

: foum = 3.5 N/mm?

: Eem = 35000 N/mm2

v=0.2
: 600 mm
:c=30mm

: fya =435 N/mm? fy = 500 N/mm?
: Es=200000 N/mm?

: Psoil = 20 KN/m?
: 1500 mm
: 5 kKN/m?

2, = 0.5 for live load
tve = 1.35
Yo = 1.50

Determine the design hogging moment at the intermediate support of the tunnel ceiling slab at the

ULS. Consider the following actions: traffic load, soil weight, self-weight of the structure. The

simplified diagram from Figure 7.2 can be used.

A

A

4

10.00 ! 10.00

Figure 7.2. Simplified static scheme of the ceiling slab.
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Orﬂ 1 gt 1 gt
A a, . ..'T_F LS. L
' Cag g 2 E
9) ( W
iy M, = quz'. ¥, '-Eqrf;
4 v, 8 8

Answer 7.1

self-weight: hy, xy.,=0.6x25 =150 kN/m?

soil weight: h,xy,=15x20  =30.0 kN/m?

dead weight: 9ok =45.0 kN/m?

variable load: Do =5.0 kN/m?

ULS: Dra = V6 X dex 7o X dox =1.35x45+1.5x5.0 =68.25kN/m’

The hogging moment at the intermediate support of the tunnel ceiling slab at ULS can be
determined by using the following system:

B |
o oocwernpeewdEE
% =
2 2
MEd:qul _O825X10° _gs3 13 1Nmim
Question 7.2

Determine the design moment at the SLS. And check if the slab cracks or not at the intermediate
support at the SLS.

Hint: You may use fum instead of the flexural tensile strength feum 1.

Answer 7.2

SLS: q=qe TV, % qp; =45+0.5x5 =47.5kN/m’
2 2

M =%=m= 593.75kNm / m

The flexural tensile strength is:

fowmn = (1,6 =1 /1000) £, = (1,6 —600/1000) 3.5 = 3.5MPa (0 feamst = form, as given by hint)

The cracking bending moment of the slab is:
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bh’ 1000-600°

cr 6

S =35 =210,

10° Nmm/m = 210 kNm/m < M =593.75 kNm/m

At the SLS the slab at the intermediate support is cracked.

Question

7.3

Calculate the maximum crack width (long term loading) of the slab if it cracks. The structural
engineer decides to apply @25 — 125 mm reinforcement in the top layer of the governing cross-

section.

Hint: You may assume that the height of the concrete compressive zone x = 0,25d.

Crack width control:

b)

Slab

1f., 9 1 Table 15,111 Values for mym, @ and /3 from eq. (15.15) for various conditions. The
Winax = 5 T P E(O_s - O-sr) values for o between brackets are the recalibrated values as applied in
bm seff s the Eurocode by means of the coefficient & (EN 1992-1-1 eq. (7.9))
Mcrack
O-sr =
Z4 crack formation stage stabilized cracking stage
Member loaded in bending: Short term a =0,5(0,6) a =0,50,6)
o, follows from the cracking loading p =0 g =0
» . Tom — 2’0fctm Tom — 230ﬁ1111
bending moment
long term or a =0,5(0,6) a =0,3(00.,4)
dynamic loading | f =0 g =1
Tom — l,6fc1111 Tom — 2,0fc1111
Xy
T_ ........................................................ £ =0
n9 3 )
el S Ve e AV o o &
‘I . . - . *f. L] L
'. =
hc,ef I !

- effective tension area, Acef

2,5(h—-d
h. s = min{ ( )} where d is the effective depth and x is the height of the compressive zone

(h-x)/3

Answer 7.3

Maximum crack width is calculated as follows (tensile member model):

1 1
= _hi—((fs _aasr + ﬂgsc EY)

2 z.bm ps,ejj" Es

max
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where o5 1s the steel stress directly after cracking, os is the steel stress at SLS and o and
follow from the table.

A

S

bhc,eff

and /cefr is the depth of effective tensile area around the tensile reinforcement and can be
calculated as follows (EN 1992-1-1, Section 7.3.2):

(2,5 (h-d)
hc eff — min
’ (h-x)/3

where d is the effective depth and x is the height of the compressive zone
d =600-30-25/2=557.5mm

where p, . =

x=0.25d =0.25%557.5=139.4 mm (see the hint)

. |2.5(h—d) . |2.5-(600-575.5) . |106.2
h, & =min =min =min =106.2 mm
’ (h—x)/3 (600-139.3)/3 153.5

2
4 =L 1000 2571000 39 im
4 s 4 150
p A 3921 4,

bh, ., 1000-1062

osr 1s the steel stress directly after cracking:

o, = M, where Z=d—£=557.5—%=511mm
[z 3 3
_210x10°

o, =————=105MPa
511x3927



Additional information

In case the hint was not given, the height of the compression zone could be calculated as
follows:

gz —a,p++(a,p)’ +2a,p

where
- E _ 200000 _57
E. 35000
y l027r-1000/s l-252~7z~1000/125
p=—"= 4 _4 =0,7%
bd bd 1000-557.5

3 =—5.71-0.007 ++/(5.71-0.007)> +2-5.71-0.007 = 0.25

The height of the compression zone is: x =0,25-575.5=139.4 mm

Steel stress in a crack at SLS (cracked cross-section loaded in pure bending):

where z:d—§=557.5—%=511mm

O,

T A xz
~593.75%10°

o, = = 296MPa
511x3927

According ot table 15,II1 — « =0.3 and asuming &_=0and 7,, =2, ,the maximum crack
width in the stabilized crack stage can be calculated as follows:

wo =1L 2B 1 996_03.105)=0,22mm
2720037 200000

Question 7.4

Since the tunnel is covered by soil, the pressure of soil and water at the side surfaces of the tunnel
has to be taken into account. An illustration of the pressures acting on the side surfaces of the
tunnel is given in figure 7.3. Taking the information from this picture into account, check whether
the ceiling slab cracks or not.
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soil + water pressure
I at the side of the tunnel

T T TR T T T T T T [ T TR T 1.50 205 KN/m?
060 7

P e e e T e e T T e T T T T e T T M T T
T T TS T T TR T T TR T

N

7.0

127.5 kN/m?

0.60 10.00 0.50 10.00 0.60

Figure 7.3. Indication of the soil and water pressure acting at the side surfaces of the tunnel

segment.
Answer 7.4

2
R: 22.5 kN/m

_>|>

7.0

R
—» >

22.5kN/m*  127.5-22.5=105 kN/m?*

—

Reaction force (in the ceiling slab) due to pressure of soil and water can be calculated as follows:

22.5x7 105x7 1
+ X

R = ~=201.5kN/m
2 3

In-plane compressive stress in the ceiling slab caused by the pressure of soil and water:
R 201.5

o, = = x1000 = 0.33MPa
" hxb 1000x600

This stress acts as prestressing in the slab (increasing the cracking bending moment of the slab):

2 2
M, =%( fomn +5,) _ 1000600 5 5., .33) = 229.8kNm/m < M = 593.75 kNm/m

Still, the slab will be cracked at the SLS load. Note that for the cracking moment, the flexural

tensile strength is used.



Example 8 — Slab and punching shear resistance

Consider the floor plan of a two-way flat slab indicated in Figure 8.1.

: columns
Figure 8.1 Top view of a flat slab floor plan
Parameters:
Concrete strength class : C30/35
Floor thickness :h =180 mm
Concrete cover :¢c=20mm
Rebar configurations : pie=0.26%, pr = 0.24%, with @12 rebars in

both directions
Design value of the punching shear
force : Vea =250 kN

Column diameter : 200 mm

Additional information

Approximated safe values for faccording to the Eurocode:

‘
R
- B=15
| |
. __________________________ | T
- p=14 - B=1,15
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Question 8.1

Strip method

Assume that the dead load g¢ and the live load go are applied over the full floor plan area (all the
slab spans). Consider the loading condition for the bottom reinforcement. Draw the boundary
conditions and load distributions of the Middle — Strip in the x direction.

Hint: you DON’T need to calculate the moment distribution.

Answer 8.1

Dead load and live load are applied to the whole floor plan.

.¢ /I\qu % : $ 8/4=2 m Half column strip

8/2=4 m Middle strip

B DT TP L LTI TP PPPTY (PP PPPPP PP PPPPPP T

® 8/4=2 m Half column strip

10/4=2.5 m 5m 25m

The boundary conditions of the middle strip are shown in the following figure. Loading symmetry
makes that the single slab span can be assumed to have no rotational flexibility at both its ends.
The load transferred by the middle strip in x-direction is g/2 over 5 m and ¢ at both its ends (2,5 m
each). The total line load on the middle strip is the load q multiplied with the middle strip width
(4 m).

4qu 4qu /2= 2q54 46]&,

|
2.5n:1 Sm :2.5m

where
9eq :7GXQG+7QXQQ:1-2><qG+1.5><qQ

Question 8.2

Assume that the dead load ggc is applied to the whole floor plan (all the slab spans), but the live
load go is only applied on a single slab span. Considering the loading condition for the bottom
reinforcement, draw the boundary conditions and load distributions of the Middle — Strip in the x
direction. Compare the results of 8.1 and 8.2, and give your opinion on which one is more critical
for the design of the bottom reinforcement.
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Answer 8.2

4q 4
| Y 4g,2=2q, qcl =
C | =12 N i

2.5m S5m 2.5m
4q 4q Mo
‘s 4q,/2=2q, °
2.5m S5m 2.5m

The G load transfer and scheme have already been presented in Answer 8.1. The Q load now is
present over one span only. It is now almost as if the slab can freely rotate at a support. Therefore,
the strip scheme is now as if it is a simply supported element.

For the design of the bottom reinforcement, more critical is the result from 8.2b because it causes a

higher sagging moment (smaller negative support bending moments). However, for the design of
the top reinforcement, more critical is the result from 8.2a as it causes higher hogging moments.
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Additional information

Why the different boundary conditions are valid for the two situations (permanent, G and
variable, Q load) in answer 8.2?

Maximum negative bending moment:
In order to get the largest hogging moment (zone marked red), the load distribution can be
presented as follows. In this image, the variable load is marked as the “p” load.

% 7 7
LN p Y, /77 /2/
% /Q*-V s
i VA ey
The following boundary conditions are then valid for both the permanent and the variable
load and they should be used for determining the largest hogging moment:

PASEEE X K K K S
-—’/VA' i‘| ‘~\~
i
¥

Maximum positive bending moment:
In order to get the largest sagging moment (zone marked red), the load distribution can be
divided as follows:

B GHUY Y7 WY
)+ ///;"’2 4,
G A il

The following boundary conditions are now valid for the right hand side P/2 variable load
parts, which should be used for determining the largest sagging moment (and design of the
bottom reinforcement):

e

R =xx!
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Question 8.3

The punching shear capacity of a floor is considered. Assume that the design force in columns is
Vea =250 kN. The engineer found that the punching shear capacity of the floor is not sufficient.
Therefore it was suggested to apply a circular drop panel under the floor. The thickness of the drop
panel ensures that the punching shear capacity of the drop panel itself is sufficient. The dimension
of the panel /x indicated in Figure 2.2 has to be determined. Please calculate the value of /x for the
engineer.

Figure 8.2. Side and bottom view of the drop panel.

Answer 8.3

For a circular cross-section of a column the size of the basic control perimeter is:

u, = (2(2d +1,,)+200)7

where d is the effective slab depth.

d, =180-20 2 = 154mm 1
“ 2 —>d:5(a’x+dy):148mm

d,=154-12=142mm
The length of the basic control perimeter is:
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u, =(4x148+21,, +200)z =(792+21,, )7

According to the Eurocode, the eccentricity factor for inner columns is #=1.15, so the design
shear stress is:

Ve, =P Vi =1.15x% 250 x10°
w xd (792 + 21, )7 x 148

The punching shear resistance stress of the column is:
1

Vpge =0.12xk x (100pf.,)® + ko, with a minimum of vy, =v,;, =0.035x K2 fo + ko,
where o, is the concrete compressive stress in a cross section from axial loading and/or

prestressing. In this case o, =0.

According to the provided information:

. =0.26%
o =0.24% [ P =NPXP, = 0.25%
=0, v

200

k=1+,—<2,0
d

k:1+‘/@>2,0—>k:2,0
148

C30/35—> f, =30 MPa

1
Vage =0.12x2,0%(100x0.25/100x30)* = 0.47MPa
v =0.035x2"74/30 = 0.54MPa

Ve = max{de c,vmm}: 0.54MPa >v,, =1.15x 250 x10°
’ ’ (792 +21,)r x148
3
1.15x250x10 _797
l[-[ > 054X1482X7T =177 mm
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Example 9 — Reservoir and crack width

A water tank has a foundation slab and a circular reinforced concrete tank wall, see Figure 9.1. The
wall thickness is 200 mm. The inner diameter of the wall is 20 meters; the wall height is 12 meters.
There is a sliding connection - without friction - between the tank wall and the foundation slab.

0,2m D =20m .0,2m

lg

“

A 4

h

12m

Toooooon

Figure 9.1 Cross-section of the water tank

Concrete strength class : C25/30
Density concrete :p=25kN/m’
Reinforcement class B500B : fya = 435 N/mm?
Modulus of elasticity : Es =200000 N/mm?
Concrete wall
thickness : 200 mm
concrete cover : 25 mm
allowable crack width : 0,20 mm
D heeff = 2,5 (l’l - aﬁ
mean concrete tensile strength: fetm = 2,6 N/mm?
bond strength : Tom = 2 fotm
Concrete modulus of elasticity : Ecm = 31000 N/mm?
Partial load factors y6 =1,2
iy =1,5

Question 9.1

Calculate the maximum design force (NVed) in the tank wall given that the tank is completely filled

with water.

Answer 9.1

Hoop force (ring force) from the hydrostatic water pressure: N=g¢qR.

Maximum design hoop force is at the bottom: NEdmax = YQ h pwater R.

NEd,max = 1,5121010 = 1800 kN/m

Question 9.2

Calculate the required amount of reinforcement in the tank wall in mm? per 1 meter of height,
assuming that the maximum tensile force is constant over this 1 meter.
60



Answer 9.2

It is an ULS check. Therefore, use fyd.

Nigm _ 1800-10°
fa 435

=4138 mm*/m

Asz

Question 9.3

Design the required reinforcement by choosing a bar diameter and a number of bars per meter.

Answer 9.3

A 41
Apply bars 916: n, = I = 38
Z”_162 201

=21/m

At each of both sides (inside & outside): 21/2 = 10,5 bars/m = @16 spaced 1000/10,5 = @16-95.

Question 9.4

Calculate crack width wmax and check whether the calculated crack width is smaller than 0,20 mm.

Hint: calculate ps.efr .

Crack width control:
1 fmm 0 1 Table 15,111 Values for wm, o and S from eq. (15.15) for various conditions. The
Winax = E t p E(O-s -« O-sr) values for o between brackets are the recalibrated values as applied in
bm STl s the Eurocode by means of the coefficient & (EN 1992-1-1 eq. (7.9))
O-5r — crack
A, crack formation stage stabilized cracking stage
Short term a =0,5(0,6) a =0,5(0,6)
loading p =0 p =0
Tom — 270fc1111 Tom — 270fctm
long term or a =0,5(0,6) a =0,3(0,4)
dynamic loading | S =0 p =1
Tom — l,GfCIm Tbm — 2,0fctm
Answer 9.4

Concrete cover = 25 mm
h-d=25+0/2=25+16/2=33 mm
heett=2,5 (h - d) =83 mm
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1

~r-16°
Bars: ©16-95 > pa=t——=00255
’ 95-83
Hoop force (ring force) from the hydrostatic water pressure: N=g¢qR.
SLS check: Maximum hoop force is at the bottom: NEmax = h pwater R.

Nemax = 12-10-10 = 1200 kN/m

N 1200-10°
Steel stress in SLS: o, =—2m% — 00-10 =284 N/mm?

s,max - 1

4 L6021
4

Note: This result is as expected. It’s SLS, so no load factor applied. ULS steel stress 435 N/mm? now
1s 435/1,5 =290 N/mm? =~ 284 N/mm? (As.applied = As,required in ULS).

Steel stress directly after cracking:

l7r-162
p=—4 _____0,0212
95-(200/2)

Oy = fom 1+Esp l:2,6-(1+@-0,0212)- L 139 N/mm?
E" )p 31 212

C 3

Maximum crack width:

Assume long term loading:

126 16 1
2 2-2,6 0,0255 200-10°

max

L 0 Vg 4o
2 Tbm p s,eff E : B

S

.(284-0,3-139)=0,19 mm

Smaller than 0,2 mm; OK.

Question 9.5

Is the calculated crack width related to the phase “fully developed crack pattern” or not?

Answer 9.5

NE,max =12-10-10 = 1200 kN/m

Concrete tensile stress assuming that the concrete is uncracked in SLS:
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o Neg 120010
“mx T 41000200

= 6,0 N/mm’>> o

Fully developed crack pattern (or: stabilized cracking stage) since Ng > Ncrack.

Question 9.6

It is now assumed that the tank is filled with water. At which water level (height in meters) will the
first crack in the wall occur?

Answer 9.6

SLS check:
Maximum hoop force is at the bottom: NE,max = hwater pwater R.

NEmax = hwater 1010 = 100 Awater [units kN & m]

N .10°°.10°
; . BN E,max _ 100 10 10 hwatcr — 2,6 N/mm2 )
a 1-200 [units N & mm)]

c

—>h =5200 mm

water

This result also follows directly from: (2,6 N/mm?/ 6,0 N/mm?)-12 m = 5,2 m.

When also taking into account the impact of the reinforcement on the cracking force:

1
2-—7-16°
Ncrack :ch;:tm 1+Esp :20012,6 1+2OO 4 =
E, 31 200-95

=200-1-2,6-(1+0,137) =591 N/mm
bottom: NE max = Awater Pwater R.

Biwater = 591/(10-10°6-10-10%) = 5910 mm [units N & mm]
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Example 10 — Prestressed concrete

A post-tensioned beam has a 35 m span, see figure 10.1. The beam has a rectangular cross-section;
width b = 0,75 m and height # = 1,8 m. The beam is prestressed using curved tendons (strands in
ducts). The fictitious tendon profile consists of two parabolas, namely parabola 1 with a radius of
curvature R1 = 62 m over {1 = 10 m and parabola 2 with R2 =330 m over {2 =25 m

The bottom of both parabolas is at position A (they joint at this position) in Figure 3.1, which is at
€1 =10 m from the left support. The bottom of the parabolas is at 0,2 m from the bottom fiber of the
beam.

centroidal axis

< t >|< f2 >

Figure 10.1  Side view of the girder including fictitious tendon profile (not to scale).

Parameters:

Density concrete : p=25kN/m’
Variable load : qok =10 kN/m
Strength class of concrete : C50/60

Strength class of prestressing steel : Y1860S7

Elastic modulus prestressing steel : Ep = 195000 N/mm?

Question 10.1
Calculate the tendon eccentricities relative to the centroidal axis at the two anchors.

Answer 10.1

2
Parabola: y = X
2R

1 2

61=10m: y, :2062:0,806m => 806 + 200 - 900 = 106 mm
25°

OL=25m: y,= 2.330 =0,947 m =>947 + 200 - 900 = 247 mm

Question 10.2

Show in a figure all the loads on the beam from a prestressing force P, assuming that there is no
friction and no wedge set.
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Answer 10.2

a _I/ 52, = Ry
rd | ® t—(l
: e—— .
| R, ‘ R
- I " ! ¥ ~y
F\i 24

Question 10.3

Calculate and draw the bending moment diagram resulting from a prestressing force P. Assume that

there is no friction and no wedge set.
Answer 10.3

1: From anchor eccentricities:

2: Uniformly distributed load

3: q1> g2; contribution left after applying g2:
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Total=1+2 + 3:

Midspan (units: mm):

e +e 1 1
MZP(#]—?UZ—(% a)h e 51
L0108
M:P(106+247j—l T (35 103)2—( N 3)10403.—31.35.103
2 8330-10 62-10°  330-10 35.10° |2
M = P(176,5-464,0-327,5) = —615P
Additional info:
Calculate M at /1:
!
M- P(el—Tl j ach (1=4) 1 (0,4 )| 2
M = P(106—— 106 — 247))
+-10-10°(35-10° ~10-10°)
233010
1
—.10-10°
~25-10°- PS— P 3)-10-103.2—3
62-10° 330-10 35-10

M = P(146,3-378,8-467,8) =—700P

unit [mm]
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at /4

[ \ '
ot

-0,615P at midspan

unit [m]

Check:

(17,5-10)’

=0,7-0,085=0,616 m
2-330

Midspan tendon eccentricity = =0,7 —

Effective height: dp = 1800/2 + 615 = 1515 mm
Question 10.4

Calculate the maximum initial prestressing force Pmo [kN] allowed to have no tension in the
midspan cross-section when stressing the tendons.

Answer 10.4

G=0,75-1,8-25=33,75 kN/m
Mc = GP/8 = 5168 kKNm

Check top fiber level.
Units [kN, m]:

P 0,615P 5168
— + - <0
0,75-1,8 1

~.0,75-1,8 l-0,75-1,82
6 6

P <16406 kN
Question 10.5

Calculate the minimum working prestressing force Pmo [kKN] required to have no tension in the
midspan cross-section, at maximum SLS load.

Answer 10.5

G+Q=(33,75+ 10) kN/m
Ma+q = (G+Q)I*/8 = 6700 kNm

Check bottom fiber level.

Units [KN, m]:

P 0,615P N 6700

0,75-1,8 1

: <0
~.0,75-1,8* —=.0,75-1,8?
6 6

P>7322 kN
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Question 10.6

The tendons are stressed from the left hand side support. Sketch the profile of the prestressing force
Pmx/Pmx=0 at t = 0 over the full length of the beam. Mark important points/values. Assume that the
friction coefficient p = 0,20 and the wobble factor £ = 0,01 rad/m.

Prestressing force including frictional loss:
P,(x)=P,(x=0) o H(0+k)

m

friction coefficient ©=0,2
wobble factor k=0,01 rad/m

Answer 10.6
Use AG = ‘ﬂ‘
R

x=h=10m:

10, 10.0,01

Question 10.7

—pu(O+kx ’0’2'( )
P (x=10)=P,(x=0)-e """ =P (x=0)-e '® ~=0,949P, (x=0)

0,01)
=0,889P, (x=0)

The tendons are assumed to be stressed to a stress Gpmax = 1395 N/mm?. Wedge set is wset = 3 mm.
Calculate the wedge set influence length and sketch the profile of the prestressing steel stress
immediately after anchoring. Use the results from question 10.6f.

Influence length of wedge set:

Z — Wset E p
set A O-p, %
Ax
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Answer 10.7

Units: N & mm:
1-0,949)-1395
A‘jM/ _ )3 =7,11-10"° N/mm’
Ax 10-10
w._E .
Zset — set™ " p — 3 195007? _ 9068 mm
A%V/ 7,11-10
Ax
ko N o
l_hr(j‘ \l:' T ) A |,(\, ; \ ‘_i‘-\‘{-h"\
. (ll\.i | II ) = =
"y - K00 T
¢ ) = -8

Question 10.8

The midspan cross-section of the beam is now analyzed in ULS at 1 = «. A structural engineer
decides to apply 4p = 4000 mm? and assumes that the working prestressing stress Gpmeo = 1200
N/mm?. Bending moment capacity needs to be calculated. Sketch the strain distribution over the
height of the midspan cross-section and show the equilibrium between external and internal forces.
Use the bi-linear ULS stress - strain diagram of concrete and mark important points/values.

Answer 10.8

N e =354

o X % e
h\\_ N
|

= _
[ < I~ : AC

- s R

Question 10.9
Determine the height of the concrete compression zone.

Answer 10.9

Assume that a prestressing steel stress 0,95/pk/ys 1s reached.

0,95fok/ys = 0,95-1860/1,1 = 1606 N/mm?
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X, = s = 4000'16050 =343 mm
abla o, 75:750-

b

Question 10.10
Check whether the actual prestressing steel stress equals the assumed stress and, if not, explain (in

words, no calculation) which next step must be taken to arrive at the correct answer. Indicate the
impact on, e.g., concrete compression zone height and prestressing steel stress.

Answer 10.10

Increase of prestressing steel strain:

d — —
Ae :[ P x“j-3,5-103:(%)3,5-103:12,0-103

P X

u

& = 1200 =6,2-107
" 195000

total strain: 18,2 %o

18,2-7,8

o, :1522{ ]-(1691—1522)=1522+65=1587 N/mm”

3

Assumed was: 1606 N/mm?. That’s too high => reduce the assumed cp,uLs => reduction of xu =>
increase of prestressing strain increase => increase of total prestressing steel strain => increase of
prestressing steel stress

Question 10.11

Calculate the bending moment resistance Mrd at mid-span (use the assumed prestressing steel
stress).

Answer 10.11

Units [N, mm]

My =(900—134)-400-1200+ (1515 —134)- 4000406 = 5920-10° Nmm
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Question 10.12

Check whether there is sufficient rotational capacity at the mid-span cross-section (use the concrete
compression zone height from question 10.9.

Rotational capacity:
Xy 500
d 500+ f

where

Jok
[;_o-pm,oo Ap +fydAs
S

f=
A, + 4

Answer 10.12

ASZO
[fpk—apm,ijp fud [lfio—1zoo}4ooo+o
r=sts o — 491 N/mm>
4,44, 4000+ 0
43, _,_ 500
1515 500+491
0,23!<10,50
OK
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Example 11 - Prestressed concrete

A post-tensioned beam has a span of £ = 20 m, see figure 11.1. The beam has a rectangular cross-
section; width b = 0,9 m and height 2 = 1,5 m. The beam is prestressed using bonded tendons (strands
in ducts). The fictitious tendon profile consists of a parabola with a radius of curvature R over 0,5¢
=10 m (A-C), and a linear, horizontal part over 0,5¢ =10 m (C-B).

The bottom of the parabola (tendon profile A-C) is at position C in Figure 11.1, which is at 0,5¢ =
10 m from the left support (support A).

centroidal axis

epB

A | 1A
[

A
h 4
A
h 4

Figure 11.1  Side view of the beam including fictitious tendon profile (not to scale).

Parameters:

Density concrete : p=25kN/m’

Variable load :qok =15 kN/m

Load factors ULS: tye=1,2 vo=1,5 ye=1,0
Concrete strength class : C50/60

Strength class of prestressing steel : Y1860

Elastic modulus prestressing steel : Ep = 195000 N/mm?

Question 11.1

Calculate the maximum allowable tendon eccentricities (epa (1) and eps (|)) relative to the centroidal
axis at the two anchors such that no tensile stresses at sections A and B occur.

Answer 11.1
No bending moments from G and Q; prestressing only.

Kern area: 4/6 = 1500/6 = 250 mm.
Max. eccentricities:

epa =250 mm (1) and ep = 250 mm ()
Question 11.2

Calculate the radius of curvature R of the parabola based on epa, eps determined in question 11.1.
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Answer 11.2

. 7 (2-10000)’ .
parabola expression: R=—=———-2-—=100-10" mm
8/ 8-(250+250)

Question 11.3

Show in a figure all the loads on the beam from a prestressing force P, assuming that there is no
friction or wedge set.

Answer 11.3

e =250 mm

R=100m

Question 11.4

Calculate and draw the bending moment diagram resulted from a prestressing force P. Assume that
there is no friction and no wedge set.

Answer 11.4

Two components:

1
External bending moments at A and B from tendon eccentricities.
2
Upward curvature pressure from A to C; bending moment at midspan = 0,5-( g/ / 8).
2 2
8f 82
Parabola expression: g, = Ll = 1658
R I
1
—q,l> =Pe
16 qp
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Question 11.5

Calculate the minimum working prestressing force Pmo [kN] required to have no tension in the
midspan cross-section, at maximum SLS load.

Answer 11.5

G=0,9-1,5-25=33,75 kN/m
Q=15kN/m

Total: 48,75 kN/m

Bending moment at midspan: g/ / 8 = 48,75-20% / 8 = 2438 kNm
Check bottom fiber level.

Units [kN, m]:

P 0,25P 2438

_ -7 + ] <0
0,9-1,5 7.0,9.1’52 7,0’9.1’52
6 6
P>4876 kN

Question 11.6
The tendons are stressed from support A. Sketch the profile of the prestressing force Pmx/Pmx=0 at ¢
= 0 over the full length of the beam. Mark important points/values. Assume that the friction

coefficient p = 0,24 and the wobble factor £ = 0,015 rad/m.

Prestressing force including frictional loss:

Pal0)= By =0)-¢ 044
friction coefficient = 0,24
wobble factor k=0,015 rad/m
Answer 11.6

Ax
Use AG = ‘—‘

R
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at C:

10

—=0,1
100

A=>C: Ag:‘g‘:
R

P.(C)=P,(A)-e" "™ = P (A4)-e ) =0,942P (4)
at B:

C=>B: A0= ‘%‘ = 10 =0 (no curvature)

e 0]

P (C) - P (A)'e_ﬂ(€+kX) - P (A).6—0,24'(0,1+0+20~0,015) _ 0,908Pm (A)

m

Question 11.7

A prestressing force Pmo = 5800 kN (section A) is used. Calculate the time-dependent prestress losses
due to shrinkage, creep and relaxation in N/mm? at ¢ = oo at midspan (i.e. in the midspan cross-section,
section C). The tendons can assumed to have an initial stress 6pi = 1200 N/mm? at section C. Assume
that the beam is always fully loaded (maximum SLS load).

Concrete modulus of elasticity : 36000 N/mm?
Creep coefficient =21
Deformation caused by shrinkage 2 €es = 0,25 %0
Answer 11.7

Pmo=5800 kN at A

friction: Pc = 0,942 Pa => Pc = 5464 kN
Concrete stress at prestressing steel level:
Bending moment from G and Q: 2438 kNm

Units [KN, m]:

5464 (5464-0,25)-0,25 N 2438-0,25

=7 1 1
0.9-L5 1 .99.15%  .0,9-1.5
12 12

=—4047 +1059 = —2988 kN/m”* = —2,99 N/mm’

Concrete strain at prestressing steel level:
g =-2,99/36000

Creep:

2,1-(_2’99J-E = —34 N/mm>

36000/ °
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Shrinkage:
-0,25-107 - E, = —49 N/mm’
Relaxation:

o, =1200 N/mm’

1200

= =0,65
1860

U

AO'IL,r ~0,66- 2’5_69,1.0,65 .500%750-0.69 105 = 3,13_1075
in

Ao, =38 N/mm’

Total loss: 34 + 49 + 0,8-38 = 113 N/mm?

Question 11.8

The midspan cross-section of the beam is now analyzed in ULS at = co. A structural engineer
decides to apply 4p = 4500 mm? and assumes that the working prestressing stress Gpmo =

1100 N/mm?. The engineer wants to determine the bending moment capacity at ULS.

Sketch the strain distribution over the height of the midspan cross-section and show the external and
internal forces.

Use the bi-linear ULS stress - strain diagram of concrete and mark important points/values.

Answer 11.8

=

Question 11.9

Calculate the bending moment resistance Mrd and the design bending moment Med at mid-span
(section C).

Answer 11.9
Assume that a prestressing steel stress 0,95/pk/ys is reached.

0,95fok/ys = 0,95-1860/1,1 = 1606 N/mm?
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4 .
o A 4500 160560 i
abf 0.75-900-

2

Increase of prestressing steel strain:

d —x _
Ae =| BTN 55002 o 700425023221 4 5 104 27,4107
P x 322

u

£, = =
195000

L9 _56.10°

3

Total strain: 7,4 + 5,6 = 13,0 %o
Actual prestressing steel stress:

13,0-7,8

o, :1522+( ]-(1691—1522)=1554 N/mm’

Note: Assumed was 1606 N/mm?. That’s too high
Horizontal force equilibrium:
Np = Nc = 4500-1606 = 7227-10° N

Bending moment resistance:

M, = Gh - ﬂxu]NC +(250)- AN,

(750—0,39~322)~7227-103 +(250)~(7227-103 —4500~1100)
= (4513 +569)-10° = 5082-10° Nmm
Design bending moment:

M,, =é(G+Q)12 P,

=L (33,75:1,2+15°1,5)-20' ~4500-1100-0,23

= (3150—1238) =1912 kNm
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Example 12 - Prestressed concrete

A beam has a rectangular cross-section; width » = 0,6 m and height # = 2,0 m. The beam is post-
tensioned using curved tendons (strands in ducts) , see figure 12.1. The beam has a 30 m span. The
fictitious tendon profile consists of two parabolas, namely parabola 1 with a radius of curvature R1 =
100 m over 15 m and parabola 2 with R> = 120 m over 15 m

The bottom of both parabolas (at 0,2 m from the bottom fiber of the beam) is at mid span position A
(they joint at this position).

R4 Ro

centroidal axis

A

pA! V2l

Figure 12.1  Side view of the girder including fictitious tendon profile (not to scale).

Parameters:

Density concrete . p=25kN/m’
Variable load : qok = 10 kKN/m
Strength class of concrete : C50/60

Strength class of prestressing steel : Y1860S7

Elastic modulus prestressing steel : Ep = 195000 N/mm?

Question 12.1
Calculate the tendon eccentricities relative to the centroidal axis at the two anchors.

Answer 12.1

2

X
Parabola expression: y =—
p y R

2

Ri=100m: y= 15
2-100

=1,125m

2

R:=120m: y= 15
2-120

=0,9375m

eleft=2/2-0,2-1,125=-0,325m 1

eright =2/2 - 0,2 -0,9375=-0,1375m |
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Question 12.2

Show in a figure all the loads on the beam from a prestressing force P and calculate and draw the
bending moment diagram resulting from a prestressing force P. Assume that there is no friction and
no wedge set.

Answer 12.2

Loads (engineering model):

. Axial compressive force P.
. Concentrated bending moments from tendon eccentricity at the anchors.
o Upward curvature pressures.
ol3 ’SZP
D P e’ ;395? 3%

Additional info:

Exact forces and bending moment at an anchor: Pcosa
horizontal force; Psina vertical force; e-Pcosa (o follows
from the tendon profile)

Bending moment from:

o Concentrated bending moments at both beam ends.
o Uniformly distributed upward curvature pressure over full beam length: P/120.
o Uniformly distributed upward curvature pressure over half beam length: P/100 - P/120.

ol'szs?bL//u//j 0255 P I
£/ 30 :*01052;}59

120

_}}8'

r\wg
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Question 12.3

Calculate the maximum initial prestressing force Pmo [kN] allowed to have no tension in the
midspan cross-section when stressing the tendons.

Answer 12.3

Directly after stressing the tendons: Selfweight only
G=0,6-2,0-25=30kN/m

Bending moment at midspan: g/# / 8 = 30-30? / 8 = 3375 kNm
Check top fiber level.

Units [kN, m]:

P 0,8P 3375
B n 1 = <0
096.2’0 *'0,6‘2,02 *'0’6'2’02
6 6
P <7232 kN

Question 12.4

Calculate the minimum working prestressing force Pmo [kN] required to have no tension in the
midspan cross-section, at maximu m SLS load.

Answer 12.4
G =30KkN/m
Q=10 kN/m

Bending moment from Q at midspan: g/# / 8 = 10-30° / 8 = 1125 kNm
Check bottom fiber level.

Units [kN, m]:

P 0,8P  3375+1125
_ - +5 <0
0,6'2,0 *'0,6'2,02 7.0’6.2’02
6 6
P > 3971 kN

Question 12.5

Each tendon is stressed from its both ends; first from the left hand side support, followed by stressing
from the right hand side support. Sketch the profile of the prestressing force Pmx/Pmx=0 at t = 0 over
the full length of the beam after stressing from both ends. Mark important points/values. Assume that
the friction coefficient p = 0,16 and the wobble factor £ = 0,012 rad/m. Assume that there is no wedge
set.

Use the following expression and input:
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Prestressing force including frictional loss:
P ()= Py (£ =0)-¢ 70k

friction coefficient ©=0,16
wobble factor k=0,012 rad/m

Answer 12.5

Use AQ:‘E
R

First from left only:

b

at 15 m (midspan): Af= Ax =£=0 15
R| 100

P, (x=15m)=P,(x=0)- e~ p (x=0)- g Mo _ g 95p (x=0)

15 15
+

at 30 m: A9=£=— —
R| 100 120

P (X =30 m) -p (x _ 0) _e—ﬂ(6+kx) _p (x _ O) . e—0,16-(15/100+15/120+30~0.02\ A AnT (x _ 0)

-

N (not to scale)

(not to scale)
Since 15/120 < 10/120, the slope of the right hand side part of the curve is smaller than the slope of

the left hand side part. This implies that the two solid lines don’t intersect at midspan, but a bit to the
left.
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Question 12.6

The tendons are assumed to be stressed to a stress Gpmax = 1395 N/mm?. Wedge set now is wiset =
2 mm. Calculate the wedge set influence length /set when anchoring a tendon after stressing it from
the left hand side support. Sketch the profile of the prestressing steel stress immediately after
anchoring. Use the results from question 12.5.

Answer 12.6

Units: N & mm:

A%/ _ (1-0,95)-0, e
Ax 15-10°

E .
Wy [2:195000 oo

ha = Aaw/ ~[0,05-1395
Ax 15-10°

Question 12.7

The mid-span cross-section of the beam is now analyzed in ULS at ¢ = o0. 4, = 4500 mm? is assumed
and the working prestressing stress Gpmo = 1200 N/mm?. The bending moment capacity has to be
calculated. Use the bi-linear ULS stress - strain diagram of concrete. First, sketch strain distribution
over beam height, indicate the position of forces and mark important points/values.

Answer 12.7
3,54,
‘ N
< Cu Xy
N A
s — N, —_— r.,z_____EDCO..,
10\0 "L .\__
i i N K “‘%
F—-k
.&g,.fy

Question 12.8

Determine the height of the concrete compression zone.
Answer 12.8

Assume that a prestressing steel stress 0,95fpk/ys 1s reached.

0,95fok/ys = 0,95-1860/1,1 = 1606 N/mm?
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=N AOpus 450016060y
abfy  abfy 0,75-600- S0
1

2

Question 12.9
Check whether the actual prestressing steel stress equals the assumed stress.
Answer 12.9

Increase of prestressing steel strain:

d — -
Ag —=| ¢ *u .3,5-107 = 1800482 -3,5-10° =9,6-107°
P X 482

u

2965107

& = =
" 195000

2

total strain: 15,8 %o

o, =1522+(%j-(1691—1522) =1572 N/mm’

b
Assumed was: 1606 N/mm?. That’s too high => reduce the assumed cp,uLs => reduction of xu =>
increase of prestressing strain increase => increase of total prestressing steel strain => increase of
prestressing steel stress



Example 13 - Prestressed concrete

A simply supported post-tensioned beam has an £ = 16 m span, see figure 13.1. The beam has a
rectangular cross-section (2 = 1200 mm; b = 500 mm). The beam is prestressed using bonded
tendons. The tendon profile is modeled using two parabolas and a horizontal, linear part. There are
no kinks at the positions where the parabola and the linear parts join.

Beam span: £ =16 m (1 =4 m, {2 =8 m).
Tendon eccentricities: ep1 = 0,2 m; ep2 = 0,5 m.

ep — neutral axis 801
— PN s 4- p
A

Figure 13.1  Side view of the beam including tendon profile (not to scale).

Parameters:

Density concrete :p=25kN/m’

Variable load 1 qok = 15 kKN/m

Concrete strength class : C40/50

Concrete modulus of elasticity : 35000 N/mm?

Creep coefficient cp=1,5

Deformation caused by shrinkage &es = 0,3 %o

Strength class of prestressing steel 1 Y1860

Prestressing steel modulus of elasticity : 195000 N/mm? (strands)

Question 13.1
Calculate the radius of curvature of the parabolic parts of the tendon profile.

Answer 13.1

2

X
Parabola expression: y=—
p y R

2

y=o,2+0,5=4—:>R:11,4m
2R

Question 13.2

Show in a sketch all the loads on the beam caused by a prestressing force P. Assume that there is no
friction and no wedge set.
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Answer 13.2

Loads (engineering model):

. Axial compressive force P.
. Concentrated bending moments from tendon eccentricity at the anchors.
o Upward curvature pressures.

o, Q_,’P =) 2P

C ;Pﬁ __&_*_“'FPS
o %
e—" Nem—

Hw 4w

Additional info:

Exact forces and bending moment at an anchor: Pcosa
horizontal force; Psina vertical force; ep1-Pcosa (o follows
from the tendon profile).

a=2-(0,2+0,5)/4 = 0,35 rad

alternative:

o=4/11,4=0,35 rad.

Check vertical force equilibrium:

Psina | at the anchor

(P/R)-11 1 from curvature pressure

o =/1/R and sina = a: (P/R)-/1 1 = Pa = Psina; OK.

Question 13.3

Calculate the bending moment from selfweight (G) and variable load (Q) at midspan (i.e. at the
midspan cross-section), at maximum SLS load.

Answer 13.3

G=0,5-1,2-25=15 kN/m
Q=15kN/m

Bending moment from G+Q at midspan: g/# / 8 = 30-16? / 8 = 960 kNm
Question 13.4
Calculate the bending moment from prestressing (P) at midspan (i.e. at the midspan cross-section)

expressed as a function of the prestressing force P. Assume that there is no friction and no wedge
set.
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Answer 13.4

.",‘ "
% LIRS ORI
|__T [N . | ' '
] | lll_l'lll_
[ | i |
EENERE] |
= 1“_*'4_'@1_. Ly
:.Il'-J-th., e R [¥ . oy 2 .
T o _J &:_
’ ~F

\ T - ;i“" |
« X = +—€'{4_.£ '.!1
S lia0eELY
Plep
{_11 l__ T 7 J
—J-f} <p
_ +
TN T T T Tl [
_}?'E‘fr V ,E < J_f"} Tﬁ
SR Plep = TRep, || TR,
gt o
.::L_,\_.I'_ P2

Midspan bending moment from prestressing: -P-ep2

Question 13.5

Calculate the minimum working prestressing force Pmwo [kN] required to have no tension at midspan
(i.e. at the midspan cross-section) at maximum SLS load.

Answer 13.5
Check bottom fiber level.

Units [kN, m]:
P 0,5P 960
_ - 7
0,5-1,2 ~.0,5-1,22 ~.0,5-1,22
6 6

P>1375kN

<0
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Question 13.6

A prestressing force Pmo = 1650 kN is used. Calculate the concrete stress at the prestressing steel
level at midspan (i.e. at the midspan cross-section), at maximum SLS load. Assume that there is no
friction and no wedge set.

Answer 13.6

Bending moment: 960 kNm - 0,5P
P =1650 kN

z=ep2=0,5m

units [kN, m]

_01565102 N (960;0,5'1650)'()’5 = —1810 kN/m® = —1,81 N/mm>

—-0,5-1,2°
12
Question 13.7
A prestressing force Pmo = 1650 kN is used. Calculate the time-dependent prestress losses due to
shrinkage, creep and relaxation in N/mm? at ¢ = oo at midspan (i.e. at the midspan cross-section). The

tendons are assumed to be stressed to an initial stress opi = 1395 N/mm?.

Assume that there is no friction and no wedge set.

The equation for the calculation of relaxation is:

Ao 0,75 (1-)
== 0,66 p, g G (Lj 107

G, 1000
where: Aoy, :is absolute value of the relaxation losses of the prestressing steel
Obpi : is the initial stress in the prestressing steel
t : is the time after tensioning in hours (¢ = co = 500000 hours)
n : = Opi / fok, Where fpi is the characteristic value of the tensile strength of the
prestressing steel
P1000 : is the value of relaxation loss (in %), at 1000 hours after tensioning and at a mean
temperature of 20°C
pooo  :=2,5%
The influence of shrinkage and creep reduces the relaxation. When taking into account shrinkage and creep

=0,8 Ao

losses, relaxation loss is: Ao or(exclers)

pr(incl,cts)

Answer 13.7
Pmo=1650 kN

Concrete strain at prestressing steel level:
e =-1,81/35000
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Creep:

1,5-( 1,81 jE =—15 N/mm?
35000) °

Shrinkage:
-0,30-107 - E, = =59 N/mm’
Relaxation:
o, =1395 N/mm?
1395

75
H=1860

Ay _ 0,75-2,5-€”"%7.500"70% .10 =2,72-107

lop

Ao, =68 N/mm’

Total loss: 15 + 59 + 0,8-68 (N/mm?)

Question 13.8

The tendons are stressed from one end, namely the left support. Sketch the profile of the prestressing
force (ratio Pm(x)/Pm(x = 0)) at = 0 over the full length of the beam. Mark important points/values.

Use the following expression and input.

Prestressing force including frictional loss:

P

m

(5)= P =0)-e 04

friction coefficient ux=0,18

wobble factor k=0,012 rad/m
Answer 13.8
Use AG = ‘ﬁ‘
R

R=114m
at4 m:
Ag=| 24

R| 11,4
at 16 m
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| 4 4
= +
R| 114 11,4

P (x 4 m) _ Pm (x _ ()) . efy(aua) _ Pm (x _ 0) . 6—0,18»(4/11,4+4~0,012) -0, 93Pm (x _ 0)
Pm (x ~12 m) _ Pm (x _ 0)-e_#(9+kx) _ Pm (x _ O) ) e_o,1g.(4/11,4+0+12.o,012) _ 0’91Pm (x _ 0)

P (x ~16 1’1’1) .y (x _ O) . e—y(9+lor) _p (x _ O) . e—0,18-(4/11,4+0+4/11,4+16-0,012) _ O,SSP (X _ 0)

Question 13.9
The tendons are assumed to be stressed to a stress Gp.max = 1395 N/mm?. Wedge set is wset = 1,5 mm.
Calculate the wedge set influence length and sketch the profile of the prestressing steel stress

immediately after anchoring. Use the results from question 13.8.

Influence length of wedge set:

Z _ Wset E p
set A O-p, %
Ax

Answer 13.9

Units: N & mm:

AO'W/ _ (1-0,93)-0,
Ax 4.10°

E :
C[w.E, (15 195000 _ 4 ¢ 40

ha = AO'M/ ~10,07-1395
Ax 4-10°

89



Question 13.10

The midspan cross-section of the beam is now analyzed at ULS at # = 0. Bending moment capacity
needs to be calculated. Sketch the strain distribution over the height of the midspan cross-section
and show the equilibrium between external and internal forces. Use the bi-linear ULS stress - strain
diagram of concrete and mark important points/values.

Answer 13.10
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Example 14 - Prestressed concrete

A post-tensioned beam has an L = 30 m span, see figure 14.1. The beam has a rectangular cross-
section; width b = 0,6 m and height # = 2,0 m. The beam is prestressed using curved tendons. The
fictitious tendon profile expression is:

y=4,348-10" x* - 0,1338 x + 0,3

where x and y are in [m]. The origin of the axis system is at support A, at the level of the neutral axis,

see figure 14.1. The radius of curvature R = 115 m.
Tendon eccentricities at the anchors: e = 0,3 m; er = 0,2 m

R
A
Y
neutral axis

L

er

Figure 14.1  Side view of the girder including fictitious tendon profile (not to scale).

Parameters:

Density concrete : p=25kN/m’

Variable load : qok =20 kN/m

Strength class of concrete : C45/55

Initial tensile stress : Gpmo = 0,75-1860 = 1395 N/mm?
Elastic modulus prestressing steel : Ep = 195000 N/mm?

Question 14.1

Calculate and draw the bending moment diagram resulting from a prestressing force P. Assume that
there is no friction and no wedge set.

Answer 14.1

Prestressing loads on the beam:

1

Concentrated bending moments from anchor eccentricity at both beam ends:
2

Uniformly distributed load from curvature pressure (upwards)

Total:
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midspan cross-section:
from 1: +(0,3 + 0,2)P / 2 =+0,25P

from 2: gp = P/R where R=115m
qpL%/8 = -(P/115)-30%/8 = -P/0,978

Total: -0,728P

Question 14.2

Calculate the maximum initial prestressing force Pmo [kN] allowed to have no tension in the midspan

cross-section when stressing the tendons.
Answer 14.2

G=10,6-2,0-25 =30 kN/m
Q =0 kN/m (prestressing the beam!)

Bending moment from G at midspan: g2 / 8 = 30-30% / 8 = 3375 kNm

Check top fiber level.

Units [kN, m]:

B, _0728A 3375

- - <0
0,6-2,0 1 1

~-0,6-2,0>° —-0,6-2,0°
6 6

P, <8552kN
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Question 14.3

Calculate the minimum working prestressing force Pmo [kN] required to have no tension in the

midspan cross-section, at maximum SLS load.

Answer 14.3
G =30 kN/m
Q=20KkN/m

Bending moment from Q at midspan: ¢/ / 8 =20-30% / 8 = 2250 kNm

Check bottom fiber level.

Units [kN, m]:

P 0,728P 3375+ 2250
_ 0 _1 © 4+ 1 SO
0,6'2’0 *'0,6'2,02 7,0,6.2,02

6 6

P, >5300 kN

Question 14.4

The tendons are stressed from one end, namely at support A. Sketch the profile of the prestressing
force at t = 0 over the full length of the beam. Mark important points/values. Assume that the friction

coefficient p = 0,30 and the wobble factor £ = 0,01 rad/m.

Use the following expression and input:

Prestressing force including frictional loss:

P

m

(6)= Pal =0)- 7105

friction coefficient  ©=0,30
wobble factor k=0,01 rad/m

Answer 14.4
Use A = ‘ﬂ‘
R

at 30 m:

AG = & =ﬁrad
R| 115

P (x=30m)=P, (x=0)-e""" =P (x=0)-e "0 =0 845P (x=0)
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Question 14.5
The tendons are assumed to be stressed to a stress op.max = 1395 N/mm?. Wedge set appears to be wset

= 4 mm. Calculate the wedge set influence length and sketch the profile of the prestressing steel
stress immediately after anchoring, using results from question 14.4.

Wset E p

Zset AO'p,%
Ax

Answer 14.5

Units: N & mm:

Aap%xz (1—0,845)-0‘1,,malx B (1—0,845)-1395 —7.2-10" N/mm?

30-10° 30-10°

woE,  [4:195000

3107 =10,4-10° mm

Question 14.6

The beam is now analyzed at ¢ = oo.

Parameters:

Strength class of concrete : C45/55
Strength class of prestressing steel : Y1860S7
Cross-sectional area of the tendons : Ap = 4000 mm?
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Working prestressing stress : Gpmeo = 1000 N/mm?
Tendons; effective depth of cross-section : dp => follows from the tendon profile

The mid-span cross-section is analyzed in ULS. Bending moment capacity is calculated. Draw the
strain distribution over the height of the mid-span cross-section and show the equilibrium between
external and internal forces. Use the bi-linear ULS stress - strain diagram of concrete and mark
important points/values.

Answer 14.6
Ecuk—% e —
— Ne | =
3{"9(..

e kel ails | dp= Thotep=l0F %2
?md:} - 'I?iﬂ v A

A -

£ — ap g
hEP ) _“—"%‘ /

Question 14.7

Determine the height of the concrete compression zone.
Answer 14.7

Assume that a prestressing steel stress 0,95/pk/ys is reached.
0,95f5k/ys = 0,95-1860/1,1 = 1606 N/mm?

N, A0,y 40001606

X, = cu —
abf abf 0,75-600- 45

2

=476 mm

Question 14.8
Check whether the actual prestressing steel stress equals the assumed stress.
Answer 14.8

Increase of prestressing steel strain:

d —x -
Ag =( P “j-3,5-10‘3=(%j-3,5~10_3=9,2-10_3

P X

u

& - = =
195000

1000 _ ;.10

3

total strain: 14,3 %o
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35-10°-7,8-10"°
2

actual prestressing steel stress will be smaller.

7,8-107° +[ ] =21,4-10" required to arrive at 0,95f/ys. The strain is too small
Question 14.9

Calculate the bending moment resistance Mrd at mid-span.

Answer 14.9

Horizontal force equilibrium:

Np = N:=4000-1606 N

Bending moment resistance (relative to centroidal axis level):

T LTI M P P

= (% -2000-0,39- 476) -6424-10° + (1729 —%QOOO) . (1606 - 1000) -4000

=6999-10° Nmm

Question 14.10
Check whether there is sufficient rotational capacity at the mid-span cross-section.

Rotational capacity:
Xy o 500
d 500+ f

where

Sk
[;_Gpm,oo Ap +fydAs
s

f=
A, + A4

Answer 14.10

As = 0
[f"k—apm,wJAp f0d [lfio—looo]-moom
r=sts _A o — 691 N/mm’
A+ A4 4000+ 0
476, _, 500
1729~ 7500+ 691
0,281<10,42
OK

3
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Example 15 - Prestressed concrete

A post-tensioned beam has an £ = 16 m span, see figure 15.1. The beam has a T-shaped cross-
section, see figure 15.2. The beam is prestressed using bonded tendons. The fictitious tendon profile

is modeled using two kinks.

Beam span: £ =16 m ({1 =8 m, {2 =4 m).

Tendon eccentricities at the anchors: espan = ep1 = 0,5 m; esupport = ep2 = 0,2 m.

l

ep2

X
3
ep1

I< L
I

P 1 >
Figure 15.1  Side view of the girder including fictitious tendon profile (not to scale).
le bﬂange N
hflang£ 1
Peotal

Figure 15.2  Cross-section of the girder.
Parameters:
hiotal . 1,20 m
/’lﬂange : 0,25 m
bﬂange : 0,70 m
bweb 10,30 m
Cross-sectional area girder : Ac = 0,46 m?
Moment of inertia :1.=61,4-10° m*
Distance from neutral axis to top fibre :zt=0,497 m
Distance from neutral axis to bottom fibre :z2b=0,703 m
Density concrete :p=25kN/m’
Variable load i qok =20 kN/m
Concrete modulus of elasticity : 30000 N/mm?
Creep coefficient =18
Deformation caused by shrinkage 2 €es = 0,20 %0
Strength class of prestressing steel 1 Y1860
Prestressing steel modulus of elasticity : 195000 N/mm?
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Question 15.1

Show in a figure all the loads on the beam from a prestressing force P. Assume that there is no friction

and no wedge set.
Answer 15.1

Engineering model:

Feps Pee,
R N
b t
i } I :{é—
" Px
where:
e,te,
o=

Additional information (exact model)

i) Pﬁ:m“(_,_I_‘_\
Paep, 0 ¥ b Nfeep

P | 3 e | PuX

P(- m“ﬁj Paﬁlm N Prmn & F(l- LMD(J

Question 15.2

Calculate the bending moment from selfweight (G) and variable load (Q) at midspan (i.e. in the

midspan cross-section), at maximum SLS load.
Answer 15.2

G +Q=(25-0,46 +20)=11,5+20=31,5 kN/m
Ma+q=(G+0)/8 =31,5-16%8 = 1008 kNm

Question 15.3

Calculate the minimum working prestressing force Pmeo [kN] required to have no tension at midspan

(i.e. in the midspan cross-section) at maximum SLS load.
Answer 15.3

Bending moment caused by prestressing:

Two components:

1

Anchor eccentricities.
2
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Point loads at kinks (upwards).

i}b\/ ﬁqb\
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Bending moment at midspan position:

e, te
p2 pl _
I—J l,+Pe, =—Pe,

~Pal, + Pe, = —P(

2
Check bottom fiber level.
Units [kN, m]:

__P__0.5P-0,703 1008-0,703 _
0,46 61,4-10°  61,4-10°
P>1461kN

Question 15.4

A structural engineer decides to apply a prestressing force Pmo = 1746 kN. Calculate the concrete
stress at prestressing steel level at midspan (i.e. in the midspan cross-section), at maximum SLS load.
Assume that there is no friction and no wedge set.

Answer 15.4

Concrete stress at prestressing steel level:

Bending moment from G and Q: 1008 kNm

Units [kKN, m]:
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_ 1746 (0.5-1746):0.5 , 1008-0.3 _ 3796, 1099 = 2697 kN/m? = ~2,7 N/mm’

GC
0,46 61,4-107 61,4-107

Question 15.5

A prestressing force Pmo = 1746 kN is used. Calculate the time-dependent prestress losses due to
shrinkage, creep and relaxation in N/mm? at ¢ = oo at midspan (i.e. in the midspan cross-section). The

tendons are assumed to be stressed to an initial stress cpi = 1200 N/mm®.

The equation for the calculation of relaxation is:

Ac (075 (1-)
P = 0,66 P00 € (Lj 107

O 1000
where: Aoy :is absolute value of the relaxation losses of the prestressing steel
Opi : is the initial stress in the prestressing steel
t : is the time after tensioning (¢ = oo = 500000 hours)
n : = opi / fok, Where fpi is the characteristic value of the tensile strength of the
prestressing steel
P1000 : is the value of relaxation loss (in %), at 1000 hours after tensioning and at a mean
temperature of 20°C
poo 1 =2,5%
The influence of shrinkage and creep reduces the relaxation. When taking into account shrinkage and creep

=0,8 Ao

losses, relaxation loss is: Ao or(excle+s)

pr(incl,ct+s)

Answer 15.5
Concrete strain at prestressing steel level:
g =-2,7/30000

Creep:

)

18 30000

E, = =32 N/mm?
Shrinkage:

-200-107° E, =-39 N/mm’
Relaxation:

o, =1200 N/mm’

1 =1200_ 4 645
1860

AO-pr — 0’ 66 . 2’ 5. e9,l-0,645 . 5000,75-(1—0,645) . 10—5 — O, 03
Gpi

Ao, =0,03-1200=36 N/mm*

Total loss: 32 + 39 + 0,8-36 = 100 N/mm?
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Example 16 - Prestressed concrete

A post-tensioned beam has an £ = 14 m span, see Figure 16.1. The beam has a rectangular cross-
section; beam height is 0,78 m and beam width is 0,35 m. The beam is prestressed using tendons.
The fictitious tendon profile is modeled using a parabola (radius of curvature R = 25 m) over {1 =
4 m at midspan and two straight parts of £2 =5 m each.

Beam span: £ =14 m (L1 =4 m, {2=5m)

Figure 16.1  Side view of the girder including fictitious tendon profile (not to scale).

Question 16.1
Calculate the drape of the parabola part of the tendon profile.
Answer 16.1

Jf___(4ooo)2__80

arabola expression: f = = -
P P s &R 8-25000

Question 16.2

Calculate the position/height of the anchors, given that (1) the bottom of the parabola part of the
tendon profile is at 80 mm from the cross-section’s bottom fibre and (2) there are no kinks in the
tendon profile.

Answer 16.2
TR
parabola: & =X
dx R
x=2m: d_y = i
dx 25

Vertical distance over b: (2/25)-:5=0,4 m
Distance relative to bottom fiber: 0,08 + 0,4 = 0,48 m => 0,09 m above centroidal axis level.
Question 16.3

Show in a figure all the loads on the beam from a prestressing force P. Assume that there is no friction
and no wedge set.
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Answer 16.3

Py X

Paon -}
¢ L

L

p—=

ﬂﬁf@:% ANIR R\

where
ep=0,09 m and a = 2/25 =0,4/5 = 0,08 rad.

Question 16.4

The tendons are stressed from one end, namely the left support. Sketch the profile of the prestressing
force at + = 0 over the full length of the beam. Mark important points/values. Use the following

expression and input:

Prestressing force including frictional loss:
P,(x)=P,(x=0) ¢ HO+k)

m

friction coefficient u=0,2
wobble factor k=0,01 rad/m

Answer 16.4
Use AfQ = ‘ﬂ‘
R

XZO:Pm(O)
x=5m:

A@ =0 (no curvature)

P, (5m)=P,(0)-e™ ) = P (0)-¢ " =0,99P, (0)

m m

x=9m:

AG =0+ hl (total)
25

Pm (9 m) -p (0) 'e_ﬂ(0+kx) -p (0) '6—0,2~(4/25+9~0,01) _ 0’95Pm (0)

m m

x=14m:

AO = 0+i+0 (total)
25
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Example 17 - Prestressed concrete

A pre-tensioned double T girder with a span of 20 m (see figure 17.1) is fully prestressed by 24 linear
tendons. The fictitious tendon is positioned 150 mm from the bottom as shown in figure 17.1. The
production and the construction phase are considered, both without a top layer.

A B C
I 282
[ 368
150 tJ . 2
A C
) 20000 -
| { 50
1282
Cad. ... 5 RIS P A
600
e S 368
ses S8 Ilso
> +—>
) 250 250 _
1600
Figure 17.1 Overview of the girder including fictitious tendon profile and cross section B

(midspan)(tendons are indicative) (dimensions [mm])

Parameters:

Density concrete : p=25kN/m’

Variable load : qok = 10 kN/m
Dimensions girder : see figure 17.1
Cross-sectional area girder : Ac=0,38 m?

Moment of inertia :1c=0,0157 m*

Distance from centroidal axis to top fibre :z:=10,282 m

Distance from centroidal axis to bottom fibre :zb= 0,368 m

Section modulus (top fibre) : Wi=0,0557 m®

Section modulus (bottom fibre) : Wb = 0,0426 m’
Strength class of concrete : C45/55

Elastic modulus concrete : 36000 N/mm?

Strength class of prestressing steel : Y1860S7

Cross-section of one strand (12.7 mm) : 98,71 mm?

Initial tensile stress : Opmo = 0.75-1860 = 1395 N/mm?
Elastic modulus prestressing steel : 195000 N/mm?

Partial load factors tye=1,2 tyo=1,5
Creep coefficient c0=2,0

Deformation caused by shrinkage : €cs = 0,24 %0

Question 17.1
Calculate the maximum initial prestress force Pmo [kN] required in cross-section B to fully prestress

the girder. Governing situations to be calculated are (at tendon release): 1) no tensile stresses at t =
0 and 2) maximum concrete compressive stress at t = 0 (allowed: 0,6fc).

Answer 17.1

load: G=0,38-25=9 kN/m
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Selfweight and prestressing only.

Tendon eccentricity:
368 - 150 =218 mm

Prestressing loads:

1

Axial compressive force P.

2

Concentrated bending moment at both anchors; P-e, where ep = 218 mm

Bending moment is constant over beam length; P-ep
Bending moment G: q/%/8 = 9-20%/8 = 450 kNm
Check top fiber level.

Units [kN, m]

_ By 0.218R, 450 _.
0,38 0,0557 0,0557
P, <6301kN

Check bottom fiber level.
Units [kKN, m]

_ By 0.218R, 450 0,6/, =—0,6-45000
0,38 0,0426  0,0426

7,75P , 2 —-37563 kN

m0 —
P <4847 kN

m0 —

Check bottom fiber level.
Units [kN, m]

P

m0

0,218P, 450
- - =+ <0
0,38 0,0426  0,0426
7,75P, , <—-10563
P, >1363 kN

m0 —

Question 17.2

Calculate the distance over which prestress losses occur at t = 0 and sketch the profile of the
prestressing stress, in N/mm?, in the linear tendons at t = 0 over the full length of the beam. Mark
important points/values.

Equations for anchorage of pre-tensioned steel
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Gme

lpt =0, 0, ¢
bpt
a, 1,25 for sudden release
a, 0,19 for 3 and 7-wire strands
o is the nominal diameter of the strand
G, 18 the strand stress just after release
f _=3,9 N/mm?

bpt

ldisp = \[ l]ft +d2

[,w=081 orl,=121

lbdzl +0“2 ¢(Gpd_6pmoo)
p pt2 f
bpd

G, isthe tendon stress corresponding to the force in the cracked cross-section

O,m. 18 the stress after taking into account all losses
fopq = 2.2 N/mm®

Answer 17.2

(&)
L= o, =1,25-0,19~12,7-@=1079 mm
3

bpt s

shortening of the concrete not taken into

I 1395 N/mm?; losses due to elastic
account.

Question 17.3

The elastic losses in the prestressing steel are caused by an average concrete compressive stress (at
the fictitious tendon level) of -5,0 N/mm?.

Calculate the average stress loss in the prestressing steel [N/mm?] due to elastic deformation. Explain
briefly whether or not this loss can be compensated for; and if so, how this should be done.

Answer 17.3

Concrete strain:
£c0 = -5/36000

(~5/36000)- E, =27 N/mm”

Stress loss can be compensated for by overstressing the tendons (initial stress level > 1395 N/mm?)
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Question 17.4

Calculate the time dependent prestress losses due to shrinkage, creep and relaxation in N/mm? at t =

00 in cross-section B.

The equation for the calculation of relaxation is:

AG ) t (0,75 (1-w))
—L=10,66 pg € (—j 107

G, 1000
where: Acp: : is absolute value of the relaxation losses of the prestressing steel
Gpi : is the initial stress in the prestressing steel
t : is the time after tensioning (¢ = oo = 500000 hours)
n : = opi / fyk, Where fix 1s the characteristic value of the tensile strength of the
prestressing steel
P1000 : is the value of relaxation loss (in %), at 1000 hours after tensioning and at a mean
temperature of 20°C
pooo  :=2,5%
The influence of shrinkage and creep reduces the relaxation. When taking into account shrinkage and creep

=0,8 Ao

losses, relaxation loss is: Ao pr(excl.ots)

pr(incl,ct+s)

Answer 17.4

Prestressing steel stress directly after tendon release (tendon shortening due to concrete shortening):

1395 - 27 = 1368 N/mm”.
Elastic concrete strain at prestressing steel level:
g = -5/36000

Creep:

2,0- (_—SJ -E_=-54 N/mm?
36000) "

Shrinkage:
—240-10° - E, =47 N/mm’
Relaxation:
o, =1368 N/mm’®
_ 1368

=2 20,74
#=1860

O-pr — 0’ 66 . 2’ 5 . e9,1»0,74 . 5000,75(170,74) . 1075 — 0’ 047

in

Ao, =0,047-1368 = 64 N/mm*

Total loss: 54 + 47 + 0,8-64 = 152 N/mm?

Question 17.5
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Explain briefly whether casting a concrete top layer at t = 50 days will have a positive, negative or

no effect on each of these losses (question 17.5) and why.

Answer 17.5

Shrinkage: No effect

Creep: Concrete compressive stress at prestressing steel level increases (> -5 N/mm?) => positive

effect.
Relaxation: No effect.

Question 17.6

The double T girder (see figure 17.2) is now considered at t = co. At t= 50 days a structural concrete
top layer has been cast. Top layer thickness is x mm. The fictitious tendon is at 150 mm from the

bottom fiber level.

150}
F

A

ax

Dkl
v %
600
856 I 1150
<+—> +“—>
. 250 250 R
1600
Figure 17.2
(tendons are indicative).
Parameters:
Density concrete
Variable load

Dimensions girder

Strength class of concrete

Elastic modulus concrete

Strength class of prestressing steel
Number of strands

Center of gravity of fictitious tendon
Cross-section of one strand (12.7 mm)
Initial tensile stress

Elastic modulus prestressing steel
Partial load factors

Twenty-four tendons are applied (Ap = 2369 mm?). At t = oo the prestressing force Pm.» is assumed

to be 2930 kN.

Overview of the girder including fictitious tendon profile and cross section B

:p=25kN/m’
: qok = 10 kN/m

: see figure 17.2

: C45/55

: 36000 N/mm?

: Y1860S7

124

: 150 mm from bottom fibre

: 98,71 mm?

: Opmo = 0,75-1860 = 1395 N/mm*
: 195000 N/mm?

(v =1,2

tyo=1,5



Draw the ULS strain distribution over the height of cross section B in combination with the
equilibrium between external and internal forces in cross section B. Use the bi-linear concrete stress
strain relationship and mark important points/values.

Answer 17.6

Question 17.7

Determine, from the force equilibrium in cross-section B, the minimum required height of the top
layer [mm] to be cast on the double T girder to assure that the concrete compressive zone is in the

flange. Assume that o, =0.95f,, /7, .

Answer 17.7
0,95fpk/vs = 0,95-1860/1,1 = 1606 N/mm?

A .
_ N _ 5%us _ 23691606 =106 mm => 106 - 50 = min. 56 mm top layer required,

.xu—
abfu  abfa g 75.1600- 3
1,5

b

100 mm is OK.
Question 17.8

A 100 mm top layer has been cast on the double T girder. This results in the following properties:

Cross-sectional area girder : Ac= 0,54 m?
Moment of inertia :1c=10,0282 m*
Distance from centroidal axis to top fibre :ze= 0,283 m
Distance from centroidal axis to bottom fibre :zb = 0,467 m
Section modulus (top fibre) : Wi =0,0995 m®
Section modulus (bottom fibre) : Wb = 0,0604 m?
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Check whether Mrd > MEd at midspan B.

Answer 17.8

Bending moment resistance (relative to centroidal axis level):
My =(z,— Bx,) N¢ +(ep)~ANP

=(283-0,39-106)-2369-1606-10" +(467-150)-(1606 —1395)-2369
=(919+158)-10° =1077-10° Nmm = 1077 kNm

p moo

M, =%(1,2-o,54-25+1,5-10)-202 —e,P,

=1560-2369-1395-(467-150)-10°
=1560-1047 =513 kNm

Result: Mrd > MEq ; OK.

Question 17.9

Check the assumption of question 17.8. Hint: Use the strain distribution over the height at cross-

section B.
Answer 17.9

Increase of prestressing steel strain:

d —x -
Ag, = p_"u .3,5.1()—3=(Mj-3,5-10‘3=16,3-10‘3
X 106

u

2930-10°

£, =—— 263107
P 2369195000

total strain: 22,6 %o

35107 -7,8-107°
2

greater; estimated prestressing steel stress is OK.

7,8-10_34{

]= 21,4-107 is required to arrive at 0,95fpk/ys. The strain is a bit
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Example 18 — Reservoir and crack width

A water tank comprises a foundation slab and on top a circular reinforced concrete tank wall with a
thickness of 150 mm. The inner diameter of the wall is 18 meters and the height is x meters (to be
determined). The tank wall is reinforced with two layers of bars with diameter 12 mm and a center
to center distance of 75 mm. There is a sliding connection without friction between the tank wall and

the foundation, see Figure 18.1.

O,15m_”‘ D =18m __”‘0,15m
H 212mm

o o
75mm

o o
xm 75mm

o o
. 75mm

detail A ) o

) R 3 detail A

T OO0

Figure 18.1  Cross-section of the water tank

Concrete strength class
Density concrete
Reinforcement class BS00B
Modulus of elasticity
Concrete wall

: C25/30

. p=25kN/m’
: fyd = 435 N/mm?
: Es=200000 N/mm?

thickness : 150 mm
concrete cover : 25 mm
allowable crack width : 0,20 mm

mean concrete tensile strength:

Dheett=2,5 (h - d)
fetm = 2,6 N/mm?

bond strength D Tom = 2 fetm
Concrete modulus of elasticity : Ecm = 31000 N/mm?
Partial load factors tye =1,2
vy =1,5

Question 18.1

Calculate the maximum tensile force resistance per meter (NVrd) of the tank wall in the ultimate limit
state when the wall is reinforced with 2 layers of 12 mm bars at a center to center spacing of 75 mm.

Answer 18.1

Amount of reinforcement:

a, 2. 17002 1990 5013 m
4 75

Resistance (ULS):

Npg =af,s =3013-435=1311-10° N/m = 1311 kN/m
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Question 18.2

Calculate the maximum height of the tank wall in the ultimate limit state if the tank is completely
filled with water. Hint: Express the tensile force over 1 meter height in the tank wall as a function of
the water height x, keeping the maximum tensile force constant over 1 meter and assume Nrd = NEka.

Answer 18.2

Hoop force (ring force) from the hydrostatic water pressure: N = gR.
Maximum design hoop force is at the bottom: Nedmax = YQ / pwater R.

Nedmax = 1,5-h-10-9 = 1354 units kN &m

Nedmax = Nrd => 1352 =1311=>h=9,7m

Question 18.3

Calculate the crack width wmax and check if the crack width is smaller than 0,2 mm.

Crack width control:

max

st

1 f 0 1 Table 15,111 Values for 7ym, @ and f from eq. (15.15) for various conditions. The
= —ﬂ——(O'S - Gsr) values for a between brackets are the recalibrated values as applied in
2 Tom Psefr Es the Eurocode by means of the coefficient & (EN 1992-1-1 eq. (7.9))

crack

crack formation stage

stabilized cracking stage

AS
Short term a =0,5(0,6) a =0,5(0,6)
loading p =0 g =0
Tom = 2,0 fctm Tom — Zaoﬁflll
long term or a =0,5(0,6) a =0,3(0,4)
dynamic loading | £ =0 £ =1
Tom = 1,6 ﬁtm Tobm — 2,0fct1n

Answer 18.3

Concrete cover = 25 mm
h-d=25+0/2=25+12/2=31 mm
he.eft = 2,5 (h - d) =78 mm

2hcett = 156 mm > wall thickness = 150 mm => hc.ff zones overlap => effective tensile member

width = #/2 =75 mm

Bars: ©12-75

112




1

272'122
i = =0,02
ps,eff 7575
L2
= =0,02
P 75-75

Hoop force (ring force) from the hydrostatic water pressure: N = gR.
SLS check: Maximum hoop force is at the bottom: Nemax = / pwater R.

Nemax =9,7-10-9 = 873 kN/m

N, .10°
Steel stress in SLS: o = —=m — 873-10 =290 N/mm’*

g 3013

Note: This result is as expected. It’s SLS, so no load factor applied. ULS steel stress 435 N/mm? now
is 435/1,5 = 290 N/mm?.

Steel stress directly after cracking:

Gsr:f;:tm 1+£p i:2’6(1+@0302 L:147N/mm2
£, 31 0,02

Maximum crack width:
Assume long term loading:

1 f, O 1 1 26 12 1
Wmax :_ﬂ—_(o-s_aasr):_' ’ ' 3
21, P E 2 2:2,6 0,02 200-10

-(290-0,3-147) = 0,18 mm

S

Smaller than 0,2 mm; OK.

Question 18.4

Is the calculated crack width in the phase “fully developed crack pattern” or not?

Answer 18.4

NE,max =873 kN/m

Concrete tensile stress assuming that the concrete is uncracked in SLS:
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Nepw  873:10°
ST g 10004150

c

=5,8 N/mm”>> cer
Fully developed crack pattern (or: stabilized cracking stage) since Ng > Ncrack.

Question 18.5

Calculate the crack width when the bars are replaced by 16 mm bars without changing the cross-
sectional area of steel per meter tank wall (4s/m is kept constant).

Answer 18.5

@12 mm bars (from Answer 18.4):

M @ Lyl 26 12

1
W et —_ . .
™21, P B 2 2-2,6 0,02 200-10°

-(290-0,3-147)=0,18 mm

Now apply @16 mm bars; same amount of reinforcement.
The only variable that changes is the bar diameter O:

w, :E-O,1820,24mm
12

max

Question 18.6

Is the crack spacing (crack distance) larger or smaller in case 16 mm bars are used instead of 12 mm
bars, given that 4s/m is constant?

Answer 18.6

Crack width expression:

_ l&iL(q —ao,)

- 2 z-bm ps,eff Es

max

The crack spacing is the first part of the expression; the mean steel strain is the second part.
=> An increase of @ results in an increase of the crack spacing.
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Example 19 - Torsion

A rectangular concrete beam (see figure) is clamped on both sides in infinitely rigid walls. The span
of the beam is 7.5 meters. The width of the beam is 400mm. The beam height is 600 mm. The beam
is loaded by an evenly distributed load qed = 7.2 kN/m due its own weight, and by a point load Fra =
600 kN in the middle of the span. Because this point load is introduced with an eccentricity of 200
mm, a twisting (torsion) moment (Ted = 120 kNm) is exerted on the beam.

Clamped in an infinitely stiff wall

Concrete beam, width 400 mm, height 600 mm

General parameters:

Concrete strength class : C35/45

weight density of concrete ;Yo = 25 kN/m?

Reinforcement class BSOOB : fya = 435 N/mm?
modulus of elasticity : : Es= 200000 N/mm?
estimated diameter of the main longitudinal reinf. : 020
diameter of the stirrups : 010

Concrete cover : c=40 mm

(from outer reinforcement, stirrups)
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Question 19.1
Determine the distribution of the shear force and draw the shear distribution diagram (in kN).

Answer 19.1

Shear force in the beam is caused by the uniformly distributed load qed = 7.2 kN/m and by the point
load in the middle of the span Fed = 600 kN. Shear force diagram can be drawn as follows:

? lFEaFGOO kN 7
: :
% 9e=7.2 kN/m™_] %

24 3,75m »‘ 3,75m >%
T o

S

[ | + -
5" 4d % ______ [

%.suu +%-7,2-7,5u =327 kN ‘_I—\I

Question 19.2
Determine the distribution of the torsion moment and draw the corresponding diagram (in kNm).
Answer 19.2

The torsion moment in the beam is caused by the eccentric point load Frz = 600 kN (with an
eccentricity of 0.2 m) in the middle of the span: M = F,, xe =600x0.2 =120kNm .
The torsion moment diagram can be drawn as follows:

Teq= 120 kNm %
o /

3,75m 1 3,75m
>4 | 7

1
E'Tﬁ'd =60kNm |

15 Tea
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Question 19.3

Which cross-section is governing for the control of the combination of shear and torsion, and which
combination of forces must be included there?

Answer 19.3

Governing cross-section is the cross-section immediately adjacent to the supports;

This cross-section must be checked for:

e shear force of 327 kN (V},, = 327kN)

Additional information

In theory, in order to check if the governing combination can be secured without shear and
torsion reinforcement, and for the calculation of the required reinforcement (stirrups), the shear

force at the support can be reduced by dxgq,, =0.54x7.2=39kN; when checking the
maximum compressive stress this reduction should not be applied.

Because the difference in this specific case is small, in this example it is calculated with the
“not reduced” shear force of 327 kN.

e torsion moment of 60 kNm (7}, , = 60 kNm)

Additional information

Shear stresses are caused by a shear force and a torsion moment. Therefore, the maximum shear
stresses in the cross-section can be determined by adding the shear stresses due to the shear
force and the shear stresses due to the torsion moment, in the parts of the cross-section where
the shear stresses have the same direction:

Tmax( 1)

i o7 - Y — i b ) o e |
A I I A =i | N Y B 1 A
+ Ed ¢ ’ E&_\ T.I Tmax( ) ¢ | | #
ST ==Y 7| g P Tuax(VL B LT tmua(V)
I I | L | | +Tmax|T) [+ 4 | I ~Tmax( 1)
bomemmd R O B

- e ® - e " - e ®

Question 19.4

Check whether the governing combination of forces (as calculated in question 10.3) can be resisted

without additional reinforcement (that is: with minimum reinforcement only).

Answer 19.4

The reinforcement is not needed if the following is satisfied:

VEd + TEd >1
VRd,c TRd,c
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The shear capacity Vra.c (without shear reinforcement) can be determined as follows:
Vide = Virae xbxd

where v,, . is the shear resistance stress:

1
Vg =0.12xkx(100pf,,)* + ko, with a minimum of vy, =v,;, =0.035x K fo + ko,
where o, is the concrete compressive stress in cross-section due to axial loading and/or

prestressing. In this case o, =0.

1 1

andd=h—-c-0 —Ex@=600—40—10—5x20=540mm

stirrup

Since the amount of longitudinal reinforcement is not known (p), the value of v, :

1

Vrae = 0.12xkx(100p 1, )® cannot be determined.

Therefore, the shear capacity can be determined only based on the minimum shear resistance
stress: v, =0.035xk”%/ f, +ko,, where

k:min[l+ /%;ZJZmin(l+ /%;2}:1,61 and f,(C35/45)=35MPa

Vo = 0,035 k2 [ £, =0.035x1.61°* x+/35 = 0.42MPa

Vg = Vi X bxd = 0.42 400 x 540 = 90720 N=90 kN

mij

The torsion moment capacity without torsion reinforcement, or the torsional cracking moment,
can be determined as follows:
TRd’c =2xA4 xf., Xl

where Ak is the area enclosed by the centre-lines of the connecting walls, including inner hollow
areas. For the rectangular cross-section:

4, =(b—2x%tef’i]x(h—2x%tefqij

and 7, is the effective wall thickness:

te.f

L =max(2i2x f)
u

where f; is the distance between the edge and the centre of the longitudinal reinforcement:

A A |- centre-line
2

- outer edge of effective cross-
section, circumference u,

. - E
.

/ )
/ .
I/ /
/ ~y L
: O ‘
S I
LS [C]- cover
tes :

stirrup

fi=c+0O +%x@

1
fi=4-0+10+§><20=60mm
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A is the total area of the cross-section within the outer circumference u, including inner hollow
areas:

A =bxh=400x600=240000mm’

u=2x(b+h)=2x(400+600) = 2000 7m

te.f

L =max(2:2x f)
u

240000
tef,i = max (

2% =
2000 ;2 60) 120mm

A, =bxh :(b—2x%t€”jx(h—Zx%twjz(400—2x%l20)x(600—2x%120] =134400mm’
fow = Foroos 1 7o =(0.7x03x £,7%) [y, =(0.7x0.3x35"%) /1.5=1.50MPa

The torsion moment capacity without torsion reinforcement is:
Thae =2% A, % f %1, =2%x134400x1.5x120 = 48.4kNm

Via i Ty >327+ 60 =3.59+1.24=4.84>>1.0
VRd,c TRd’C 91 484

Conclusion: Additional reinforcement is required to resist this combination of shear and torsion
forces.

Question 19.5

Check if the governing combination of forces (as calculated in question 19.3) can be taken by the
concrete strut in compression, and at which slope of the strut (and thus also the crack angle) is the
maximum capacity found?

Answer 19.5

The maximum resistance of a member subjected to torsion and shear is limited by the capacity of the
concrete struts. In order not to exceed this resistance the following should be satisfied:

Vea + Trq <10
|4

Rd ,max TRd,max

where the maximum design shear resistance is:

% _acwxbxzxlefcd
Rd max —
e cot@ +tan @

=q, xbxzxv, xf  xsin@xcosb

For non-prestressed structures,, =1 and v, is a strength reduction factor for concrete cracked in
shear:

v, =0.6x 1—& =0.6x l—i =0.516
250 250
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The maximum combination of shear and torsion can be withstood with the largest crack inclination
angle 0, 6 = 45°.

% _a, xbxzxvx f,
Rd, -
e cot@+tan @

35 2

Vidmar = Oy XOXZXV X [, ><si119><c056’:1><4OO><O.9><540><0.516><E><(72)2 =1170kN

The design torsional resistance moment is:

Tt ma =2xvxa, xf, x4, Xl xsin@xcos@ where v=v, and a, =1
TRt max :2XO-516X1X£X134400x120x£x£:l94kNm
’ 1.5 2 2
Ve N T, _ 3D truss model for torsion

Rd ,max TRd,max .
(B) — concrete compression

strut — compressed concrete
between the torsional cracks

327 60
- " -

B 1170 ﬁ B (C) - longitudinal tie —

tensile force provided by
longitudinal reinforcement

=0.28+0.31=0.59<1

(D) —vertical tie — tensile
force provided by stirrups

&is the angle between the concrete
. y compression strut and the beam axis
Conclusion: Concrete perpendicular to the shear force

struts can withstand the
acting combination of
forces if the crack
inclination angle is 45°.

0., 1s the compression strut stress;

for the maximum capacity 0., =V, [/,

Concrete

b compression strut Oew,

~
,
-~
-
a(f’
= A
e

ZV:O — |(I'=0_2A4,1, sinBcosl
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Question 19.6

Calculate the required stirrups (in mm? / m per side of the beam) and longitudinal reinforcement (in
mm?) in order to be able to resist the occurring combination of forces (calculated in question 19.3),
assuming the crack inclination angle of 45°.

Answer 19.6

Required stirrups for the shear force:
A Ve, 327000

L —

s, zxcotOxf,, 0.9x540x1x435

w

=1.55mm* / mm

Required stirrups for the torsion moment (see the figure below):
A T, 60x10°

SW

s, 2xA xcotOx f,, 2x134400x1x435

w

=0.51mm* / mm

Additional information

Shear force due to torsion in the rectangular cross section (longer side) is V. = ﬁ X h,

k
Shear reinforcement for the torsion can be determined analogous to the shear reinforcement needed

W __ VEd,i
s h xcot@x f,

w,max

for the shear force: , from which the following equation for the required

T,

SW Ed

s, 2x 4, xcotOx [,

reinforcement for the torsion moment can be derived:

w

Calculation of the required stirrups
; ' : Stirrups
- N -\~ - el DYl P
}/ P L~ 4 5 /‘.p P /’/ // P L~ /1
8 Pl Vadl e < L ~ - h
r g {0/// 3 y /‘//’////1 )
17 /i '\sx\f\'w
(AN -1 LA
: ,/ |
l Sw | Sw Sw | _ Sw ]
Iy -ctg® by ctgd
; 4, T
e -
s, 24,f, cotl

Required stirrup reinforcement for the shear force can be distributed over the two legs of the stirrups.
The required stirrup reinforcement for torsion applies only to a single bar (leg) cross-section. So the
required stirrup reinforcement per side of the beam is:

121



Ay, :%x1.55+0.51 129 mm? [ mm = 1.29mm? | m

N

w

By keeping the Ostirryp =10 mm, the spacing between the stirrups is 60 mm.

This is a small spacing. It is more practical to opt for a larger stirrup diameter, e.g. for @12 or even

ale.

Longitudinal reinforcement required for the torsion moment (see the figure below):

_ T, xcotOxu, 60 x10° x 1 x (2 x (480 +280))

DA e = = =780mm’
e 2x A, % f, 2x134400x 435

Longitudinal reinforcement can be also determined per side, as follows:

- for the long side:
T, xcotd  60x10°x1

N = =246.3mm’
T fax2xb 435x2x280

- for the short side:

_ Ty xcotf _ 60x10°x1 1437

M fx2xh 435%2x480

The total amount of longitudinal reinforcement can then be calculated as:

D A tunes _ o XCOUOXUy, _ 46,312 %143.7 = 780mm?
e 2XAkxfyd

Calculation of the needed longitudinal reinforcement

\
\

Longitudinal reinforcement
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Note that in this problem there will be also longitudinal reinforcement due to the shear force. In
general, this additional longitudinal reinforcement is taken into account by shifting the bending
moment line.

The longitudinal reinforcement coming from the bending moment (note that in this example, there
are also bending moments present in the beam) is not calculated here as it seemed too much for this
example.

The horizontal force resulting from the shear force (that needs to be taken by longitudinal
reinforcement) will be:

0,5V, (cot@—cot &)

Note that this horizontal component is both dependent on the angle of the crack, 6, as well as the
angle of shear reinforcement, o.

o

f VEd

Try to think where this additional reinforcement will be placed. In top or/and bottom zone?
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Example 20 - Torsion

The cables of a cable-stayed bridge are loading the top of the pylon according to the figure below.
The anchor anchors are placed diagonally in A and C or in D and B, see the cross-section. In Figure
20.1, the cross-section A-A just above the next cable closure (D / B) is given.

1,0m width

0,6m
1,0m

Cross-section A-A

Figure 20.1: The pylon of the cable-stayed bridge.

General parameters:

Concrete strength class
weight density of concrete

Reinforcement class BSO0B
modulus of elasticity :
minimal diameter of the stirrups

Concrete cover
(from outer reinforcement, stirrups)

Force in the cable
cable at an angle of 30°

Y
O

1,5m

,
X
\\ //
w (@]
el
1,5m

1,5m

-

A
T
Al -
T
L‘& D
T, A
30°

@
> &
A/

Side view pylon

: C35/45
:yc =25 kN/m?

: fyd = 435 N/mm?
: Es=200000 N/mm?
1016

:c=50mm

T1=T>= 4000 kN
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Question 20.1
Determine all the forces and moment distributions in the top 4.5 m of the pylon.
Answer 20.1

The forces that act on the pylon can be decomposed as follows:

looo\E‘ N
30° | N
l I Side view
— == Itmrm kN
2000 kN ,
!2000\@ ;iNg
) To’é w | Top view
< 000 \[3? kN

The horizontal component of a cable force is: 4000 x cos 30° = 2000+/3 = 3464 kN
The vertical component is: 4000 xsin30° = 4000x0.5 = 2000 kN

The normal force in the column increases per engagement level of the cables by:
2 x2000 =4000kN .

With regard to the transverse force, the horizontal components cancel each other.

However, they provide a torsion moment equal to the horizontal component times the arm =
3464kN x0.6m = 2078kNm

For each level of engagement of the cables, the normal forces of the cables increase the already
present normal force in the pylon; in relation to the torsional moments these turn in the opposite
direction and eliminate each other.

Llooo -
o000 o 20#9
o o
. v Vs
12,000 ]
‘I 2079

NV, My T
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Question 20.2
Calculate the stirrup reinforcement in the cross-section A-A.

Answer 20.2

The design value of the torsion moment is 7ed = 2078 kNm.
The effective wall thickness is:

(= A_10001000 00
7w 4x1000

This should not be smaller than 2 x f* where f is the distance from the edge to the centre of the
longitudinal reinforcement:

f=c+0

stirrup

+lx0
2

Assuming that the dimeter of the bending reinforcement is & = 20mm

f=50+16+%><20=76mm—> 2x f =152mm << 250mm — t,, =250mm

The area enclosed by the centre-lines of the connecting walls, including inner hollow areas is:
4, =(1000-250) x (1000 - 250) = 562.5 x 10° mm?

Torsional shear stress in the wall is:
Tyy 2078 x10°

= = 3 =7.39 MPa
2X A Xty 2x562.5x107 x250

T,

Checking if the maximum torsional resistance moment is not exceeded:

TRd,max =2><V><fcd XAk Xtef xsin @ x cos @

v=0.6x 1—& =0.6x 1—3—5 =0.52
250 250

- First check the inclination angle of the compression strut which leads to the smallest
number of stirrups, 6 = 21.8°:

Trg max = 2 x0.52 %33 4 562.5x10° x 250 x sin 21.8°xcos 21.8°= 1176.7 x 105 Nonm
: 1.5

This is smaller than the applied design torsion moment 7kd = 2078 kNm.

- Then check the maximum allowed inclination angle of the compression strut 6 = 45°:

Thymax =2x0.52 xﬁx 562.5x10° x 250 x sin 45° x cos 45°= 1706.3 x 10° Nmm
’ 1.5

This is also smaller than the applied design torsion moment 7g4 = 2078 kNm.

Conclusion: The resistance of the compression strut is exceeded, the cross-sectional dimensions
and / or the concrete strength class must be adjusted (increased).

Calculation of the required amount of stirrups for the given cross-section:
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Shear force in the effective wall thickness, which (due to the symmetry of the square cross-section)
is equal at all the four sides, is:

Via =Tr Xlor X Iy

With the shear stress of 7.39 MPa, the effective wall thickness of 250 mm and the length of the
wall 4, =1000-1¢, =750 mm :

Vig =7.39%250%x750=1.39x10° N

Additional information

T,
Shear force due to torsion in the rectangular cross-section can be also calculated as follows: V, = ﬁ x h,
k
T, T, _2078x10°
For the square cross-section: V,, = —£&x h = —£& = SOX T _139%10°N
24, 2h, 2x750
This shear force has to be taken by stirrups. With the inclination of the compression strut of 45°:
6
Ay _ Via __1.39x%10 426 mm> | mm
Sy X fg xcotd45® 750x435x%1

Use the cross-sectional area of one stirrup leg. For a stirrup @ 16 mm, 201 mm? of reinforcement is

201
present. This results in a stirrup spacing s, = 4_(;6 =47 mm , which is too small for practical

application.
Question 20.3

Is the amount of longitudinal reinforcement affected by this specific loading case? If so, determine
the quantity (mm?).

Answer 20.3

Yes, due to the torsional moment, additional longitudinal reinforcement is required:

x cot45°=12.7x10> mm?

6
s, = Lo M oo p o 2078x10° | 4x750
24y fia 2x562.5x10° 435

12.7x10° . .
This is approximately 7TX0 =3175mm* per side of the cross-section. The area of a

reinforcement bar @ 25 mm is 491 mm?. This results in 7 @ 25 bars per side.

Note: Of course, the favourable influence of the normal force may still be included when the final
required amount of reinforcement is calculated: On the compression side, the longitudinal
reinforcement may be reduced in relation to the available compressive force. In the upper part of
the pylon the calculation value of the pressure force is 2000 kN. This implies that the total

. . o . ., . 4000x10’ )
reduction of the required longitudinal reinforcement over all 4 sides is —35 =9195 mm~.
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Question 20.4

As a result of an asymmetrical load the cable forces T1 and T2 change. Increase the cross-section to
1.5 m x 1.5 m. The position of the gripping points of the lines changes; they slide along, each over
250 mm because the cross-section becomes wider. But, in the direction perpendicular to it, their
location does not change; they remain there 0.6 m apart.

T1=4500 kN and T>= 3500 kN (calculation value).
Answer questions 20.1 and 20.2 again.

Answer 20.4

The two cable forces can be composed as follows:

Ti:
- The horizontal component of a cable force is: 4500 cos30° = 3897 kN
- The vertical component is: 4500xsin30° = 2250 kN
Ti:
- The horizontal component of a cable force is: 3500 % cos30° =3031 kAN
- The vertical component is: 3500 xsin30° = 1750 kN

For each engagement level of two cables there is now:
- Shear force: 3897 -3031=866kN

- Torsion moment from the horizontal forces in the pylon, each with an arm of 0.3 m from

the centre line of the pylon:  0.3x3897 +0.3x3031=2078kNm

- Vertical compression force: 2250+ 1750 = 4000kN

- Bending moment:

The differences between the vertical and horizontal components of the cable forces give
bending moments. With respect to an axis perpendicular to the plane of the given cross
section, the moment consists of two components:

- As aconsequence of vertical cable forces

2250%x0.75-1750%0.75 =-375 kNm

This is a local, concentrated moment.

As a consequence of horizontal cable forces

These forces only contribute to the bending moment in the lower cross-sections. So,
in a cross-section 1.5 m lower, precisely where the new set of cables is engaged, the
bending moment is: 3897x1.50-3031x1.50 =1299 kNm

This moment increases linearly between the two engagement levels. The number of
cables is also increasing in the pylon downwards. In section A-A there are
ultimately three upper engagement levels with cables. This provides a total moment
of:

3% (=375)+3x1299 +2 x1299 +1x1299 = 6669 kNm
A layer of cables higher: 2 % (—375) +2x1299 +1x1299 = 3147 kNm
A layer of cables higher: 1x(=375)+1x1299 = 924 kNm
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The design values of the normal force and torsion moment did not change.

> 3147 2098

The effective wall thickness is:

=200 55,
u 4 x1500

This is, of course, again smaller than 2 x f =152mm

The area enclosed by the centre-lines of the connecting walls, including inner hollow areas is:
A4, =(1500-375)x (1500 —-375) =1265.6 x 10° mm?

Torsional shear stress in the wall is:
Tyy 2078 x10°

= = 3 =2.19 MPa
2x A xtyr  2x1265.6x10° x375

T,

Check if the maximum torsional resistance moment is not exceeded:

TRd,max =2><V><fcd XAk Xfef xsin @ x cos @

v=0.6x[1—£}=0.6>{1—3—5}=0.52
250 250

- First checking for the inclination angle of the compression strut which leads to the smallest
number of stirrups, 6 = 21.8°:

Thd max =2 x0.52 %33 12656 x10° x 375 x5in 21.8°x cos 21.8° = 3971.2 x 106 Nimm
: 1.5

This is larger than the applied design torsion moment 7rd = 2078 kNm.
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In the cross-section is also there is also a shear force, since the horizontal components in the two
cables are not equal. In the considered cross section A-A this is 2598 kN.
The shear resistance of the compression strut is:

VRd,max =b,, xh xv|x f.; xsin@ xcos @

v =v=0,6- 1—& :0,6-(1—3—5 =0,52
250 250
For the inclination angle of the compression strut 6 =21.8°:
35 . 3
VRd max = 1500x (1500 —375) x 0.52 x s xsin21.8°x¢c0s21.8°=7060.0-10° N

Unity check for the most heavily loaded side:

Tey Vpg _ 2078 2598

+ = =0.52+0.37=0.89<1.0
TRd,maX VRd,max 3971 7060

Therefore, the concrete strut can withstand the acting combination of forces, also with the most
unfavourable inclination of the compression strut.

When calculating the required amount of stirrups for the given cross-section, the shear force in one
wall, due to torsion moment. should be considered:

VEd :TT Xtef Xh]

Due to the symmetry, this shear force is equal in all four sides of the square cross section. With the
shear stress of 2.19 MPa, effective wall thickness of 375 mm and the length of the wall
by =1500—1, =1125 mm :

Vg =2.19%375x1125=0.92x10° N

The shear force in the cross-section is 2598 kN. This will be taken with two sided stirrups, meaning
that 1299 kN (~ 1.3 x10°kN ) should be taken per one stirrup leg. With the inclination angle of the
compressive strut of 21.8°, the amount of required reinforcement can be calculated as follows:

A, Vig (0,92 +1.30)x10°

= - =1.81 mm* / mm
Sy X fq X cot21.8 1125x435%x2.5

For one @ 16 mm stirrup (201 mm? per one side of the stirrup) the spacing between stirrups is
sw=201/1,81=111 mm.

Question 20.5

Can the bending moment be taken by a 1.5 x 1.5 m? cross section? (Show this with a very global
calculation).
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Answer 20.5

The design value of the bending moment is 6669 kNm and of the normal, compressive force is
12000 kNm. The reinforcement can be calculated based on:

Mpq =23 4% fyq

With d =1500-50-16—-20/2=1424 mm and z=0.9xd =1282 mm, the required amount of
reinforcement is:

_ 6669-10°

== 12,0-103 mm?* , which corresponds to 38 ¥ 20 mm; 24 @ 25 mm or 15 @ 32 mm.

1282-435
If this reinforcement cannot be placed in one line, the effective depth of the cross-section, d, and
consequently the lever arm of internal forces z, have to be calculated again.

In this calculation the favourable effect of the normal pressure force is not considered. This can be
done by splitting the pressure force into two forces of equal size. One force is shifted to the centre
of the reinforcing steel; the other force is shifted over the same distance in the direction of the
concrete compression zone. The latter force is assumed to be taken up immediately by an
additional concrete compression force acting at the same place. The compressive force at the
location of the reinforcing bar results in a reduction of the required quantity of reinforcing steel:

y _0.5Ng, _ 0.5x12000x10°

2
s, reduction fyd 435 =13800 mm

This approach is only possible if the concrete compression zone can develop. With an internal lever
arm of 1282 mm for the bending moment, the resulting concrete pressure is:

6669 x10°

. =52x10° N
1282

With an additional pressure force of 0.5x12000 = 6000kN as a result of the design value of the
additional external normal force, the total concrete pressure force becomes 11200 kN. For the
1500 mm wide pressure zone in strength class C35 / 45 (full-density stress-strain relationship
under pressure o = 0.75):

3
X, = 11200x10 - 17 mm
0.75><1500><1—

9

The centre of the concrete compressed zone is %8 x427 = 0.39x427 =166 mm from the edge.

This is more inward than where the centre of the reinforcing bar is, namely approximately
50+16+20/2 =76 mm from the edge. The assumption has therefore not been correct and a more
accurate calculation must show how much reinforcement is really needed.
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Example 21 - Torsion

A concrete beam (length 10 m) is fully clamped at both ends in a concrete wall. The beam is has a

console over a distance of 8 m. A uniformly distributed line load acts on the console.
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General parameters:

Dimensions of the concrete beam

Dimensions of the console

Concrete strength class
weight density of concrete

Reinforcement class B500B
modulus of elasticity :
diameter of the stirrups
diameter of longitudinal reinforcement

Concrete cover
(from outer reinforcement, stirrups)

Characteristic value of the distributed load on console

:b =400 mm;

h =700 mm

:b=h=300 mm

: C35/45
:ye = 24 kN/m?

: fya = 435 N/mm?
: Es= 200000 N/mm?

1010

1 020

¢ =30 mm

2 qok= 50 kN/m
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Question 21.1

Calculate the design value of the total torsion moment that acts on the girder (taking the selfweight
of the console into account) and draw the torsion moment line for the girder.

Answer 21.1
The total distributed load on the console, taking into account the self-weight, can be calculated as
follows: ., =(1.2x0.3x0.3%x24x1.2)+(1.5x50)=77.59 kN / m
. . 0.4
Total torsion moment is: T, =4, xexl=77.59x - +0.15 |x8=217.2 kNm

This torsional moment is composed out of two equal parts, both ending at the support:

iD‘B’L Jdero
o ““::K
T S - S N
B .
-—wq»..-'ft:ﬁ)é kN“\/
Question 21.2

It is now assumed that stirrups are required. Calculate the amount of stirrups needed to resist the
torsion moment.

Answer 21.2

zef:f:—‘mo”oo ~127.3 mm
u 2x(400+700)

b =b-1,,=400-1273=272.7 mm
b =h-t,,=700-1273=572.7 mm
Condition 7, >2 X (30+10+20/2) =100 mm is satisfied.

A4, =(400-17,,)x(700-1¢,)=156.2- 10° mm’

t TEd

. T,
Shear stress due to the torsion: 7, = ———> 17, xt, =
2x A4,

T
2x 4, Xl

The reinforcement can be calculated as follows:
A V.

sw Ed

T
where Vig =77 Xt xhy = Ed_y p,

s, h, X fwa X COLO 2x A4,
Tra 108.6x10°
o 106010
4, 2x 4, _2x156.2x10° _ 348

=0,80 mm* / mm

s, hxfogxcotd  435x10 435
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Note: The inclination angle of the compression strut is assumed to be 45°. Furthermore, as 4, the
length of a shear panel, is not in the equation, the required reinforcement is equal for each shear
panel. For stirrup reinforcement @10 mm, the spacing is sw = 98 mm.

Question 21.2

Calculate the total amount of stirrups that is needed to take the torsion moment and the shear force
and calculate the spacing between the stirrups for a stirrup diameter of @10 mm.

Answer 21.2

In order to calculate the total amount of reinforcement, first the shear force acting on the beam has
to be calculated.

Distributed load from the beam itself (acting over the length of 10 m) is:
q, =1.2x0.4x0.7x24=8.06 kN /m

Distributed load from the console (acting over the length of 8 m), as previously calculated is:
Gy =77.59 kN / m

Resulting shear force at the support is:

v - %x 8.06 +§>< 77.59 =356.7 kN

When calculating the amount of stirrups needed to take the shear force, again the inclination angle
of the compression strut (the same as with torsion) is considered to be 45°:
4, Vid 350.7x10°

SW.

=1.38 mm* / mm

s zX f,.q %cotl B 0.9%x(700-30-10-20/2)x435x1.0

w

In order to calculate the total reinforcement for the shear stresses coming both from the shear force
and the torsion moment, the calculated torsion and shear reinforcement must be combined:

ﬂ:o.&%zl.@mmz/mm

N

w

The required spacing of the reinforcement @10 mm is D_ 1.49mm’> / mm — s, = 53mm .
S

w

Question 21.3

Calculate the total required amount of longitudinal reinforcement for torsion and calculate how
much reinforcement is needed in each of the four side faces of the beam.

Answer 21.3

The total longitudinal reinforcement can be calculated as follows:

= . =1353 mm?
2% 4, fyd 2x156x10 435

4 T, xcot® u, 108.6x10°x1.0 2-(272.7+572.7)
sl = A~ :

This reinforcement has to be equally distributed over the circumference of the beam:

Per side: 5727 1353 =459 mm’® - 6010 (471mm*)
2-(272.7+572.7)
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272.
At top and bottom: 2.7 1353 =218 mm’ —3010 (236mm*)

2-(272.7+572.7)

Note: When determining the definitive reinforcement, the reinforcement needed for the bending
moment must also be taken into account.
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