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Appendix A: Concrete concepts

Appendix A: Concrete concepts

A.1 Inverted T-beam bridge
Dimensions: ZIP1700 [21]

\7 A\ 7/ 7 A\ I/
O \ { O
(o] (o] (@) Q
(o] (o] [ Q

o2 4. o o o o

Figure 59: Cross-section superstructure with inverted T-beam bridge
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Figure 60: Dimensions inverted T-beam
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A.2 Box beam bridge
Dimensions: SKK1600 [21]

\ O\ I/ 7 O\ I/
) [
0 O
[ Q (] (]
o (@] (o) (o)

Figure 61: Cross-section superstructure with box beam bridge
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Figure 62: Dimensions box beam
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A.3 Cast in-situ box girder bridge (internal prestressing)
Dimensions: according rule of thumbs [15]

)

a ) a
0 O
e e e e
(o] (o) (@) (e}
o o o o]

Figure 63: Cross-section superstructure with cast in-situ box girder bridge
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Figure 64: Dimension cast in-situ box girder
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A.4 Precast segmental box girder bridge (external prestressing)
Dimensions: deduced from reference projects [6]

\l 2\ 7/ \V A\ 7/
_ ) _ )
0 0
(] Q (@] Q
(o) o (o) o

Figure 65: Cross-section superstructure with precast segmental box girder bridge
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Figure 66: Dimensions precast segmental box girder
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A.5 Trough bridge

Dimensions: deduced from reference projects [5]

r_

R

V/

U

(e]e]

[e]e}

U

(e]e]

(e]e]

/_'V

Figure 67: Cross-section superstructure with trough bridge
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Figure 68: Dimensions trough bridge
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Appendix B: Calculations concrete box girder C50/60

Appendix B: Calculations concrete box girder C50/60

B.1 Introduction

This Appendix presents the calculations of the optimal box girder in concrete C50/60. First the material
characteristics of the concrete and steel are described. Paragraph 3 deals with the geometry and the
structural schematisation of the box girder and its characteristics. The loads to which the box girder is
subjected are treated in paragraph 4. In the next paragraph the layout of the external prestressing
tendons is shown and the stresses in the box girder due to loading and prestressing are calculated. It
also contains the calculations of the prestressing losses. Furthermore this Appendix describes the
calculations on deflection, shear + torsion and the ultimate resistance moment of the box girder in
respectively the paragraphs 6, 7 and 8. The calculations on the deck thickness are treated in
paragraph 9. Finally this Appendix deals with the calculations on fatigue and vibration of the box girder
and buckling of the webs.

The formulas and values used in the calculations are taken from [11] and other references, which are
then stated in the text.
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B.2 Material characteristics

B.2.1 Concrete C50/60

Density of concrete [8] e 2500 kg/m®
Partial factor for concrete Ve 1.5
Coefficient taking account of long

term effects on the compressive

strength and of unfavourable effects | &, 0.85
resulting from the way the load is

applied [12]

Coefficient taking account of long

term effects on the tensile strength a 10

and of unfavourable effects resulting o ’

from the way the load is applied.

Characteristic compressive cylinder 2
strength of concrete at 28 days f°k 50 N/mm
Mean value of concrete cylinder f —f 48 58 N/mm?2
compressive strength cm ok

Mean value of axial tensile strength (2/3) 2
of concrete fun =0.30* 4.07 N/mm
5% fractile characteristic axial tensile _

stroength of concrete Fescoos = 0.7 oy 2.85 N/mm"
fgr(]::rr:t;nodulus of elasticity of E, = 22[( fcm)/lo]o.s 37277 87 N/mm?2
Compressive strain in the concrete 0

at the end of the linear part Ees 1.75 %e
lCJ(;trl]r;aettZ compressive strain in the 43 3.5 %,
Design value of concrete

comgressive strength fog = e fu /7 28.33 N/mm’
Design value of concrete tensile —

Stren%th foag = o fonoos 1 7 1.90 N/mm?
B.2.2 Reinforcing steel FeB 500

Density of reinforcing steel Ps 7850 kg/m3
Characteristic yield strength of reinforcement fyk 500 N/mm?
Partial factor for reinforcing steel Vs 1.15

Design yield strength of reinforcement fyd = fyk /7/S 435 N/mm?
Design value of modulus of elasticity of E 200.000 N/mm?
reinforcing steel s ’
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B.2.3 Prestressing steel FeP 1860

Density of prestressing steel Py 7850 kg/m3
Characteristic tensile strength of f 2
prestressing steel [24] pk 1860 N/mm
Characteristic 0.1% proof-stress of 2
prestressing steel [24] f oo 1600 N/mm
Partial factor for prestressing steel Vs 1.15
Design tensile strength of prestressin
stool gihorp 9| f =T 7 1391 N/mm?
Ultimate tensile strength of prestressing 2
steel fpk Ty, 1617 N/mm
Design value of modulus of elasticity of E 200,000 N/mm?
prestressing steel P
Factor k, 0.8
Factor K, 0.9
Factor K, 0.75
Factor Kg 0.85
Maximum tensile stress in the tendon — mi * e * 2
(during tensioning) O pmax = MINEK ™ T K, ™ Too ik | 1440 Nimm
Maximum tensile stress in the tendon ; .

=min{k, * f_ ;k, *f 2
(after tensioning, initial stress at t=0) @ pmo tko ™ Tocke ™ Troncd | 1360 Nimm
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B.3 Geometry box girder

45m 45m
Figure 69: Statically determinate box girders supported by columns
btt
bboxts
L cant bw Djw L cant
t
I |
Zct
centroidal axis e o
o Hbox H
/chb
t
| bbof bt
Figure 70: Cross-section of the box girder
B.3.1 General
Length span L 45 m
Depth box girder H 2.8 m
Width top flange by 8.96 m
Thickness top flange t 0.25 m
Width web b, 0.16 m
Width bottom flange by 4 m
Thickness bottom flange Lo 0.3 m
Width box top side Poows 5 m
Cantilever length top flange Lo 1.98 m
Depth webs Hy 225 m
(b, — b, )/2
Angle of webs with vertical axis «,, = tan™ o T T =110
H box + tbf
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Appendix B: Calculations concrete box girder C50/60

B.3.2 Determination of cantilever length
Rule of thumbs to determine the top flange thickness:

1
t. =—L
tf 10 cant
1
ttf = %*(btf - 2(bw + Lcant ))
This gives:
1 1,
_)ELcant = % (btf _Z(bw + Lcant ))
1 2 1
= (—=+—=)*L, ==—=*{b; —2*b
(10 30) cant 30 (tf w)

—->L

cant

6
= 25" (b, ~2*b,) =1.728m

As the main forces act in the middle of the deck (metros) it is chosen to bring the webs more
underneath the metros, see Figure 73. Therefore the following dimensions are chosen:

bboxts S m
Lo 198 m
by 4 m

The width of the bottom flange by, is chosen smaller than the width of the box top side b, This way

boxts *

the railway girder requires a smaller support and the angle «,, is still small enough for the webs to

transfer the vertical loads mainly by normal forces than by bending. The dimensions b, and by

are deduced from reference projects, see Figure 18 [6].

B.3.3 Concrete cover
The concrete cover for this box girder made of C50/60 is:
Crom = Crmin T ACge, = 40mm

Where:

Minimum cover

Crin = Max{c +ACyy, = ACuyr ¢ — ACqyr age :LOMM} = 35mm

min,b Cmin,dur

C
Minimum cover = diameter of bar = 16 mm.

ming Minimum cover due to bond requirement

Crringur Minimum cover due to environmental conditions

It is assumed that exposure class XF1 and XF3 can be classified as exposure class XD1 for the
determination of the concrete cover.

With the recommended structural class S4, exposure class XD1, a design working life of 100 years,
strength class C50 and an ensured special quality control of the concrete production table 4.3N and

4.4N [11] give that C =35mm.

min,dur

ACy,, Additive safety element
Recommended value is 0 mm.
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Cqur s« Reduction for use of stainless steel
Recommended value is 0 mm.

Cour.aga Reduction for use of additional protection
Recommended value is 0 mm.

Allowance in design for deviation
ACg,, =5mm
(Precast element)

B.3.4 Effective width of flanges

The effective width of the flanges is based on the distance |0 between points of zero moment, see

Figure 71. However, with a structural schematisation as given in Figure 69 the distance Iois 45

metres.
[ ]
0 -
b =085h [015(/+ I I =07k h=015k+h
".'1 | ‘ | "2 .J_ "3 )
- e "
Figure 71: Definition of IO , for calculation of effective flange width
beff
beﬁ,1 beﬁ,2
. bw ‘
i 7 ZI
[ b, LI
b, b, b, b,
- b
Figure 72: Effective flange width parameters
This gives:
I, =45m
Cantilever length top flange b, =L, =1.98m
Width inner top flange b, =b,/2-b, =2.34m
Width bottom flange b, =b, /2-b, =1.84m
Effective flange width:
beff = Zbeff,i +bw < b
Where:
by =0.2b, +0.1, <0.2l,
And
beff,i <b,
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Effective width of flanges

Value

Effective width cantilever length top flange | Dy 1 ] 1.98

Effective width inner top flange beﬁ 2 | 2.34

Effective width bottom flange Dy 5 | 1.84

Total effective flange width

Value
Effective width top flange D« + | 8.96 m
Effective width bottom flange beﬁ b | 4 m

B.3.5 Cross-sectional properties
Cross-sectional area of concrete
Ac = btf *ttf + 2*bw*H +bbf *tbf

box

Distance from bottom to centroidal axis

Zy, = by *ty *(H =t /2) +2%b, *Hy,, * (Hyo /241y ) + by *ty *(t; 12))/ A,

Distance from top to centroidal axis
th =H- Zcb

Moment of inertia of concrete section

Ic zé*beﬁ,t *tt?; +beff,t *ttf *(th -t /2)2 +

2*%*bw* HE, +2%b, *Hyp * (Zy —Hyo /21 )2 +

box box

1
E*beﬁ,b *tSf 0y o *tor *(Zgp — i 12)?

Section modulus bottom
Wb = IC / ZCb

Section modulus top
W, =1.1Z,

Perimeter concrete box girder

u= btf +2*ttf +2*Lcant +2*\/((bboxts _bbf )/2)2 +(Hbox +tbf )2 +bbf
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Values cross-sectional properties box girder

Value
Cross-sectional area of concrete A, |4.16 m?
Distance from bottom to centroidal axis Z, |1.730 m
Distance from top to centroidal axis Z, |1.070 m
see;(i)g: moment of area of the concrete I 5387 m?
Section modulus bottom W, |3.114 m°
Section modulus top W, |5.036 m°
Perimeter concrete box girder u 22.617 m
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B.4 Loads

axis track 1

guard-rail

walkway

cable duct

axis track 2

3800

=
200
925 ‘
50

cancrete plinth
L1 1
sound insulation o § 3
L __upper side rail | L ,g_ &
o L ‘ ‘ e
( %Q(i%'mﬁgl 900 | 800 | 900 IAAQ
150¢
1000 1740 1740 1740 1740
3480
8960
Figure 73: Cross-section top part superstructure
B.4.1 General
Acceleration due to gravity g 9.81 m/s’
Dynamic factor [8] ¢=1+4/(10+L) 1.07
Partial factor for permanent actions, favourable [9] VG, fav 1.0
Partial factor for permanent actions, unfavourable [9] VG unfav 1.35
Partial factor for variable actions, favourable [9] Y Q. fav 0
Partial factor for variable actions, unfavourable [9] Y Q. unfav 1.5
Partial factor for prestress, favourable Ve tav 1
Partial factor for prestress, unfavourable 7 P unfav 1.3
Factor for combination value of snow load [9] Vo snow 0.8
Factor for combination value of wind load [9] V0 .wind 0.75
Factor for combination value of sideward force [9] Vo sidewt 0.8
B.4.2 Vertical loads
Dead load box girder Ogead = A *P.*0 | 102.02 kN/m
Permanent loads [8]:
Concrete plinths 10 kN/m per track
Rail (S49) 0.97 kN/m per track
Cables 12 kN/m per cable
duct
Walkway + guard-rail 2 kN/m per
walkway
Sound insulation 13 kN/m per
walkway
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Concrete slope (drainage between

0.5 kN/m?
walkways)
Variable loads [8]:
Mobile load (metros) Oinob 25.5 kN/m per track
Snow load Qerow 0.5 kN/m?
Concentrated load due to the metro (for local
schematisation) Qmob oc 130 kN per track
B.4.3 Horizontal loads
Wind load* [8] Quing 1.5 kN/m?
Sideward force due to the metro® [8] Qqiewt 30 kN per track
B.4.4 Load schematisation in longitudinal direction
Serviceability limit state (SLS)
Vertical loads
Dead load box girder O gead 102.02 kN/m
Permanent loads:
Concrete plinths (* 2 tracks) 20 kN/m
Rail (849) (* 2 tracks) 1.94 kN/m
Cables (* 2 cable ducts) 2.4 kN/m
Walkways + guardrails (* 2 walkways) 4 kN/m
Sound insulation (* 2 walkways) 2.6 kN/m
Concrete slope (drainage between (*( btf -2*1m)) 348 KN/m
walkways)
Total permanent load 9 perm 34.42 kN/m
Variable loads:
Mobile load (metros) Ormop * 2 tracks * ¢ 54.71 kN/m
Snow load Wosnow  Qsnow Ot 3.58 kN/m
Total variable load Qyar 58.29 kN/m
Ultimate limit state (ULS)
Vertical loads
Dead load box girder Veuntar - 9eead 137.73 kN/m
Total permanent load VG untav 9 perm 46.47 kN/m
Total variable load Yountay - Gvar 87.44 kN/m

* The viaduct is subjected to wind forces up to a height of 3.6 metres above the upper side of the rail.
® The sideward force acts at 1.5 metres above the upper side of the rail, in the centre of the track.
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B.4.5 Load schematisation in transversal direction

Serviceability limit state (SLS)

Vertical loads

Permanent loads:

(/ 2 plinths per track / 0.9 m

Concrete plinths (width plinth)) 5.56 kN/m
Rail (S49) (/ 2 rails per track) 0.485 kN per rail
Cables 1.2 kN per cable duct
Walkway + guardrail (/ 1 m (width walkway)) 2 kN/m
Sound insulation 1.3 kN per walkway
Concrete slope (drainage between 05 KN/m
walkways)
Variable loads:
Concentrated load due to the metro Qroboc/ 2 rails per track * .

L 69.73 kN per rail
(for local schematisation) ¢
Snow load Wo.snow - Gsnow 0.4 kN/m
Horizontal loads
Wind load Wowind  Awing 1.125 kN/m?
Sideward force due to the metro Vo sident - Qsidewt 24 kN per track
Ultimate limit state (ULS)
Vertical loads
Permanent loads:
Concrete plinths 3.56 * ¢ unfav 75 kKN/m
Rail (S49) 0.485" ¢ unfav 0.65 kN per rail
Cables 127 765 unfav 1.62 kN per cable duct
Walkway + guardrail 2" Y5 unfav 2.7 kKN/m
Sound insulation 1.3% 76 unfav 1.76 kN per walkway
Concrete slope (drainage between *
Walkways) 0.5 J/G,unfav 0.68 kN/m
Variable loads:
Concentrated load due to the metro * .

g

(for local schematisation) 69.737 7 quntay 104.59 kN per rail
Snow load 0.4 ¥4 unfav 0.6 kN/m
Horizontal loads
Wind load 1125 ¥4 unfav 1.69 kN/m?
Sideward force due to the metro 247" Y6 unfav 36 kN per track
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B.5 Prestressing tendons

B.5.1 Layout prestressing tendons

P— = o cenfroidal axis 2 P
PU Pd

— — |

Figure 74: Layout external prestressing tendons

Distance between the centre of the tendons and bottom side at mid-span

h, 05 m
Tendon eccentricity at mid-span f=Z,-h 1230 m
Distance of deviation blocks to supports a 15 m
Angle between prestressing tendon and the centroidal axis a, =tan(f /a) = 4.69°

The tendon eccentricity at the support is 0 metre as the tendon anchorage coincides with the
centroidal axis.

e
O(Hpu PT\\

Figure 75: Polygon of prestressing forces

=

The resulting prestressing force P,=2* P *sin(e, / 2) has a small angle with the vertical axis. As the
angle is very small the horizontal force of P, is small. For simplification reasons it is chosen to take
into account only the vertical upward prestressing force. The upward prestressing force F’u is
dependent of the prestressing force P and the angle a,

P, =P*sing,

B.5.2 Bending moments due to prestressing

The moment diagram and structural schematisation due to prestressing is shown in Figure 76. The
elevated metro structure consists of statically determinate box girders supported by columns. Due to
symmetry of loading the downward prestressing force at the supports is equal to the upward
prestressing force at the deviation blocks.
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d T Pu TP u N
P4 Pd
I

L

M m,p

M

Ms, P

Figure 76: Structural schematisation of the box girder subjected to prestressing forces
Where:
P, =P
M, , = OkNm

M,,=P*a=P,*a

The box girder has 6 tendons externally placed inside the girder according the layout shown in Figure
74. One tendon consists of 37 strands with a diameter of 15.7 mm and a cross-sectional area of 150
mm? per strand. The cross-sectional area of one tendon is:

A, =37*150 = 5550mm?

The number of tendons is:
n==6 tendons

The estimated prestressing losses are 20% att =«
The working prestress at t = « then becomes:

O o = 0.8% 0,0 =1088N /mm?

Hereunder the prestressing forces and bending moments are calculated for the two phases: the
construction phase att = 0 and the end phase att = «.

Construction phase att =0
Total prestressing force:
P,=n* Ap *meo = 45288kN
()
Total upward prestressing force:
P, =P, *sine, =3702kN

u
()
Bending moment between the two deviation blocks

M, 0 = P, *a =55531kNm (")

End phase at t = «~
The estimated prestressing losses are 20%
The working prestress at t = « then becomes:

2
& e = 0.8% 0 =1088N /mm

Total prestressing force:
P,=n*A, *o,, =36230kN
(3)
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Total upward prestressing force:
P, =P, *sina, =2962kN
(4)
Bending moment between the two deviation blocks
M, . = P, *a=44425kNm(n)

B.5.3 Bending moments due to loads
The bending moments due to the loads are determined according the structural load schematisation
shown in Figure 77.

q
VNS SN AN S AN

T
Va T 3 Vb

i |

Ms Ms

N

Ma
Mm
Figure 77: Structural schematisation of the box girder subjected to loads
Where:
VARV qL
a b 2

M, = O0kNm

1
M, ==qLl’

8

1 * * N * 452
M, :EqL a-05*g*a

Bending moments in the construction phase att=0
At deviation blocks
1

M., = E*gdead *L*a—0.5%g ., *a° = 22955kNm (L)
At mid-span
M.o= %* O gens ¥ L2 = 25825kNm (L)

Bending moments in the end phase at t = «
At deviation blocks

Ma,oo :%*(gdead + gperm +qvar)* L*a_o's*(gdead + gperm + c]var)-ka2 = 43816kNm(U)

At mid-span
1
M meo — g*(gdead + g perm + qvar) * L2 = 49293kNm (U)
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Bending moments due to the variable load
At deviation blocks

M., = %*qvar *L*a-0.5%q,, *a® =13116kNm(u)
At mid-span

M,, = %* Oy, * L2 =14755kNm (L)

B.5.4 Stresses due to loading

As the railway girder is a prefabricated segmental box girder the joints between the segments cannot
resist tensile stresses without opening of the joints. Opening of the joints is however not allowed so

the concrete cannot resist tensile stresses: o, <ON/ mm?. Furthermore the concrete stress may not
become too large. In order to rule out the non-linearity of creep the concrete compressive stress
should not exceed o, > —0.45* f, =-22.5N /mm?. Beneath the stresses at the top and bottom

side of the box girder are calculated for different phases. The negative stresses refer to compression
and positive stresses to tension.

Construction phase att=0

At deviation block, top side
P M M

Oy =——2+—P0 20 _ _4 42N /mm?
AC Wt Wt

—225N/mm’ <o, =-4.42N/mm? <ON/mm?® — Ok

®)

At deviation block, bottom side

P M m Ma
Oy =——2——20 4 20 21 35N /mm?
Ac Wb Wb
(6)
—225N/mm? <o, =-21.35N/mm? <ON/mm? — Ok
At mid-span, top side
P, M, M,
Oy =——2+—2P0 M0 _ 499N /mm?
AC Wt Wt
(7)
—225N/mm? <o, =-4.99N/mm? <ON/mm? — Ok
At mid-span, bottom side
P M, M,
Oy =——L——"P0 10 __20.43N /mm?
Ac Wb Wb
(®)
—225N/mm’ <o, =-20.43N/mm?® <ON/mm? — Ok
End phase at t = « fully loaded
At deviation block, top side
M M
oy _ P Moo Mas g 59N /mm?
AC Wt Wt
(9)
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—22.5N/mm? <o, =-8.59N/mm? <ON/mm? — Ok

At deviation block, bottom side

) m, po Ma,oo 2
o, == _mee | Mar g gON/mm
AC Wb Wb

—225N/mm’ <o, =-8.90N/mm? <ON/mm?® — Ok

At mid-span, top side
M M
Oy = P Moee Mow g 6N /mm?
Ac Wt Wt

—225N/mm’ <o, =-9.68N/mm? <ON/mm?* — Ok

At mid-span, bottom side
P M,.. M.

Oy =——2—— 4 % — _7.15N/mm°
Ac Wb Wb

—225N/mm? <o, =-7.15N/mm? <ON/mm? — Ok

End phase at t = « without variable load

At deviation block, top side

P Mmpoo Maoo_Mav 2
Oy =—"4+——-——2 —=-5.98N/mm
AC Wt Wt

~225N/mm’ <o, =-5.98N/mm?* <ON/mm?® — Ok

At deviation block, bottom side

P Mmpoo Maoo_Msv 2
L R L ¥ = —13.12N /mm
AC Wb Wb

—225N/mm? <o, =-13.12N/mm? <ON/mm? — Ok

At mid-span, top side
POO M m, peo M mo M m,v 2
Oy =—"+—"—-——- — =—6.75N /mm
AC Wt WI

—225N/mm’ <o, =-6.75N/mm? <ON/mm?* — Ok

At mid-span, bottom side

P Mmpoo Mmoo_va 2
Oy =——""——— +— —=-11.88N/mm
AC Wb Wb

~225N/mm’ <o, =-11.88N/mm? <ON/mm* — Ok

(10)

(11)

(12)

(13)

(14)

(15)

(16)
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B.5.5 Prestressing losses

Losses due to the instantaneous deformation of concrete
During tensioning the box girder will shorten. As the tendons are prestressed successively there arises
an immediate prestressing loss which can be calculated for each tendon with the following formula:

AP, = A *E, *Z[—J Ao (t)}

Ecm
Where:
A, = 5550mm? Cross-sectional area per prestressing tendon
E, =200,000N / mm? Modulus of elasticity of prestressing steel
E,, =37277.87N /mm? Secant modulus of elasticity of concrete
Ao (t) =0 * A, 1A, =1.8IN / mm? Is the variation of stress in the concrete at the centre
of gravity of the tendons applied at time t.
A, = 4160000mm? Cross-sectional area of concrete
O pmo = 1360N / mm?® Maximum initial tensile stress in the tendon
j=(M-=-1)/2n Is a coefficient where N is the number of identical

tendons successively prestressed.

This prestressing loss taking into account the order in which the tendons are stressed can be
compensated by slightly overstressing the tendons. The maximum overstress is needed in the first
prestressed tendon as this tendon has the largest loss due the instantaneous deformation of concrete.

The required overstress o, in the first prestressed tendon to compensate the losses due to
instantaneous deformation of concrete can be calculated out of the formula below:

j*Ao
AI:)el,l = Ap * Ep * el - Ap *(O-overstr - O-pmo)
cm
(17)
Where:
AG versr (1) = Tuerse “ AL T A, Variation of stress in the concrete

For the first prestressed tendon N =6 —
j=(n-1)/2n=5/12=0.4167

Now fill in formula (17):

j *Ao " J *O-overstr * Ap
Ap * Ep * E P = Ap *(O-overstr - O-pmo) - Ep * E _* = Ooverstr — O pmo -
cm cm AC
J*A o o
) * P =1 S G = e =1364.07N /mm’
E., *A o J*A
cm overstr 1_ E * p
p E *
cm AC

The maximum allowed tensile stress of the tendons during tensioning is o, .., =1440N /mm?. The

stress caused by overstressing is far below this value and as also the concrete compressive stress
during tensioning is limited to o, < 0.6* f, = 30N /mm? this small overstressing will not cause any

problems for the structure. It can be concluded that the losses due to the instantaneous deformation of
concrete can be compensated by overstressing the tendons. By overstressing the tendons the initial
tensile stress in all the tendons after tensioning can be the maximum tensile

stress oo =1360N /mm?.
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Losses due to friction
The loss due to friction in post-tensioned tendons is:

AP, (X) = P, (1—e ")

Where:

o Is the sum of the angular displacement over a distance x (irrespective of
direction or sign).

U Is the coefficient of friction between the tendon and its duct.

k Is the unintentional angular displacement for internal tendons (per unit length).

X Is the distance along the tendon from the point where the prestressing force is

equal to P__ (the force at the active end during tensioning).

max

~_ cenfroidal axis 2 P

Figure 78: Layout prestressing tendons

/
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Figure 79: Angular displacement at a deviation block

There are four places where tendon deviation takes place, namely: at the two supports and at the two
deviation blocks at a distance a of the supports.

f
The angular displacement of the tendon per deviation is: & = &, = — = 0.08rad
a

For external tendons, the losses of prestress due to unintentional angles may be ignored [11], so the
loss due to friction per deviation is:

— %0

AP# (X) =P, (@—e")=369.11kN

Where

Pux=F=n%* Ap *apmo = 45288kN

u=0.1 See table 5.1 [11] (external unbonded tendons; HDPE duct / lubricated;
strand)
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Time dependent losses of prestress for post-tensioning
The time dependent loss of prestress for post-tensioning at a location x is calculated according the
formula below:

E
£xE, +0.8A0, +—"-0(0,t))* 0 op

APC+S+T = ApAo-p,C+S+I' = Ap E n*A AC =
I+ 221+ 20)[1+0.8p(t,t))]
Ecm AC IC
Where:
Creep
@(o,t,) =1.2 Is the final creep coefficient according Figure 3.1b [11]
(outside conditions; C50/60; Class R; t, = 28 days;
h, =2*A,/u=2368mm)
Shrinkage

Es =& + & =0.1651%0 = 0.0001651  Is the estimated shrinkage strain in absolute value

Where

£ (0) = Bys (0,1,) * K * &4 o =0.165%0  Is the drying shrinkage strain

Eqg0 = 0.22%o0 Is the nominal unrestrained drying shrinkage value
according Table 3.2 [11] (Relative humidity 80%;
C50/60)

(t _ts) .
B (tt) = With t =00 — S (0,t,) =1.0
(t—t.)+0.04,/h

k, =0.75 Is a coefficient depending on the notional size h,
according to Table 3.3 [11]

&g (0) = B (0) * &, (o0) = 0.0001%o0 Is the autogenous shrinkage
B..(t) =1-exp(-0.2t**) with t =0 — S, () =1.0
Eqa(0) = 2.5(f, —10)*107° = 0.0001%o

Relaxation
Relaxation class 2 (wire or strand):

t 0.75(1-x)
* * *n91 *10-5 _ 2
Ao-pr = O—pi 0.66 Piooo € #(mj 10™ =60.93N / mm

Where:

O i = O pmo =1360N / mm?

Relaxation class 2 — p,,,, = 2.5%
u=oy,lf, =073
f . =1860N /mm?

The long term (final) values of the relaxation losses may be estimated for a time equal to:
t = 500,000 hours .
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Concrete stress

O-c,QP

Is the stress in the concrete adjacent to the tendons, due to self-weight and initial

prestress and other quasi-permanent actions where relevant. The value of O qp May
be the effect of part of self-weight and initial prestress or the effect of a full quasi-
permanent combination of action o, = o.(G + P, + ¥,Q), depending on the stage

of construction considered.

This means that o, o is the stress at the centroidal axis at t=0.
This gives:
P
Opqp =—— =—10.89N /mm’
A,
Where:
Po=n*A,*oc ., =45288kN

Other values

= 4160000mm? Cross-sectional area of concrete

A,

A, = 5550mm? Cross-sectional area per prestressing tendon
n==6 Number of tendons

E,, =37278N / mm? Secant modulus of elasticity of concrete

E, =200,000N / mm? Modulus of elasticity of prestressing steel

|, =5.387*10" mm* Moment of inertia of concrete section

Time dependent loss of prestress for post-tensioning at support

E
exE, +0.8A0, +—-9(0,t)) * 0 op

APc+s+r,s = nAPAO-D,C+S+r = nAD Ep n * Ap Ac CTT; = 4664kN
1+ —— 1+ Zep s )[1+0.80(t,t,)]
Ecm AC IC,S ’
Where:
Zo,s =0mm The tendon eccentricity at the support is 0 m as the tendons

anchorage coincides with the centroidal axis.

Time dependent loss of prestress for post-tensioning at mid-span

E
£xE, +0.8A0, +—"-p(0,t))* 0 e

AI:)(:Jrs+r,m = nAPAGP,HSH = nAp 1 Ep n*Ap (1 AC cn; )[l 03 (t t )] = 4276kN
+ + z +0.8p(t,
Ecm Ac Ic,m o v °
Where:
Zom = f=1230mm
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Total prestressing losses

The box girder segments are tensioned from one side from a practical point of view. This is because
the construction of the metro system concerns a continuous placement of the segments from one
column to the next column. This means that there is only one end well accessible to tension the
tendons. The total prestressing losses hereby become, see Table 19:

Place Prestressing 10ss Value Percentage of loss |Value
AP, +AP
At the first support AP, o+ AP, 5033 |kN W 11.11 |%
p_ ©pmo
, - AP +2*AP
After the first deviation * CHs+r,m 4 o
block (at mid-span) AP, orm+t2%AP, 15014  |kN A oo 11.07 |%
- AP +3*AP
After the second deviation CHS+,M u
AP +3*AP 0
block (at mid-span) crserm 3 o |5384 kN N*A, *0 o 11.89 1%
APC+S+I‘ S + 4*AP;4
At the second support AP, s +47AP, 16141 kN ' 13.56 |%

* *
nN*A,*0 o

Table 19: Total prestressing losses

The maximum prestressing loss arises at the end of the span, at the other end where the tensioning
takes place. This loss = 13.56 % which is smaller than the assumed prestressing loss of 20 %. This
assumption is thus a safe value for the prestressing losses and has not to be taken any larger. To take
into account other unexpected losses and other expected losses like for instance thermal losses and
slip of the anchorage it is decided to keep the expected final prestressing loss of 20 %. In the
continuation of this design the prestressing loss in the end phase at t = « is thus 20 %.
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B.6 Deflection

The bending moments due to the loads are determined according the structural load schematisation

4
shown in Figure 80. This schematisation means a deflection at mid-span of: W = %%
g
VUSSR SR AN
Va T T\/b
L |
MS MS
/
Mnm

Figure 80: Structural schematisation of the box girder subjected to loads

The moment diagram and structural schematisation due to prestressing is given in Figure 81. The
exact upward deflection of this schematisation is more difficult to determine. Therefore it is chosen to
re-schematise the schematisation into a more easy and conservative schematisation to calculate the
deflection. It can be seen that the moment diagram due to prestressing looks like the one due to the
loads but then upside-down and angular. It is therefore chosen to change the structural
schematisation of the box girder subjected to prestressing forces into a schematisation with a uniform
distributed load like in Figure 80, but then with an upward uniform distributed load.

4 /rpu Tpu B
P4 Pd
a_ |
L
Mm,p
—
Ms,p

Figure 81: Structural schematisation of the box girder subjected to prestressing forces
For the new schematisation the corresponding uniform distributed load has to be determined:

At t=0:

The bending moment generated by prestressing at mid-span:

M., o = P, *a@=55531kNm

The bending moment due to a uniform distributed load at mid-span:
1

M o= *q* L2
8

For the new schematisation those two moments have to be the same value:
Mo =My, =0, =219kN/m
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At t=co:
The bending moment generated by prestressing at mid-span:

M =P, *a=44425kNm

m, poo
The bending moment due to a uniform distributed load at mid-span:
1
M, ==*q*L’
8
For the new schematisation those two moments have to be the same value:
Mm,poo =M, - oo =176kN /m

Notice that this new schematisation causes a smaller upward deflection than in the real
schematisation. With the requirement of a limited downward deflection this verification thus becomes

more conservative.

The deflection is determined with the formula:

5 gL'
yo 5o
384 El

Where:

L =45m Length span

|, =5.387m* Moment of inertia of concrete section

E
E=E,  =— 2 —=16944N/mm?*  Effective modulus of elasticity of concrete for
' 1+ @(oo,1,)
deflection at t=0 and at t== without variable load
E =E,, =37277.87N /mm’ Secant modulus of elasticity of concrete for additional
deflection under mobile load

@(o,t,)=1.2 Creep coefficient, see B.5.5: creep

The deflections and unity checks at mid-span for different phases are:

Time Load q Deflection W |value |Maximum allowed Unity

deflectionw,,,, check
w/iw,.,
_ _ L/250=-180mm
At t=0 Ogead —Ypro -68.6 mm annotation © 0.38
T : L /500 = 90mm

At t=< without variable load | 9gead + 9 perm — dpo [-22.8 mm | tation ” -0.25
Additional deflection under L /1500 = 30mm

mobile load Over 155 MM | annotation 8 0.52

Qdead T 9 B} _
At t== fully loaded dead perm _22.8 +15.5 mm L/500__9(7)mm -0.08
+ Oar = Ot =-7.3 annotation

Table 20: The deflections and unity checks at mid-span for different phases

An upward deflection has a negative sign and a downward deflection has a positive sign. As the unity
checks show, the construction satisfies with respect to deflection for all phases. The normative
deflection is the additional deflection under mobile load.

® The pre-camber may not exceed L /250 see 7.4 [11].
" The final deflection may not exceed L/500see 7.4 [11].
® The maximum deflection under mobile load is L /1500 [8].
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B.7 Shear + torsion
B.7.1 Shear + torsion in webs

General
The webs have to resist the vertical shear and torsion. As it concerns a segmental box girder the joints
between the segments consists of shear keys, see Figure 82 and Figure 83.

A~

Figure 82: Shear keys in the flanges and in the webs

Joint befween segpents

L [

Shear key

Segment 2

Figure 83: Section A-A’

Each web has 15 shear keys with a height H of 150 mm per shear key, see Figure 84. The shear

force is taken by compression in the sloped part of the shear key, see Figure 85. Friction of the
remaining parts of the shear keys and flanges is not taken into account.
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Figure 84: Dimensions shear key in mm

Fed

Fshear

Fshear Fv

\ Fcd

Lshear

Frd

Figure 85: Schematisation of the shear resistance in a

shear key by compression in the sloped part L

shear

ow

Figure 86: Angle of the webs with the vertical axis

The shear strength of the webs:
The vertical shear strength of one web is:

Vegr = g * Lyear *COSax, *COS, *t,, * N

shear

= 2292kN

Where:
f, =28.33N /mm?

Lyoor = V25° +35% = 43mm
a, =tan™(25/35) =35.5°
a, = tanl[MJ =11.1°
H o + Ly
t, =b, *cosea, =157mm
,=H,,/H,=15
H, =150mm

box

Design value of concrete compressive
strength

Sloped part of a shear key under compression

Angle between shear key and beam axis

Angle of webs with vertical axis

Is the thickness of the web, see Figure 70
Is the number of shear keys per web

Height shear key, see Figure 84
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The vertical shear strength of two webs is:

Ve = 2*Vgy, = 4584kN

Shear resistance at t=0 in the webs

Shear forces
The shear diagram at t=0 is shown in Figure 87.

q
LLLLLLlLLLLLLLLlL
/’\Pu Pu

a

VEd,dl

VEd,s

VEd,dr —

Figure 87: Shear force diagram at t=0

With:
L =45m
a=15m

=76 tav - Jgeas =102.02kN /m
I:)u = 7P,unfav * Puo = 4813kN
P, =3702kN See Eq. (2)

u

This gives the following shear forces
Vegaro =A% (L/2—a) =T765kN
VEd,dIO :VEd,drO — P, =-4047kN

u

Ved.so = Veg.ao +d*a=—-2517kN

The maximum shear force is (absolute value):

Ve o = 4047kN

Unity check
The unity check for shear in the webs at t=0 is:

(18)

Veg a0 / Vg » = 0.88 <1.0 — Ok

Shear and torsion resistance at t=~ in the webs

Shear forces
The shear diagram at t=« is shown in Figure 88
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q
VNN AN AN S R R 2
TPu Pu

a |

VEd,dl

‘

-/
VEd,dr

VEd,s
Figure 88: Shear force diagram at t=«

With:
L =45m
a=15m

q = J/G,unfav * gdead + 7G,unfav * g perm + J/Q,unfav *qvar = 27164kN /m
P, = ¥p.ta * Pu = 2962kN
P, =2962kN See Eq. (4)

This gives the following shear forces
VEd,droo =q*(L/2-a)=2037kN

VEd,dlao :VEd’drw - Pu =—-924kN
Ves oo = Veg aiw 0% @ =3150kN

The maximum shear force is (absolute value):

Vey o, = 3150kN

(19)
Torsional moment
The maximum torsional moment is a result of wind load, the sideward force of a metro and the box
girder eccentrically loaded by one metro, see Figure 89 and Figure 90.

QWmd

o0

VNN

©

Figure 89: Eccentrically loaded box girder
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Qsidew Hvind

qwind %

Hsidew

Qmetr‘o

Husr

Zct

centroidal axis

Oow Zcb

Zmetro

Figure 90: Load schematisation for maximum torsional moment

The maximum torsional moment is:

TEd = qwind *L/Z*(Hwind + |_Iusr +th _Zcb)*(((Hwind + Husr +Z
+ Qsidew * (H sidew + H usr + th) + Qmetro * Zmetro = 2133kNm

_Zcb)/2)+zcb)

ct

(20)
Where:

Uying = 1.69KN /m? See B.4.5 ULS

Qsidew = 36kN See B.4.5 ULS

Qretro = Yountay @ Upop “L/2=923KN  See B.4.1 and B.4.2, divided by 2 as half the torsion
goes to the support of one span

H g =3.6m See B.4.3

H gigew =1.5M See B.4.3

H, =0.35m Height upper side rail, see Figure 73
Znetro = 1.74M See Figure 73

Z,=107m

Z, =173m

The lever arm of the webs is:
Zyers = (Dpos + P ) /2—D,, =4.34m See Figure 70

The extra shear force in the webs due to torsion is:

Vegow = Tog / Zyeps = 491kN

webs

(21)
Unity checks

The unity check for shear in the webs at t=« is:

Ve on Vg, = 0.69 <1.0 — OK

The unity check for shear + torsion in the webs at t=« is:

Veg .o Vag 2 +Vagou Va1 = 0.90 <1.0 > Ok

ed+w

The webs satisfy with respect to shear and torsion. The shear and torsion resistance is more than
what is required and friction of the remaining parts of the shear keys and flanges is not even taken
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along. When this verification is not satisfied, the depth of the webs H, , should be increased to place

more shear keys in the webs. Also increasing the web thickness is an option. For this design this is
however not necessary as the verification is satisfied.

B.7.2 Shear + torsion in flanges

General
The flanges have to resist the horizontal shear and torsion. As it concerns a segmental box girder the
joints between the segments consists of shear keys see, Figure 91 and Figure 92.

A~
Figure 91: Shear keys in the flanges and in the webs
Segment 1
Joint between segments Shear ke
Segment 2

I@xre 92: Section B-B’

The top flange has 5 shear keys and the bottom flange has 4 shear keys with a thickness which is the
same as the flange thickness, see Figure 91. The shear force is taken by compression in the sloped
part of the shear key, see Figure 94. Friction of the remaining parts of the shear keys and flanges and
webs is not taken into account.

[ 35

26 | 1] 25

\/\/SK:TOO

Figure 93: Dimensions shear key in mm
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Fh

Fshear
Fv
|

Fed s
— 7

Fcd
Lshear Frd

// —

Figure 94: Schematisation of the shear resistance in a shear key

The shear strength of the flanges:
The horizontal shear strength of the top flange is:

by compression in the sloped part Lshear

Vegr = fea ™ Lopear ¥COS e, *t *n o =1240kN

shear

The horizontal shear strength of the bottom flange is:

Vot = fog * Liear “COS, *t *n . =1190kN

shear

Where:
f, =28.33N /mm?

Lo =V25° +35% = 43mm

a, =tan™'(25/35) = 35.5°

Design value of concrete compressive
strength

Sloped part of a shear key under compression

Angle between shear key and beam axis

t, =0.25m Is the thickness of the top flange

t,; =0.3m Is the thickness of the bottom flange

Ny =5 Is the number of shear keys in the top flange

Ny =4 Is the number of shear keys in the bottom
flange
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Shear resistance at t=« in the flanges

Shear forces in the flanges

Qsidew Hwind

qwind %

Hsidew

Qmetr‘o

Husr

centroidal axis

oW Zcb

Zmetro
Figure 95: Load schematisation for maximum torsional moment

The shear force in the top flange is:

VEdythO = qund * I‘/2*(Hwind + Husr +H /2) +Qsidew = 239kN
The shear force in the bottom flange is:

VEd,bfao = qund * L/Z* H /2 = 53kN

Where:

0ying = 1.69kN /m? See B.4.5 ULS
Q.iger = 36KN See B.4.5 ULS
H g =3.6mM See B.4.3

H e =1.5M See B.4.3

H, =0.35m See Figure 73

Torsional moment

The maximum torsional moment is a result of wind load, the sideward force of a metro and the box
girder eccentrically loaded by one metro, see Figure 95.
The lever arm of the flanges is:

z, =H+t, /2+t,/2=2.53m See Figure 70

The extra shear force in the flanges due to torsion is:

Ve, =T, /7, =845kN

Where:
Ty = 2133kNm See Eq. (20)
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Unity checks

Top flange
The unity check for shear in the top flange at t== is:

Veg it Ve g =0.19<1.0 > Ok

The unity check for shear + torsion in the top flange at t== is:

Vea oo IVra s +Vears Vrgy =0,87<1.0 — Ok

Bottom flange
The unity check for shear in the bottom flange at t= is:

Veg o Veap =0.04<1.0 > Ok

The unity check for shear + torsion in the bottom flange at t= is:

Veapio ! Vagor T Vegst [Vrapr =0,75<1.0 - Ok

The flanges satisfy with respect to shear and torsion. The shear and torsion resistance is not much
more than what is required. Friction of the remaining parts of the shear keys and flanges is however
not even taken along. When this verification is not satisfied, more shear keys should be placed in the
flanges. As the flanges offer enough space for additional shear keys this verification will never be
normative for the design and will easily satisfy.

154 The elevated metro structure in concrete, UHPC and composite

Delft
e t University of
Technology




Appendix B: Calculations concrete box girder C50/60

B.8 Ultimate resistance moment

B.8.1 General

In all phases during the lifetime of the box girder the concrete force N due to the compressive

stresses in the concrete should balance the prestressing force P, see Figure 96.

O'cmax gcmax
top flange L gctf
centroidal axis Md C BN «— 5 Mu
P Nc
bottom flange — Eebt
gcmin g€cmin

Figure 96: Equilibrium between axial forces P and NC in the cross-section of the box girder

Ocmax
7 g < Nat B
ca. | /
< Ncw L Zw
Zbf
Ocbf <Ncbt B —
Ocmin

Figure 97: Overview for the calculation of the ultimate resistance moment

At the same time the bending moment M, due to loading should be resisted by the ultimate

resistance moment M of the box girder. The ultimate resistance moment arises when the strain
difference between the top and bottom flange is as large as possible taking into account that tensile
=O0N/mm?. In which flange the maximum strain
arises depends on the stage of loading. For the example given above it would mean that:

The concrete force N, = N + N, + N, and should be equal to P, see Figure 97.

stresses are not allowed. This means thato, .,

ctf

The ultimate resistance moment M, = N, *z; + N, *z, + N *Z,; and should be larger than the

bending moment M, . Where z,,z, and z,; are positive or negative values considering the location of
the force with regard to the centroidal axis.
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For this calculation there is made use of the Bi-linear stress-strain relation, see Figure 98.

Oc

A

| il_ _________ \

fcd __________ A ;

Figure 98: Bi-linear stress-strain relation

Where:
&3 =1.75%0 Is the maximum elastic compressive strain in the concrete
Euz = 3.9%0 Is the ultimate compressive strain in the concrete

B.8.2 Bending moments due to the loads and prestressing

Bending moment M at t=0

In the construction phase at t=0 the loads on the box girder are the dead load and the prestressing
force. As the permanent and variable loads are missing and the initial prestressing force is large the
box girder has a camber. The normative hogging moment in this phase arises at the deviation blocks,
see Figure 99. The maximum strain arises in the bottom flange.

M Mrn

=)
T

P W
Ms Ms

Figure 99: The bending moments due to prestressing minus the bending moments due to dead load results in the
largest bending moment M, at the deviation blocks

At deviation blocks

Mda,O = 7P,unfav * I:)uO *a_%*yG,fav *gdead * L*a_o'5*7G,fav *gdead *aZ = 49235kNm (ﬁ)

Where:
P, =3702kN See Eq. (2)

Bending moment M at t=«

In the end phase at t=«~ the box girder is fully loaded by the dead, permanent and variable load and is
partly resisted by the prestressing force. This load case causes a downward deflection, which means
that the normative sagging moment arises at mid-span, see Figure 100. The maximum strain arises in
the top flange.
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Ms Ms
/

M
° Mn

Figure 100: The bending moments due to dead, permanent and variable load minus the bending moments due to
prestressing results in the largest bending moment M,, at mid-span

At mid-span
1
M dm,oo = g* (7/G,unfav * gdead + 7G,unfav * g perm + J/Q,unfav * qvar) * LZ - 7/P,fav * Puoo *a
= 24334kNm (U)
Where:
P, =2962kN See Eq. (4)

B.8.3 Ultimate resistance moment at t=0

Ultimate resistance moment at deviation blocks
The prestressing force at t=0 is:

P, = 45288kN See Eq. (1)
M, 0 = 49235kNm(n) means that the maximum compressive strain arises in the bottom flange.
The schematisation of the forces in the cross-section is shown in Figure 101 and Figure 102.

Gcmin €cmin
top flange —

centroidalaxis i

Po

< My
Nc
bottom flange =™ ™
Ocmax
Figure 101: Stress and strain schematisation in the cross-section at the deviation blocks at t=0
gcmin
< Nctf T oy
z
c.a _
Zw
<— N cw - 7bf
<— Ncbf Zec3

Figure 102: Concrete forces and lever arms in the cross-section at the deviation blocks at t=0

To determine the maximum strain for which holds that N, = P, everything is filled in a spreadsheet
program (Microsoft Excel) and solved with the function goal seek. With the function goal seek the
concrete force N is set to be equal to the prestressing force P, by changing the maximum

compressive strain in the cross-section¢, .. -
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The maximum strain in the cross-section which causes equilibrium between N and P is:

Ecmax = 1.760%0

This gives:

Eqt = Eomax Ly I H =0.157%o0

Egp = gy *(H =1, )/ H =1.572%0
E.min = ON /mm?

2 .=H-¢c,l¢e, *H=0016m

( gctf +gcmin)/2)

Nyt = * o by *1; = 2849kN
&3 |
+ /2
Ncw = ( gth ngf) ) * fcd *wa * HbOX = 10077kN
&3

&
Ncbf = fcd *beff b * Z,st (C_bf* fcd + fcd )/ Z*beff b * (tbf - ch3) =32362kN

c3

Where:
by =8.96m See B.3.4
By p, = 4m See B.3.4

The total concrete compressive force is:

N. =N, +N,, + N, =45288kN =P,

The lever arms of the concrete forces are:

Z, =1, *% -Z,=-0.90m

Eoot — & Egt — &
2,=7, - gcﬁ*(Hbox*iﬂbf)+u*(Hbox*1+tm) P Y ST
2 2 3 2
&
fcd *2503*ch3/2+(fcd _fbf* fcd)/z*(tbf _chs)*((tbf _ch3)*;+ chs)
c3

&
+8C7bf* fcd *(tbf - cha) *((tbf - ch3) 12+ chs)
c3

2, =2, — —1.58m

Eopt E oot
fog % Zea + (Tog = * T ) 2% (ty — Z,5) +—* oy * (b — Z,c5)
c3 c3

The ultimate resistance moment is:
M, =N, *z, +N_, *z, + N, *z,, =54826kNm

Unity check of the ultimate resistance moment:
Mo/ M, =0.90<1.0 - Ok

The ultimate resistance moment of the box girder is thus large enough to resist the bending moments
in the construction phase at t=0. The unity check however approaches the limit 1.0, so this verification
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needs attention. When this verification is not satisfied the depth of the webs H,, should be

decreased, see Figure 70. This way the upward prestressing force becomes smaller, see Figure 74,
and thus the hogging moment due to prestressing decreases. Another option is to make the box girder

heavier such that the hogging moment M , becomes smaller.

B.8.4 Ultimate resistance moment at t=»

Ultimate resistance moment at mid-span
The prestressing force at t=« is:

P_=36230kN See Eq. (3)

M. = 24334kKNm(U) means that the maximum compressive strain arises in the top flange.
The schematisation of the forces in the cross-section is shown in Figure 103 and Figure 104.

Ocmax €cmax

top flange — C Jectf
centroidal axis Md C N % 3 Mq
Pe Nc
bottom flange ecbf
Jcmin €cmin
Figure 103: Stress and strain schematisation in the cross-section at mid-span at=«
Ocmax
[ <—  Nctf E—
Octf 7t
c.d. | .
<— NCW -1 Zv
Zbf
Ocbf <— Ncbf
Ocmin

Figure 104: Concrete forces and lever arms in the cross-section at mid-span at=«

To determine the maximum strain for which holds that N, = P,_everything is filled in a spreadsheet
program (Microsoft Excel) and solved with the function goal seek. With the function goal seek the
concrete force N is set to be equal to the prestressing force P, by changing the maximum

compressive strain in the cross-section¢, .. .

The maximum strain in the cross-section which causes equilibrium between N_ and P, is:

&, = 0.870%0

This gives:
£y = Eynn *(H —t, )/ H =0.793%0
Eqpt = Eomax tye [ H =0.093%0
Eemin = ON /mm?
Eermax T € ) 2
N, = (o + 1) 12) fy *Dy  *t; = 30160KN

‘903

Design study 159

% Gemeente Rotterdam

Gemeentewerken



Appendices

(8o +81)12)

N, *f,*2b,*H,, =5164kN
&3
co+e )2
Nepr = (o onin) )* fod *Degr , * Ly = 906kN
Ee3 '
Where:
b  =8.96m See B.3.4
beff b= 4m See B.3.4

The total concrete compressive force is:

N, = N +N_, + N, =36230kN =P,

The lever arms of the concrete forces are:

& —& & — &
Ly = th _(%ﬁf*ttf *%-i_gctf *ttf *%]/(%ﬁf"’&}tf ] =0.95m

Ey —& Ear — &
Z,= (_th 5 = * (Hipox *§+tbf)+gcbf *(Hpo *%+tbf )j/(%"'&‘cbf ]_Zcb =-0.01m

Z,, =t *%—Zcb =—1.53m

The ultimate resistance moment is:
Mu = thf *th + NCW*ZW + Ncbf *be =27117kNm

Unity check of the ultimate resistance moment:
Mdmyw /M, =0.90<1.0— Ok

The ultimate resistance moment of the box girder is thus enough to resist the bending moments in the
end phase at t=«. The unity check however approaches the limit 1.0, so this verification needs

attention. When this verification is not satisfied the depth of the webs H,, should be increased, see

Figure 70. This way the lever arms Z become larger which has a positive effect on the ultimate
resistance moment. Also the upward prestressing force then becomes larger, see Figure 74. The

bending moment M should be kept as small as possible by creating a light as possible box girder.
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B.9 Deck

To determine if the thickness of the top flange / deck meet the requirements of shear and bending
moments, the local schematisation is considered. The deck is schematised in the transversal direction
as a floor of 1 metre wide with two fixed supports (the webs). The width of 1 metre in longitudinal
direction comes from [8], which says that for the calculation of the deck the wheel pressure in
longitudinal direction of the track may be spread to two sides over a distance of 1 metre + twice the
height of the concrete plinth. For a more conservative calculation only the width of 1 metre is taken. To
calculate the shear and bending moments in the deck there is made use of the program Scia
Engineer. In the next section the input in Scia Engineer is given. For the geometry of the deck the
assumption was made that the web width should be 0.2 metres. With this width the geometry in Figure
105 becomes:

Lcant,cemre = Lean + bW /2=2.08m
L :btf_Z*L =4.8m

span

cant

cant,centre

For the load schematisation in the next section reference is made to Section B.4.5.
With the shear and bending moments due to loading as result from the input in Scia Engineer next the
verification of shear and ultimate resistance moment for the deck is done.

B.9.1 Schematisation load input in Scia Engineer

o Geometry deck

_ 208 4.8 . 208 |

Figure 105: Structural schematisation deck box girder

2.08 4.8

L K2 #3 TS WS M it K& fas Kig

Figure 106: Nodes left side of the deck
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4.8

2.08

i FO KT iz HiZ K14 KNS LSl K17 Wi
Figure 107: Nodes right side of the deck
o 208 4.8 , 208
51 S2 S3 S4 S5 56 57 SR 59 S10 511 512 313514 S15 316 S17
Figure 108: Bars
Nodes
Name |Coordinate X |Coordinate Z
[m] [m]
K1 0,000 6,000
K2 1,000 6,000
K3 1,440 6,000
K4 1,986 6,000
K5 2,340 6,000
K6 2,740 6,000
K7 3,140 6,000
K8 3,494 6,000
K9 4,040 6,000
K10 4,920 6,000
K11 5,466 6,000
K12 5,820 6,000
K13 6,220 6,000
K14 6,620 6,000
K15 6,974 6,000
K16 7,520 6,000
K17 7,960 6,000
K18 8,960 6,000
K19 2,080 6,000
K20 6,880 6,000
1D-bar
Name|Cross-section Length Start node |End node |Type EEM- Layer
'm] Form type
S1 CS1 - Rectangle (250; 1,000 [Line K1 K2 floor strip (99) |standard |Layer1
1000)
S2 |CS1 - Rectangle (250; 0,440 |Line K2 K3 floor strip (99) |standard |Layer1
1000)
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S3 |CS1 - Rectangle (250; 0,546 |Line K3 K4 floor strip (99) |standard |Layer1
S4 23080’102 Rectangle (250; 0,354 |Line K4 K5 floor strip (99) |standard |Layer1
S5 23080’102 Rectangle (250; 0,400 [Line K5 K6 floor strip (99) |standard |Layer1
S6 23080’102 Rectangle (250; 0,400 [Line K6 K7 floor strip (99) |standard |Layer1
S7 2308010) Rectangle (250; 0,354 |Line K7 K8 floor strip (99) |standard |Layer1
S8 2308010) Rectangle (250; 0,546 |Line K8 K9 floor strip (99) |standard |Layer1
S9 2)08010) Rectangle (250; 0,880 |Line K9 K10 floor strip (99) |standard |Layer1
S10 2)08010) Rectangle (250; 0,546 |Line K10 K11 floor strip (99) |standard |Layer1
S11 2)08010) Rectangle (250; 0,354 |Line K11 K12 floor strip (99) |standard |Layer1
S12 23080102 Rectangle (250; 0,400 [Line K12 K13 floor strip (99) |standard |Layer1
S13 2308010) Rectangle (250; 0,400 [Line K13 K14 floor strip (99) |standard |Layer1
S14 23080102 Rectangle (250; 0,354 |Line K14 K15 floor strip (99) |standard |Layer1
S15 23080’102 Rectangle (250; 0,546 |Line K15 K16 floor strip (99) |standard |Layer1
S16 23080’102 Rectangle (250; 0,440 |Line K16 K17 floor strip (99) |standard |Layer1
S17 23080’102 Rectangle (250; 1,000 |[Line K17 K18 floor strip (99) |standard |Layer1
1000)
Node support
Name |Node System |Type X V4 Ry
Sn1 K19 GCS Standard  |Fixed |Fixed |Fixed
Sn2 K20 GCS Standard  |Fixed |Fixed |Fixed

e Load input
The values of the loads are taken from section: B.4.5 Load schematisation in transversal direction in

the SLS.
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Figure 109: Permanent loads left side of the deck
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F"V‘E""‘l"‘k 510 st 7/1 S TrETy sl sis e St
Figure 110: Permanent loads right side of the deck
51 sz 53y s4 =5 ss sA 58 23 510 §11 S12 S13 514 %15 816 217
Figure 111: Metro load on the left side of the deck
31 52 83 =4 85 S5 37 5§ 59 S0l $11 812 513 Sid 315 218 217
Figure 112: Metro load on the right side of the deck
Sl S2 53 SX\ S5 S6 Sx S8 59 510 S 31\ 51 Sl S15 S1 57
Figure 113: Snow load
Line loads on bars
Name Bar Type Direction  |P1 x1 Coordinate|Origin Exc ey
kN/m] definition 'm]
Load case System |Distribution |P2 X2 Loc Angle [deg] |Exc ez
|[kN/m] |[m]
Lijnlast1 1S3 Force |Z -5,56 0,000 |Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast2  |S4 Force |Z -5,56 0,000 |Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast3  [S15 Force |Z -5,56 0,000 |Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast4  [S14 Force |Z -5,56 0,000 |Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast5  [S1 Force |Z -2,00 0,000 |Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
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Lijnlasté6  [S17 Force |Z -2,00  [0,000 |Rela From start
|BG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast7  [S2 Force |Z -0,50 0,000 |Rela From start
|BG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast8  [S5 Force |Z -0,50 0,000 |Rela From start
|BG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlastd  [S6 Force |Z -0,50 0,000 |Rela From start
|BG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast12  [S9 Force |Z -0,50 ]0,000 |Rela From start
|BG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast15 [S12 Force |Z -0,50 |0,000 [Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast16  [S13 Force |Z -0,50 0,000 |Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast17 [S16 Force |Z -0,50 0,000 |Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast35 |S7 Force |Z -5,56 0,000 [Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast36 |S8 Force |Z -5,56 0,000 [Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast37 [S10 Force |Z -5,56 0,000 |Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast38 [S11 Force |Z -5,56 0,000 |Rela From start
|BG2 - Permanent load [LCS Uniform 1,000 |Length 0,000
Concentrated loads on nodes
Name Node Load case System |Direction| Type |{Value -F
kN]
Puntlast1  |K4 BG2 - Permanent GCS V4 Force |-0,48
load
Puntlast2 |K15 BG2 - Permanent GCS V4 Force |-0,48
load
Puntlast3 |K2 BG2 - Permanent GCS V4 Force |-1,30
load
Puntlast4 |K17 BG2 - Permanent GCS Z Force |-1,30
load
Puntlast9 |K8 BG2 - Permanent GCS V4 Force |-0,48
load
Puntlast10 |K11 BG2 - Permanent GCS V4 Force |-0,48
load
Concentrated loads on bars
Name |Bar System |F X Coordinate |Repeat
[kN] (n)
|Load case Direction|Type Angle [deg] |Origin dx
F1 S1 GCS -1,20 0,500 Rela 1
|BG2 - Permanent load |Z Force From start
F2 1S17 GCS |-1,20 /0,500 Rela 1
|BG2 - Permanent load |Z Force From start
Concentrated loads on nodes
Name Node Load case System |Direction|Type Value - F
[kN]
Puntlasts  |K4 BG3 — Metro left GCS Z Force |-69,73
Puntlast6  |K8 BG3 — Metro left GCS Z Force |-69.73
Puntlast7 |K15 BG3 — Metro right GCS Z Force |-69,73
Puntlast8 |K11 BG3 — Metro right GCS Z Force |-69.73
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Line loads on bars

Name Bar Type Direction  |P1 x1 Coordinate|Origin Exc ey
kN/m] definition 'm]
Load case System |Distribution |P2 X2 Loc Angle [deg] |Exc ez
|[kN/m] |[m]

Lijnlast18  [S1 Force |Z -0,4 0,000 |Rela From start

|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast19  |S2 Force |Z -0,4 0,000 |Rela From start

|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast20 |S3 Force |Z -0,4 0,000 |Rela From start

|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast21 |S4 Force |Z -0,4 0,000 |Rela From start

|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast22 |S5 Force |Z -0,4 0,000 |Rela From start

|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast23 |S6 Force |Z -0,4 0,000 |Rela From start

|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast24 |S7 Force |Z -0,4 0,000 |Rela From start

|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast25 |S8 Force |Z -0,4 0,000 |Rela From start

|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast26  |S9 Force |Z -0,4 0,000 |Rela From start

|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast27 [S10 Force |Z -0,4 0,000 |Rela From start

|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast28 [S11 Force |Z -0,4 0,000 |Rela From start

|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast29 [S12 Force |Z -0,4 0,000 |Rela From start

|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast30 [S13 Force |Z -0,4 0,000 |Rela From start

|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast31 [S14 Force |Z -0,4 0,000 |Rela From start

|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast32 [S15 Force |Z -0,4 0,000 |Rela From start

|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast33 [S16 Force |Z -0,4 0,000 |Rela From start

|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast34 [S17 Force |Z -0,4 0,000 |Rela From start

|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
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e Results
The shear forces and moments in the deck due to the permanent and variable loads in the ULS are
shown below. This does not include the dead load of the deck.
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Figure 114: Shear forces in the deck due to permanent and variable loads

-13.93
-113.83

—-83498
- 82,498

=1 =8 S0 5 =17
Figure 115: Moments in the deck due to permanent and variable loads
B.9.2 Verifications of shear and ultimate resistance moment
Total shear force and bending moment
The maximum shear force due to permanent and variable loads in the ULS is:
Veg permivar =117.67kN See Figure 114
The extra shear force due to the dead load is:
VEd,dead = ttf *bdeck * Lcant,centre *pc * g *7G,unfav = 1722kN
Where:
Dieec =1.0M
Lcant,centre = 208m
The total shear force is:
VEd :VEd,perm+var +VEd,dead :13489kN
The maximum bending moment due to permanent and variable loads in the ULS is:
My permevar =113.93kNm See Figure 115
The extra bending moment due to the dead load at the webs is:
1 2
M d,dead = E(ttf *bdeck *pc * g *7G,unfav) * Lspan = 1589kNm
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Where:
L.. =4.8m

span

The total bending moment is:

My =M gy + M =129.82kNm

d, perm+var

Shear resistance

The minimum shear strength of concrete is:

Vit = (Voo + KiOp Doy d =135.8kN

Where:

d=t, —C.., —%%mf = Dtirrups =194Mm Is the effective structural depth

Coomn = 40mm Is the concrete cover, see B.3.3

Dreine =16mMmm Is the diameter of the longitudinal reinforcement
Ptirrups = 8MM Is the diameter of the stirrups

Oy = ON /mm? No axial force in this direction due to prestressing

V.. =0.035%k¥** /2 =0.7N /mm’

k=1+ f%éZ.OzZ

Unity check:

Veg Vg o =0.99 <1.0 — Ok

As the unity check shows, the minimum shear strength of concrete is already sufficient. For the
ultimate resistance moment the deck however needs longitudinal reinforcement, see Figure 116.

The shear strength of concrete with longitudinal reinforcement is:

Veg.o2 =[Cra k(100 f )° + ko, 1Dy d =167.59kN

Where:
Crgo =0.18/7, =0.12

p=—P_£002-0009

bdeck
1
A =N *7[*(5*¢reinf )? =1810mm? Is the area of tensile reinforcement, see Figure 116
Neeint = Beck | Syeine = 9-09 — 9bars/m Is the number of reinforcement bars
S,eine =110mm Is the spacing of the reinforcement bars
Unity check:

Ve /Vgg oo =0.80 <1.0 — OK

With longitudinal reinforcement the deck easily satisfies with respect to local shear.
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|

Figure 116: Definition of Asl

Furthermore the shear force in the deck should always satisfy the condition:
Vo, <0.5%b,, *d*v*f,

Where:

f
V= 0.6[1—2—‘*0} =0.48
5 Is a strength reduction factor for concrete cracked in shear
Filling in the formula gives:

V., =134.89kN <0.5%h, , *d*v* f, =1319kN — Ok

Ultimate resistance moment

The ultimate resistance moment of the deck is calculated according to the schematisation in Figure
117. In this case however the schematisation should be mirrored along the centre line as the tension
arises at the top side and the compression zone is at the bottom side of the deck, see Figure 116.

& fc
I
F.
Fs
———————————— —
Figure 117: Rectangular stress distribution
The two horizontal forces F, and F, should be in equilibrium:
F.-F, =0
This is the same as:
&
0'5*X*bdeck = fcd — & * Es * Asl =0
c3
Where:
x = o *t C [
= i oncrete compressive zone
Eiot
ot = & T & Total strain in the deck
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f
&= E—yd = 2.174%o Tensile strain in the reinforcement
S
&, =1.75%0 Compressive strain in the concrete at the end of the linear part
A, =1810mm°® Area of tensile reinforcement

Solving the formula gives the compressive strain in the concrete:
F.-F, =0—>¢&, =1.134%o
The concrete compressive zone is:

x = e *t, =85.7mm

gtot

The ultimate resistance moment of the deck is:

u

M, =& *E, *A, *(d —%x) =130.16kNm

Unity check for the ultimate resistance moment of the deck is:

M, /M, =0.997 <1.0 — Ok

The ultimate resistance moment of the deck is thus just enough to resist the bending moments. If this
verification is not satisfied the lever arm between the two forces F, and F, should be increased. This
means that the deck becomes thicker. Another option is to add more reinforcement bars. This

however has a strong influence on the rotation capacity, see hereunder.
Furthermore:

The cracking moment is:

M r = fctm,ﬂ *%*bdeck *tt?% = 5726kNm
Where:
fom o = Max{(1.6 —h/1000) f,,,; f..}=5.50N / mm?

h=t, =250mm

BecauseMrSMu, the deck satisfies with respect to the minimum required percentage of
reinforcement.

The cross-sectional area of longitudinal reinforcement is:

&I = rlreinf *”*(%*¢reinf)2 =1810mm2

The maximum allowed cross-sectional area of longitudinal reinforcement is:

A o =0.04% A =0.04%t, *b, , =10000mm?® — Ok

The minimum required cross-sectional area of longitudinal reinforcement is:

A pin =0.26* ffctm Dyeqe *d =411mm’ — Ok
yk

The height of the compression zone should satisfy: See 5.6.3[11]

x/d =0.44<0.45— Ok
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This verification considers the rotation capacity of the deck at the supports (the webs). It shows that
the rotation capacity of the deck is sufficient, but is very close to the limit so attention is needed. If this
verification is not satisfied the thickness of the deck should be increased. Another option is to diminish
the number of reinforcement bars which will result in a smaller compressive zone X . This will however
also reduce the ultimate resistance moment.

The maximum deflection under dead load, permanent load and variable load in the SLS is calculated
with the program Scia Engineer and is:

w, =1.4mm See Figure 118

The maximum allowed deflection is:
9
T

Winae = Lgpan /500 = 9.6mm — Ok
Figure 118: Deflection of the deck in mm under dead load, permanenet load and variable load.
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=+
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B.10 Fatigue + vibration

B.10.1 Fatigue prestressing steel

For prestressing steel adequate fatigue resistance should be assumed if the following expression is
satisfied:

Ao, (N¥)
7/F,fat*Ao-s,equ(N*)S Rk
s, fat
Where:
Ve =10 Is the partial factor for fatigue loads
Vora = Vs =115 Is the partial factor for prestressing steel for the fatigue verification

Aoy (N*)=150N/mm? s the stress range at N* cycles, see table 6.4N [11]: straight tendons

or curved tendons in plastic ducts
k,=5 See Figure 119

k, =10 See Figure 119
N*=1000000loading cycles See Figure 119

A
log Ao, b=k
~

N* log N

Figure 119: Shape of the characteristic fatigue strength curve (S-N-curves for prestressing steel)

The damage equivalent stress range for prestressing steel is calculated according to Equation NN.106
[12]:

AO-S,equ (N*) = ﬂ’s *¢*Aas

Where:

Ao, Is the steel stress range due to the variable load

@ Is the dynamic factor

A=A %A, AT A, Is a correction factor to calculate the damage equivalent stress range

from the stress range caused by ¢* Ao,

Vsa Is a factor accounting for element type (eg. continuous beam) and takes into account
the damaging effect of traffic depending on the length of the influence line or area.

Vs Is a factor taking into account the traffic volume

Vsa Is a factor that takes into account the design life of the bridge

Vsa Is a factor to be applied when the structural element is loaded by more than one track
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Vs, =0.65 See Table NN.2 [12]: (1) post tensioning straight tendons, s* standard traffic mix and
simply supported beam

Vol

=kl ———=0.96
Va2 =\ 5%108
Where:
k, =10 See Figure 119
Vol =Q,.,, / 9 *6*24*365 =15848367tonnes/ year / track Assumption of 6 metros per hour
Quetro = Urmop 116m = 2958kN 116 metres is the length of a metro

N

kol _years _q
7537\ 100
Where:
N,eors =100years Is the design life of the viaduct

Vs =N+ @=n)*sf + (1-n)*s =0.81

Where:

n=0.12 Is the proportion of traffic that crosses the bridge simultaneously, 0.12
is the suggested value

s.=0 Only compressive stresses occur under traffic loads on a track

i
/15 = /15,1 *ﬂS,Z */15,3 *15,4 = 0'50

The dynamic factor is determined according [8] and not according [10] as this dynamic factor is
normative (larger):

$=1+4/(10+L)=1.07

The deflection at mid-span at t== due to the dead load, the permanent load and prestressing is:
w, =-23mm Upwards, see Table 20

The deflection at mid-span at t=« due to the dead load, the permanent load, the variable load and
prestressing is: W, =—7/mm Downwards, see Table 20

It is assumed that the deflection at the deviation blocks is the same as at mid-span (conservative
assumption).

= ~_centfroidal axis_ = o

| diag,tend frw

L

Figure 120: Schematisation for determining the elongation of the tendons
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With:
f =1230mm See Figure 120
a=15m

The length of one diagonal part of the tendon without variable load at t=<:

Ldiag Jtendl — \/m =15.049m

The length of one diagonal part of the tendon with variable load at t=:
Ldiag,tendz = \/m =15.050m

The elongation due to the variable load for one diagonal part of the tendon is:

L.
AL= diag,tend1 =1.3mm

diag,tend 2
The strain in the tendon due to the variable load for two diagonal parts of the tendon is:
AL
g =2*———=0.0002
diag,tend1

The steel stress range due to the variable load is:
Ao, =&, *E, =33.26N / mm?

The damage equivalent stress range for prestressing steel is:
AG o (N*) = A, *¢* Ao, =17.93N / mm’

The fatigue verification for prestressing steel is:

Acgy (N¥) N Ve tat A0S o (N*)* 75 oy
AO-Rsk (N*)

=0.137<1.0 > Ok

7F,fat *AO-S,equ (N*) <

s, fat

The fatigue verification for prestressing steel is easily satisfied and as the standard [12] (6.8.4) says:
“Fatigue verification for external and unbonded tendons, lying within the depth of the concrete section,
is not necessary” this could also be expected. This calculation with a rough estimation of the
elongation of the tendons is however done to confirm the assumption. Fatigue of the prestressing
tendons is not an issue in the design.

B.10.2 Fatigue concrete

The fatigue verification for concrete is calculated according to Equation NN.112 [12]:
For concrete subjected to compression adequate fatigue resistance may be assumed if the following
expression is satisfied:

14*1_ Ecd,max,equ >6
\[1_ Requ

Fatigue at mid-span, at the top

1-E 6
1qx—_ —dmxew s 6 O % AR LE =0.74<1.0 > Ok
T Requ 14 equ cd,max,equ
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Where
E.
Requ = —sdmined _ (.76 Stress ratio
cd ,max,equ
Ecd,min,equ =V —cdminet _ .40 Minimum compressive stress level
cd, fat
E =y Jedmxew g3 Maxi i level
cdmaxequ = Vsd g = Y- aximum compressive stress leve
cd, fat
f
fot e = KB (t) T ( 50} =19.27N / mm? Design fatigue strength of concrete

1/2
.. (t) =expss {1— (?j } — £..(t28)=1.0 Coefficient for concrete strength at first load

application
k,=0.85 Recommended value for N =10°cycles
7y =1.15 Is the partial factor for model uncertainty for action/action effort
Ot maceas = Oc.perm — 2 (O max — O, perm) = 8-9IN / mm? Upper stress of the ultimate amplitude
for N cycles
Ot mineau = Os.perm — 4 (T porm — T min) = 6.75N / mm? Lower stress of the ultimate amplitude
for N cycles
O perm = 0. 79N / mm? Permanent stress, without variable load, see Eq. (15)
. =9.68N /mm? Maximum compressive stress, with variable load, see
Eq. (11)
O min =6.75N / mm? Minimum compressive stress, without variable load,
see Eq. (15)
A= Ao Ay A0y ™ A, =074 Correction factor to calculate the upper and lower
stresses of the damage equivalent stress
Aio =0.94+02—221 Tepem 1-1.01 Is a factor to take account of the permanent stress
cd, fat
ﬂ’c,l =0.75 Is a factor accounting for element type, see Table

NN.3 [12]: (1) compression zone, s* standard traffic
mix and simply supported beam

Aens =1+ 1 IOQ{ Vol 5 :l l log years =0.98 Is a factor to take account of the traffic volume
- 8 25*10 8 100

and the design life of the bridge
Vol =Q,.,, / 9 *6*24*365 =15848367tonnes/ year / track Assumption of 6 metros per hour

Quetro = Urnop 116m = 2958kN 116 metres is the length of a metro
N ,ears =100years Is the design life of the viaduct
4.4 =1.0 Is a factor to be applied when the structure is loaded
by more than one track, is the most conservative
value
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Fatigue at mid-span, at the bottom

1-E
14*M2665*m+50¢mﬂw=o.9531.060k

\/1_ Requ

Where:
Ecd,min,equ .
Ry =—"-=0.69 Stress ratio
cd ,max,equ
O-cd,min,equ . .
Eeominequ =Vsa —5——— = 0-49 Minimum compressive stress level
cd, fat
O-cd,max,equ . .
Eeomaxeq =Vea —5—— =0.71 Maximum compressive stress level

cd, fat

fc
fcd,fat = kl cc (tO) fcd (1_ 25ko

j =19.27N /mm? Design fatigue strength of concrete

1/2
28
L. () =expss {l— (TJ } — [.(t28)=1.0 Coefficient for concrete strength at first load
application

k,=0.85 Recommended value for N =10°cycles

7 =1.15 Is the partial factor for model uncertainty for action/action effort

Ot maeqn = Oc.perm — e (T max = O, perm) = 11.88N /mm? Upper stress of the ultimate amplitude

for N cycles
Ot minequ = Oc.perm — % (Tc. perm — O min) = 8:20N / mm? Lower stress of the ultimate amplitude
for N cycles

O perm =11.88N / mm? Permanent stress, without variable load, see Eq. (16)

O max =11.88N /mm? Maximum compressive stress, without variable load,
see Eq. (16)

O min = [-15N /mm? Minimum compressive stress, with variable load, see
Eq. (12)

A= Ao A1 A0 A, =0.78 Correction factor to calculate the upper and lower
stresses of the damage equivalent stress

o,
Ao =0.94+02—="=>1=1.06 Is a factor to take account of the permanent stress
cd, fat
A1 =0.75 Is a factor accounting for element type, see Table

NN.3 [12]: (1) compression zone, s* standard traffic
mix and simply supported beam
1 Vol 1 N
Aips =1+=log| ——— |+=log| === |=0.98 s a factor to take account of the traffic volume
- 8 25*10 8 100

and the design life of the bridge
Vol =Q,.,, / 9 *6*24*365 =15848367tonnes/ year / track Assumption of 6 metros per hour
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Quetro = Urnop 116m = 2958kN 116 metres is the length of a metro

N ears =100years Is the design life of the viaduct

A..=1.0 Is a factor to be applied when the structure is loaded
by more than one track, is the most conservative
value

Fatigue at the deviation blocks, at the top

1E
Laxt” e 5 g %* ARy +Evy s = 0.68<1.0 - OK

N

Where
E.
Ry = . =0.76 Stress ratio
cd ,max,equ
E _ O-cd,min,equ -0.36 .. .
cdminequ = Vsd ¢ = U- Minimum compressive stress level
cd, fat
E _ O-cd,max,equ =047 . .
cdmaxequ = Vsd 5 = U Maximum compressive stress level
cd, fat
f
fot e = KB (t) T ( Cko =19.27N / mm? Design fatigue strength of concrete

1/2
28
L. (t) =expss {1— (T] } — £, (t28)=1.0 Coefficient for concrete strength at first load
application
k,=0.85 Recommended value for N =10°cycles
« =115 Is the partial factor for model uncertainty for action/action effort
Ot maxequ = Oc.perm — ¢ (Oc.max — T, perm) = 7-89N / mm? Upper stress of the ultimate amplitude
for N cycles
Ot minequ = Fc.perm — % (T perm — O min) = 9-98N / mm? Lower stress of the ultimate amplitude
for N cycles
O perm = 0-98N / mm? Permanent stress, without variable load, see Eq. (13)
=8.59N /mm? Maximum compressive stress, with variable load, see
Eq. (9)
O min =5.98N /mm? Minimum compressive stress, without variable load,
see Eq. (13)
A= Ao An A0 ™ A, =0.73 Correction factor to calculate the upper and lower
stresses of the damage equivalent stress
Aio =0.94+02—=22 Te.pem > 1-1.00 Is a factor to take account of the permanent stress

cd, fat
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4.1 =0.75 Is a factor accounting for element type, see Table

NN.3 [12]: (1) compression zone, s* standard traffic
mix and simply supported beam

1 Vol 1 N years ,
Aeos =1+= |Og ———— |+=log| ———[=0.98 s afactor to take account of the traffic volume
25*10° ] 8 100

and the design life of the bridge
Vol =Q,..,, / 9 *6*24*365 =15848367tonnes/ year / track Assumption of 6 metros per hour

Quetro = Urnop 116m = 2958kN 116 metres is the length of a metro
N ,ears =100years Is the design life of the viaduct
4.4=1.0 Is a factor to be applied when the structure is loaded

by more than one track, is the most conservative
value

Fatigue at the deviation blocks, at the bottom

1-E
14*M_6—>%*‘/1 Ry + Eca maxequ = 0-998 <1.0 — OK

TR

Where
E.
Requ = —cdmineas _ (.75 Stress ratio
cd ,max,equ
E _ O-cd,min,equ _ O 59 .. i
cd,minequ — /'sd f— =U. Minimum compressive stress level
cd, fat
Eed maxequ = Vs —cdmaxed 0,78 Maximum compressive stress level
cd, fat
f
fog e = KB (t) T ( gk()j =19.27N / mm? Design fatigue strength of concrete

1/2
28
L. () =exp-<s {1— (Tj } — [.(t28)=1.0 Coefficient for concrete strength at first load
application

k,=0.85 Recommended value for N =10° cycles

7y =1.15 Is the partial factor for model uncertainty for action/action effort

Ot masceas = Oc.porm — A (O max — O, perm) =13-12N /mm? Upper stress of the ultimate amplitude
for N cycles

Ot mineaqs = Os.porm — 4 (T porm — T min) = 9-80N / mm? Lower stress of the ultimate amplitude
for N cycles

O perm =13.12N /mm? Permanent stress, without variable load, see Eq. (14)
. =13.12N /mm’ Maximum compressive stress, without variable load,
see Eq. (14)
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O min = 8.90N / mm? Minimum compressive stress, with variable
load, see Eq. (10)

A=A A1 A3 A, =0.79 Correction factor to calculate the upper and lower
stresses of the damage equivalent stress
o,
Ao =0.94+02—==>1=1.08 Is a factor to take account of the permanent stress
cd, fat
A1 =0.75 Is a factor accounting for element type, see Table

NN.3 [12]: (1) compression zone, s* standard traffic
mix and simply supported beam

1 Vol 1 N years ,
Aoy =1+=10g| ————= |+=log| ———|=0.98 s a factor to take account of the traffic volume
“ 8 25*10° ] 8 100
and the design life of the bridge
Vol =Q, ..., / 9 *6*24*365 =15848367tonnes/ year / track Assumption of 6 metros per hour

Quetro = Umop *116m = 2958kN 116 metres is the length of a metro
N ,eors =100years Is the design life of the viaduct
4.4 =10 Is a factor to be applied when the structure is loaded

by more than one track, is the most conservative
value
Conclusion
The fatigue verification for concrete is satisfied but it is an important issue in the design of the box
girder as some unity checks are near the limit 1.0. When this verification is not satisfied the best way
is to increase the thickness of the bottom flange which decreases the compressive stress in the
concrete at the bottom and also brings down the centroidal axis of the box girder and thus reduces the
upward prestressing force, see Figure 74.

B.10.3 Vibration

For the box girder only the static analysis is considered. The dynamic metro load is multiplied by the
dynamic factor ¢ to take into account the dynamic loading. This method of calculation holds when the

first natural frequency of the box girder stays within the prescribed limits [10]. When the limits are
exceeded a dynamic analysis is required. A dynamic analysis can prove that the box girder is still
determined against the dynamic effects. Such an analysis is however extensive and more difficult and
is therefore left out of the design of the box girder. For this design the first natural frequency of the box
girder should stay within the limits such that a static analysis is sufficient and a dynamic analysis is not
necessary. The check for determining whether a dynamic analysis is required is done according two
verifications which are elaborated below.

Verification according Annex F [10]
The first natural bending frequency of the box girder is [20]:

C E_I
n, =—24 | —ec. —3.43Hz
27 | Ap,L
Where:
C.q =9.94 Boundary condition coefficient [20]
|, =5.387m* Moment of inertia

The velocity of the metros is:

| v=100km/h=27.78m/s
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Table 21 gives the maximum value of the velocity divided by the first natural frequency of:

(V/ny)m =14.73m

Mass m =50 | =70 | =90 (2100 (=130 (=150 [ =180 | 220,0 | =225,0 | =30,0 | =400 | =50,0
10X kg/m <70 | <00 | <100 <130] <150 | <180 | <200 | <250 | <300 [ <400 [ <500 -
Span L S owing | wiag | wiag | wing | wing | wing | wag | wing | wimg | wing | wing | wing
m® % m m m m m m m m m m m m

[5.00.7.50) 170 | 178 ) 18R | IB8 | 193 [ 193 | 215 | 213 | 308 | 308 | 354 | 3.59
I70 | 13 ) 1683 | 103 | 213 [ 224 | 303 | 308 | 338 | 354 [ 431 | 431
1p4 [ 208 | 264 [ 264 | 277 | 277 | 306 | 500 | 5.14 | 520 | 535 | 542
215 [ 264 | 277 | 208 | 403 | 500 | 504 [ 521 | 535 | 562 | 639 | 653
250 [ 250 ] 250 ) 271 | 615 | 625 | 636 | 636 | 645 | 645 | 657
250 [ 271 | 271 | 583 | 6,15 | 625 | 636 [ 636 | 645 | 645 | 719 | 729

[7.50.10.0)

[10.0.12.5)

[12,5,15,0) 250 [ 250 | 358 | 358 | 524 | 524 | 536 [ 536 | 786 | 014 | D04 | 914
345 [ 502 | 524 | 324 | 536 | 536 [ TR6 | 822 ) 953 | 976 | 1036 [ 10,48
[15.0,17.5) 300 | 533 | 533 [ 533 | 633 [ 633 | 650 | 650 | 6,30 | TR0 | TRO | 7830

533 | 533 | 633 | 633 | 6,530 | 650 | 1007 | 1033 [ 1033 [ 1050 | 1067 | 12,40
3530 [ 633 | 633 | 633 | 650 | 650 [ 707 | 707 | 10,67 | 12,80 | 1280 [ 12,80
521 | 521 [ 542 [ 708 | 750 | 750 | 1354 13,54 | 1396 | 14,17 | 1438 | 14,38
6,25 | 646 | 646 [ 1020 1021 [ 1021 [ 1063 | 10,63 | 1275 ) 1275 12,75 12,75
10,56 1833 | 1833 | 18,61 | 1861 [ 1R8O [ 1907 [ 1917 [ 19,17
14.73 | 1500 [ 1556 | 15,56 | 15,83 | 18,33 | 1833 | 18,33 | 18,33

[17.5.200)
[20,0.25,0)
[25,0.30.0)
[30,0.40.0)
=400
*Lelab)meansa<L<b

JE R N P . T 1 N IS P e P
=]
=

NOTE | Table F.1 includes a safety factor of 1.2 on {vingly, for acceleration, deflection and strength criteria and
a safety factor of 1,0 on the {(vag)um for fatigue.

MNOTE 2 Table F.1 includes an allowance of (1+¢"/2) for track iregularities.

Table 21: Maximum value of (V/ no ) lim for a simply supported beam or slab and a maximum permitted acceleration of

Xy < 3.5m/s?, Table F.1 [10]

With:
m=A *p, =10.4*10°kg /m
L =45m

The verification of the ratio of the velocity over the first natural frequency is:

v/n, =8.09m <14.73m — Ok

Verification according to Figure 6.10 [10]

Limits of natural frequency N, (Hz) as a function of L (m)
150

100
80
60

40

2
=]

@

Hz|
T

.

oo
T[T

[=3]

I
V

Ll il L b beh i
2 4 6 B10 15 20 40 80 B0 100

L [m]

Figure 121: Limits of bridge natural frequency I, (Hz) as a function of L (m)
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According this verification the first natural frequency of the box girder should be in the grey area, see
Figure 121.

Where:
The upper limit of natural frequency is governed by dynamic enhancements due to track irregularities
and is given by:

n... =9476*L°* =55Hz

0max
The lower limit of natural frequency is governed by dynamic impact criteria and is given by:

N, . =23.58% L% =2.48Hz

Omin

The first natural frequency of the box girder is:

\ =ﬁ ELICA =3.43Hz - Ok
2z N Apcl
Conclusion

Both verifications show that the box girder does not require a dynamic analysis and a static analysis is
sufficient. As the first natural frequency of the girder easily stays within the limits, the box girder is well
determined against the dynamic effects. The increasing and decreasing of static stresses and
deformations under the effects of moving traffic should, considering the calculations, not give any
problems for this box girder.
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B.11 Buckling webs

Verification of buckling is needed for the webs of the box girder. The buckling strength of the webs
should meet the requirement:

F 2o, *F,
Where:
F = @ Euler buckling force
0
a, =10 Force amplifier to reach the elastic

critical buckling
F, = MaxX{Vey 0/ 2:Veq g / 2+ Vg, }*COS 2, = 2106KN  Buckling force in one web, see B.7

Veg a0 =4047kN See Eq. (18)

Veg s = 3150kN See Eq. (19)

Veg.w = 491kN See Eq. (21)

a, =11.1° Angle of webs with vertical axis, see
Figure 123

E,, =37278N /mm’ Secant modulus of elasticity of concrete

# 1 | i
B \

] ! i
! ) i / 1 P N
! v . ' 1 i |.|' 8 Il
1 ' [ i L ! ' |

i ' \ ' A
il

i \
| R P
| . .
e (: TR |'\ '\&}:J I\ \d_;} I
ajlg=1 bylg=21 c)lh=0,71 dylg=112 e)lg=1 fli2<iy<! g)l>2I
Figure 122: Examples of different buckling modes and corresponding effective lengths for isolated members

v

(j‘\

btf
bboxts
L cant bw bw L cant
te
I |
7 ct
centroidal axis S .
H
oW Hbox
/chb
bt
| bbf
Figure 123: Cross-section of the box girder
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The webs are fixed to the flanges. This would mean that buckling mode d, see Figure 122, can be
considered to determine the effective buckling length. But as the webs and flanges are relatively
slender full rotation stiffness is not likely to occur. In reality buckling mode f should be taken to
calculate the effective buckling length of the webs. The rotation stiffness is dependent on the stiffness
of the flanges. To determine this rotation stiffness a more extensive calculation is necessary. To be
able to make a simple verification of buckling it is therefore chosen to schematise the webs as
buckling mode a, see Figure 122. This is the most conservative buckling mode for the webs, where
the effective buckling length equals the length of the webs:

ly = \[HE + (s by )/2)* =2.305m

box

Now the required moment of inertia of the webs can be calculated:
2 |2 * *F
NI, i ]

Iz cr d 2 %
0 T

=304085832mm*

The formula for the moment of inertia of the web is:

| = é* L, e *t3 > 304085832mm"*

In this formula L, is the effective length of the webs in longitudinal direction of the box girder which

can be taken for the buckling resistance. It is hard to determine this effective length, especially for a
segmental box girder with its joints between the segments creating discontinuities in the webs. For this
calculation it is chosen to take effective length of the webs as 1 metre. This is chosen as in the local
schematisation of the deck, see B.9.2, the local metro point load is distributed over 1 metre in the
longitudinal direction of the box girder. In the deck schematisation it is therefore chosen to take a deck
width of 1 metre. This local deck load should be taken by the webs. For this reason an effective length
of the webs of 1 metre is chosen in respect of buckling of the webs. Besides, this assumption is
considered as quite conservative as buckling of the webs will probably concern more than 1 metre.
Most likely the effective length of the webs equals the length of a segmental box girder, which means
a length of 3 metres. However, in this buckling verification a safe assumption of the effective length is
taken:

Lwebs = 1m

The minimum required thickness of the webs hereby becomes:

\/304085832*12
tw,req =3

=154mm

ebs

The minimum required width of the webs hereby becomes:
b, o =t,/COSex, =157mm

W, req

Verification of buckling of the webs:
b, =160mm>b, .. =157mm — Ok

W, req

The webs thus satisfy with respect to buckling. The thickness/width of the webs is however just
enough to resist buckling. When this verification is not satisfied the thickness of the webs should be
increased.
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Appendix C: Calculations UHPC box girder C180

C.1 Introduction

This Appendix presents the calculations of the optimal box girder in Ultra High Performance Concrete
(UHPC) C180. First the material characteristics of UHPC and steel are described. Paragraph 3 deals
with the geometry and the structural schematisation of the box girder and its characteristics. The loads
to which the box girder is subjected are treated in paragraph 4. In the next paragraph the layout of the
external prestressing tendons is shown and the stresses in the box girder due to loading and
prestressing are calculated. It also contains the calculations of the prestressing losses. Furthermore
this Appendix describes the calculations on deflection, shear and torsion and the ultimate resistance
moment of the box girder in respectively the paragraphs 6, 7 and 8. The calculations on the deck
thickness are treated in paragraph 9. Finally this Appendix deals with the calculations on fatigue and
vibration of the box girder and buckling of the webs.

The formulas and values used in the calculations are taken from [11] and other references, which are
then stated in the text.
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C.2 Material characteristics

C.2.1 UHPC C180: Ductal®-AF

Density of UHPC [8] [i5] o 2600 kg/m3
Partial factor for UHPC Ve 1.5
Additional partial safety factor [16] 7; 1.25
Characteristic compressive cylinder strength

e ’ Ty 180 N/mm*
[?5h]aracter|st|c axial tensile strength of UHPC fctk 8.0 N/mm?2
Secant modulus of elasticity of UHPC [i5] E.. 50000 N/mm?
Orientation coefficient global effects [18] K 1.25
Orientation coefficient local effects [18] K 1.75

Partial safety factor fundamental y 13
combinations [18] bf :

Design value of UHPC compressive strength,

SLS 18] ’ | Tags =067 1y 108 Njmm®
Design value of UHPC compressive strength, _ :

ULS%S] 6] P 9 foqus =0.85% f /(y. *7.) | 81.6 Nimm?
Design value of UHPC tensile strength, SLS _

globgl effects [18] ? Fogsise = Tauc /K 6.4 N/mm”
Design value of UHPC tensile strength, ULS _

global cffects (18] ’ fewuso = feu AK7) | 4.92 Nimm®
Design value of UHPC tensile strength, ULS _

Iocalgeffects [18] ° foguse = fou /[(K*74) 3.52 N/mm?
Flexural tensile strength UHPC [i5] fctm,ﬂ 30 N/mm?
Compressive strain in the UHPC at the end

of thglinear part [18] £e3 = Teas / Een 1.632 %
Ultimate compressive strain in the UHPC [18] | &3 3.0 %o
C.2.2 Reinforcing steel FeB 500

Density of reinforcing steel Ps 7850 kg/m3
Characteristic yield strength of reinforcement fyk 500 N/mm?
Partial factor for reinforcing steel Vs 1.15

Design yield strength of reinforcement fyd = fyk 1y, 435 N/mm?
Design value of modulus of elasticity of 2
reinforcing steel E, 200,000 N/mm
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C.2.3 Prestressing steel FeP 1860

Density of prestressing steel Py 7850 kg/m3
Characteristic tensile strength of f 2
prestressing steel [24] pK 1860 N/mm
Characteristic 0.1% proof-stress of 2
prestressing steel [24] oo 1600 N/mm
Partial factor for prestressing steel Vs 1.15

Design tensile strength of prestressin

stool ghore 9 foa = Foou /75 1391 N/mm?
Ultimate tensile strength of prestressin

steel J P 9 o7 1617 N/mm?
Design vglue of modulus of elasticity of E 200,000 N/mm?
prestressing steel P

Factor K, 0.8

Factor k, 0.9

Factor K, 0.75

Factor Kg 0.85
Maximum tensile stress in the tendon — mi * S ox 2
(during tensioning) Opmax = min{k, fpk 'k, fpo-lk} 1440 N/mm
Maximum tensile stress in the tendon O oo = min{k7 * fpk : ks * prllk} 1360 N/mm?2

(after tensioning, initial stress at t=0)
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C.3 Geometry box girder

45m 45m

Figure 124: Statically determinate box girders supported by columns

btf

bboxts

L cant b h’w L cant
te
|
centroidal axis S o S Lt
H
ow Hbox 7ch
thf

bbf
Figure 125: Cross-section of the box girder
C.3.1 General
Length span L 45 m
Depth box girder H 2.41 m
Width top flange by 8.96 m
Thickness top flange t 0.18 m
Width web b, 0.14 m
Width bottom flange by 4 m
Thickness bottom flange Lo 0.13 m
Width box top side Pooxs 5 m
Cantilever length top flange L 1.98 m
Depth webs Hpo 2.1 m

—-b,)/2
Angle of webs with vertical axis «,, = tan™ M =12.64°
Hiox + 1y
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C.3.2 Determination of cantilever length

The rules of thumbs to determine the top flange thickness given below are true for normal concrete.

1
ttf = E Lcant

1
ttf = %*(btf - Z(bw + Lcant ))

For UHPC these rules are not applicable. But to be able to make a good comparison between the two
materials (C50/60 versus C180) it is chosen to take the same geometry for the box as is chosen for
concrete C50/60:

bboxts S m
L 198 m
by 4 m

The width of the bottom flange bbf is chosen smaller than the width of the box top sideb This way

boxts *

the railway girder requires a smaller support and the angle «,, is still small enough for the webs to

transfer the vertical loads mainly by normal forces than by bending. The dimensions b, and by,

are deduced from reference projects, see Figure 18 [6].

C.3.3 Concrete cover

The very dense material structure of UHPC results in a higher durability and smaller concrete cover
compared with concrete C50/60.
The concrete cover for the box girder made of C50/60 is:

Crom = Crmin T ACge, = 40mm
The concrete cover for UHPC is assumed to be half of this value:
¢ =20mm

C.3.4 Effective width of flanges
The effective width of the flanges is based on the distance |0 between points of zero moment, see

Figure 126. However, with a structural schematisation as given in Figure 124 the distance |O is 45
metres.

”A"
k=015 L+ 5k
L A

e

Figure 126: Definition of |0 , for calculation of effective flange width
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Figure 127: Effective flange width parameters

This gives:
l, =45m

=1.98m
boxts | 2 — D, = 2.36m
Width bottom flange b, =b; /2-b, =1.86m

Cantilever length top flange b1 =L

cant

Width inner top flange b,=b

Effective flange width:
by = Zbeﬁ,i +b, <b

Where:

by ; = 0.2b; +0.10, <0.21,
And

beff,i < bi

Effective width of flanges

Value

Effective width cantilever length top flange beﬁ,l 1.98

Effective width inner top flange D 2 | 2.36

Effective width bottom flange beﬁ 3 | 1.86

Total effective flange width

Value
Effective width top flange Dy | 8.96 m
Effective width bottom flange D b |4 m

C.3.5 Cross-sectional properties

Cross-sectional area of UHPC
A =by *te +2%b, *H, +by *t,

box

Distance from bottom to centroidal axis

Zy, = by *ty *(H =t /2) +2%b, *Hy, * (Hyo [ 2+t ) + by * 1y * (s 12))/ A,

Distance from top to centroidal axis
th =H- Zcb
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Moment of inertia of UHPC section

1
Ic :_*beff,t *t§ +beff,t *ttf *(th _ttf /2)2 +

12
2*%*bw* HSOX +2*bw* Hbox *(Zcb - Hbox /z_tbf )2 +

%*beff,b *tb3f +beff b *tbf *(Zcb _tbf /2)2

Section modulus bottom
Wb = IC / ZCID

Section modulus top
W, =112,

Perimeter UHPC box girder
U=Dby +2%t; +2% L, + 2*\/((bboxts =by )/2)7 + (Hygy +1 ) +1y

Values cross-sectional properties box girder

Value

Cross-sectional area of UHPC A, 2.721 m*
Distance from bottom to centroidal axis Z, 1.643 m

Distance from top to centroidal axis Z, 0.767 m

Second moment of area of the UHPC | 2.381 m*
section ‘

Section modulus bottom w, | 1.450 m®
Section modulus top w, |[3.103 m®
Perimeter UHPC box girder u 21.851 m
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C.4 Loads
axis track 1 axis track 2
guard-rail
walkway I E
cable duct ﬂ < S
concrete plinth - =
sound insulation o § 2
L __upper side rail | . ,g_ &
top part superstructure :
bottom part superstructure ‘ ‘ - T
( H%gd%'mﬁgl 900 | 800 | 900 IALQ
150¢ ‘
1000 1740 1740 1740 1740 |
3480
8960
Figure 128: Cross-section top part superstructure
C.4.1 General
Acceleration due to gravity g 9.81 m/s
Dynamic factor [8] ¢=1+4/(10+L) 1.07
Partial factor for permanent actions, favourable [9] VG, fav 1.0
Partial factor for permanent actions, unfavourable [9] VG unfav 1.35
Partial factor for variable actions, favourable [9] Y Q. fav 0
Partial factor for variable actions, unfavourable [9] Y Q.unfav 1.5
Partial factor for prestress, favourable Ve tav 1
Partial factor for prestress, unfavourable 7 P unfav 1.3
Factor for combination value of snow load [9] Y0 snow 0.8
Factor for combination value of wind load [9] V0. wind 0.75
Factor for combination value of sideward force [9] Vo sidewt 0.8
C.4.2 Vertical loads
Dead load box girder Ogead =A.*P.*0 |69.4 kN/m
Permanent loads [8]:
Concrete plinths 10 kN/m per track
Rail (S49) 0.97 kN/m per track
Cables 12 kN/m per cable
duct
Walkway + guard-rail 2 kN/m per
walkway
Sound insulation 13 kN/m per
walkway
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Concrete slope (drainage between

0.5 kN/m?
walkways)
Variable loads [8]:
Mobile load (metros) Umob 25.5 kN/m per track
Snow load Qerow 0.5 kN/m?
Concentrated load due to the metro (for local
schematisation) Qmon oc 130 kN per track
C.4.3 Horizontal loads
Wind load® [8] Quing 1.5 kN/m?
Sideward force due to the metro'® [8] Quident 30 kN per track
C.4.4 Load schematisation in longitudinal direction
Serviceability limit state (SLS)
Vertical loads
Dead load box girder O gead 69.4 kN/m
Permanent loads:
Concrete plinths (* 2 tracks) 20 kN/m
Rail (849) (* 2 tracks) 1.94 kN/m
Cables (* 2 cable ducts) 2.4 kN/m
Walkways + guardrails (* 2 walkways) 4 kN/m
Sound insulation (* 2 walkways) 2.6 kN/m
Concrete slope (drainage between (*( btf -2*1m)) 348 KN/m
walkways)
Total permanent load 9 perm 34.42 kN/m
Variable loads:
Mobile load (metros) Qrnop * 2 tracks * ¢ 54.71 kN/m
Snow load Wosnow  Qsnow O 3.58 kN/m
Total variable load Quar 58.29 kN/m
Ultimate limit state (ULS)
Vertical loads
Dead load box girder Veunta - Jeead 93.69 kN/m
Total permanent load VG untav 9 perm 46.47 kN/m
Total variable load Yountay - Gvar 87.44 kN/m

® The viaduct is subjected to wind forces up to a height of 3.6 metres above the upper side of the rail.
1% The sideward force acts at 1.5 metres above the upper side of the rail, in the centre of the track.
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C.4.5 Load schematisation in transversal direction

Serviceability limit state (SLS)

Vertical loads

Permanent loads:
. (/ 2 plinths per track / 0.9 m

Concrete plinths (width plinth)) 5.56 kN/m
Rail (S49) (/ 2 rails per track) 0.485 kN per rail
Cables 1.2 kN per cable duct
Walkway + guardrail (/ 1 m (width walkway)) 2 kN/m
Sound insulation 1.3 kN per walkway
Concrete slope (drainage between 05 KN/m
walkways)
Variable loads:
Concentrated load due to the metro Qrobloc/ 2 rails per track * .

L 69.73 kN per rail
(for local schematisation) ¢
Snow load Wo.snow - Asnow 0.4 kN/m
Horizontal loads
Wind load Wowind  Awing 1.125 kN/m?
Sideward force due to the metro Vo sidewt *Qqigewt 24 kN per track
Ultimate limit state (ULS)
Vertical loads
Permanent loads:
Concrete plinths 5.56 * ¢ unfav 75 kKN/m
Rail (S49) 0.485" ¢ unfav 0.65 kN per rail
Cables 1.2% 75 unfav 1.62 kN per cable duct
Walkway + guardrail 2% Y5 unfav 2.7 kKN/m
Sound insulation 1.3% 76 unfav 1.76 kN per walkway
Concrete slope (drainage between *
Walkways) 0.5 J/G,unfav 0.68 kN/m
Variable loads:
Concentrated load due to the metro * .

g

(for local schematisation) 69.737 7 quntay 104.59 kN per rail
Snow load 0.4 ¥4 unfav 0.6 kN/m
Horizontal loads
Wind load 1125 ¥ unfav 1.69 kN/m?
Sideward force due to the metro 247" 75 unfav 36 kN per track
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C.5 Prestressing tendons

C.5.1 Layout prestressing tendons

Pz — — cenfroidal axis 2 P
Pd PU PU Pd

ot

Figure 129: Layout prestressing tendons

Distance between the centre of the tendons and bottom side at mid-span

h, 05 m
Tendon eccentricity at mid-span f=Z,-h 1143 m
Distance of deviation blocks to supports a 17 m
Angle between prestressing tendon and the centroidal axis a, =tan(f /a) = 3.845°

The tendon eccentricity at the support is 0 m as the tendon anchorage coincides with the centroidal
axis.

B —

~
o f Pu PF\\

=

The resulting prestressing force P,=2* P *sin(e, / 2) has a small angle with the vertical axis. As the

Figure 130: Polygon of prestressing forces

angle is very small the horizontal force of P, is small. For simplification reasons it is chosen to take
into account only the vertical upward prestressing force. The upward prestressing force P is
dependent of the prestressing force P and the angle a,

P, =P*sing,

C.5.2 Bending moments due to prestressing

The moment diagram and structural schematisation due to prestressing is shown in Figure 131. The
elevated metro structure consists of statically determinate box girders supported by columns. Due to
symmetry of loading the downward prestressing force at the supports is equal to the upward
prestressing force at the deviation blocks.
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0 Tp, Tp, v
Pd Pd
a |

L

Mn.p

N

Ms,p

Figure 131: Structural schematisation of the box girder subjected to prestressing forces
Where:
P, =P,
M, =0kNm

M,,=P*a=P,*a

The box girder has 6 tendons externally placed inside the girder according the layout shown in Figure
129. One tendon consists of 37 strands with a diameter of 15.7 mm and a cross-sectional area of 150
mm? per strand. The cross-sectional area of one tendon is:

A, =37*150 = 5550mm?

The number of tendons is:
n==6 tendons

The estimated prestressing losses are 20% att = =
The working prestress at t = « then becomes:

Oy = 0.8% 0,0 =1088N /mm?

Hereunder the prestressing forces and bending moments are calculated for the two phases: the
construction phase att = 0 and the end phase att = «.

Construction phase att =0
Total prestressing force:
P,=n* Ap *O'pmo = 45288kN
(22)
Total upward prestressing force:
P, =P, *sina, =3037kN

u
(23)

Bending moment between the two deviation blocks
M m.p0 = P, *a=51632kNm ()

End phase at t = «~
The estimated prestressing losses are 20%
The working prestress at t = « then becomes:

2
O e =0.8%0 o =1088N /mm

Total prestressing force:
P,=n*A *o,,, =36230kN
(24)
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Total upward prestressing force:
P, =P, *sina, = 2430kN
(25)
Bending moment between the two deviation blocks
M, . = P, *a=41306kNm ()

C.5.3 Bending moments due to loads

The bending moments due to the loads are determined according the structural load schematisation
shown in Figure 132.

q
VNS SN AN R N

T
Va T 3 Vb

Ms Ms

T
AN

M
: Mn

Figure 132: Structural schematisation of the box girder subjected to loads

Where:
1

V, =V, ==qL
a b 2q
M, =0kNm

1 2
M, ==qL

m 8q

Ma:%qL*a—O.S"‘q"‘a2

Bending moments in the construction phase att=0
At deviation blocks
1

M,, = E*gdead *L*a—0.5%Q,.,, *a° =16516kNm (L)
At mid-span
Moo= %*gdead *? =17566Nm (L)

Bending moments in the end phase at t = «
At deviation blocks

M am %*(gdead + g perm + qvar) *L*a- 05* (g dead + g perm + C1var) *a2 = 38582kNm (U)
At mid-span
M m,o0 = %*(gdead + g perm + qvar) * L2 = 41034kNm (U)
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Bending moments due to the variable load
At deviation blocks

M., = %*qw *L*a-0.5%q, *a® =13874kNm (L)
At mid-span

M, = %* Oy * L2 =14755kNm (L)

C.5.4 Stresses due to loading

As the railway girder is a prefabricated segmental box girder the joints between the segments cannot
resist tensile stresses without opening of the joints. Opening of the joints is however not allowed so

the concrete cannot resist tensile stresses: o, <ON/ mm?. Furthermore the concrete stress may not
become too large. In order to rule out the non-linearity of creep the concrete compressive stress
should not exceed o, > —0.45* f, = —81N /mm?. Beneath the stresses at the top and bottom side
of the box girder are calculated for different phases. The negative stresses refer to compression and

positive stresses to tension.
Construction phase att=0
At deviation block, top side
o, = P Mupe Mao g sy mme
A W W,
—~8IN/mm’ <o, =-5.33N/mm? <ON/mm’ — Ok

At deviation block, bottom side

m,p0 Ma,O 2
Oy =————2 20 —_40.87N/mm
Ac Wb Wb

—8IN/mm? < o, =-40.87N/mm? <ON/mm? — Ok

At mid-span, top side
P, M, M,
Oy =——2+—P0 M0 _ _567N/mm?
AC WI Wt
—8IN/mm? <o, =-5.67N/mm? <ON/mm? — Ok

At mid-span, bottom side

, Mm,O 2
Oy =——2—— M0 M0 40 14N /mm
Ac Wb Wb

—8IN/mm’ <o, =-40.14N/mm? <ON/mm? — Ok

End phase at t = « fully loaded

At deviation block, top side
Poo M m, peo M a,o 2
Oy =——2+—P 2% _ _12.44N/mm
Ac Wt Wt

(26)

(27)

(28)

(29)

(30)
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—8IN/mm? <o, =-12.44N/mm? <ON/mm? — Ok

At deviation block, bottom side

£ m, po Ma,oo 2
Oy =—>———+——=-1519N /mm
Ac Wb Wb

—8IN/mm’ <o, =-15.19N/mm? <ON/mm? — Ok

At mid-span, top side

(31

POO M m, peo M m,oo 2
Oy =——2+ ———=-13.23N/mm
AC Wt Wt
(32)
—8IN/mm’ <o, =-13.23N/mm?* <ON /mm? — Ok
At mid-span, bottom side
Poo M m, poo M m,o 2
Oy =——2>— +——=-13.50N/mm
Ac Wb Wb
(33)
—8IN/mm? <o, =-13.50N /mm? <ON/mm? — Ok
End phase at t = « without variable load
At deviation block, top side
P M m, peo M amo M a,v 2
Oy =—""+—"——— Y = —7.97N/mm
Ac Wt Wt
(34)
—~8IN/mm’ <o, =-7.97N/mm?* <ON/mm? — Ok
At deviation block, bottom side
P M m, poo M ao M X% 2
Oy =——— — + : = =-2477N /mm
A, W, W,
(35)
—8IN/mm? <o, =-24.77N/mm? <ON/mm? — Ok
At mid-span, top side
P M m, peo M mo M m,v 2
Oy =—"+—"—-——- —=-8.47N/mm
AC Wt WI
(36)
—8IN/mm’ <o, =-8.47N/mm? <ON/mm? — Ok
At mid-span, bottom side
P M m, peo M mo M m,v 2
Oy =—""———+—— — =-23.68N /mm
Ac Wb Wb
(37)
—~8IN/mm” < o, =-23.68N/mm? <ON/mm? — Ok
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C.5.5 Prestressing losses

Losses due to the instantaneous deformation of concrete
During tensioning the box girder will shorten. As the tendons are prestressed successively there arises
an immediate prestressing loss which can be calculated for each tendon with the following formula:

AP, = A *E, *Z[—J Ad, (t)}

Ecm
Where:
Ap =5550mm? Cross-sectional area per prestressing tendon
E, =200,000N / mm? Modulus of elasticity of prestressing steel
E., =50000N / mm? Secant modulus of elasticity of UHPC
Ao (t) =0y * A TA, =2.7TN / mm? Is the variation of stress in the UHPC at the centre of
gravity of the tendons applied at time t.
A, = 2720800mm? Cross-sectional area of UHPC
O pmo = 1360N / mm?® Maximum initial tensile stress in the tendon
j=(-=-1)/2n Is a coefficient where Nis the number of identical

tendons successively prestressed.

This prestressing loss taking into account the order in which the tendons are stressed can be
compensated by slightly overstressing the tendons. The maximum overstress is needed in the first
prestressed tendon as this tendon has the largest loss due the instantaneous deformation of UHPC.

The required overstress o, in the first prestressed tendon to compensate the losses due to
instantaneous deformation of UHPC can be calculated out of the formula below:

j*Ao
AI:)el,l = Ap * Ep * el = Ap *(O-overstr - O-pmo)
cm
(38)
Where:
AG verstr (1) = Tuerse “ AL T A, Variation of stress in the concrete
For the first prestressed tendon N =6 —
j=(n-1)/2n=5/12=0.4167
Now fill in formula (38):
j *Ao J *O-overstr * Ap
Ap * Ep * E oerstl. = Ap *(O-overstr - O-pmo) - Ep * E _* = Ooverstr — O pmo -
cm cm AC
J*A o o
) P 1" 6 = P2 =1364.64N / mm?
* *A
Ecm Ac O_overstr 1_ E * J p
p E *
cm AC
The maximum allowed tensile stress of the tendons during tensioning is o, .., =1440N /mm?. The

stress caused by overstressing is far below this value and as also the UHPC compressive stress
during tensioning is limited to &, <0.6* f, =108N /mm? this small overstressing will not cause

any problems for the structure. It can be concluded that the losses due to the instantaneous
deformation of UHPC can be compensated by overstressing the tendons. By overstressing the
tendons the initial tensile stress in all the tendons after tensioning can be the maximum tensile

stress oo =1360N /mm?.
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Losses due to friction
The loss due to friction in post-tensioned tendons is:

AP, (X) = P, (1—e ")

Where:

o Is the sum of the angular displacement over a distance x (irrespective of
direction or sign).

U Is the coefficient of friction between the tendon and its duct.

Kk Is the unintentional angular displacement for internal tendons (per unit length).

X Is the distance along the tendon from the point where the prestressing force is

equal to P__ (the force at the active end during tensioning).

P%é— ~_ centroidal axis 2 P
mu M
s s

L

Figure 133: Layout prestressing tendons

A
/

/
/e
J

Deviation block

Tendon

Figure 134: Angular displacement at a deviation block

There are four places where tendon deviation takes place, namely: at the two supports and at the two
deviation blocks at a distance a from the supports.

f
The angular displacement per deviation is: 0 = ¢, =— = 0.07rad
a

For external tendons, the losses of prestress due to unintentional angles may be ignored [11], so the
loss due to friction per deviation is:

APH(X) P - e_"*e) 302.93kN

Where

Paux=P=n%* Ap *meo = 45288kN

1=0.1 See table 5.1 [11] (external unbonded tendons; HDPE duct / lubricated;

strand)
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Time dependent losses of prestress for post-tensioning

The time dependent loss of prestress for post-tensioning at a location x is calculated according the
formula below:
E
£xE, +0.8A0, +—-0(0,t))* 0 op
APc+s+r = ApAo_p,c+s+r = Ap Ep n*Ap AC crr;

cm C
Where:
Creep
@(o,t,) =0.3 Is the final creep coefficient [i5]
Shrinkage
&, =0.01%o0 = 0.00001 Total shrinkage strain in absolute value [i5]
Relaxation

Relaxation class 2 (wire or strand):

t 0.75(1-p)
9.1 -5 2
Ao, =0, *0.66* p, *e ﬂ(ﬁj *107° =60.93N /mm
Where:

O i = O o =1360N /mm’?

Relaxation class 2 — p,,,, = 2.5%
u=oy,lf, =073
f, =1860N /mm?

The long term (final) values of the relaxation losses may be estimated for a time equal to:
t = 500,000 hours .

Concrete stress
Ocop Is the stress in the UHPC adjacent to the tendons, due to self-weight and initial
prestress and other quasi-permanent actions where relevant. The value of o o, may

be the effect of part of self-weight and initial prestress or the effect of a full quasi-
permanent combination of action o, = o, (G + P_, +1,Q), depending on the stage
of construction considered.

This means that o o, is the stress at the centroidal axis at t=0.
This gives:

P
Oeop = _EO =-16.65N /mm?

Where:
P,=n*A, *o,,, =45288kN

Other values

A = 2720800mm? Cross-sectional area of UHPC
Ap = 5550mm? Cross-sectional area per prestressing tendon
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n==6 Number of tendons

E.,, =50000N /mm? Secant modulus of elasticity of UHPC

E, =200,000N / mm? Modulus of elasticity of prestressing steel
I, =2.381*10%mm* Moment of inertia of UHPC section

Time dependent loss of prestress for post-tensioning at support

E
&xE, +0.8A0, + — 2 (o0, t,)* Ocop

AP =nA_A =nA a = 2220kN
C4sir.s n pBRO sy n p 1 Ep I’]*Ap (1 Ac 2 )[1 0.8 (t t )]
4P P +—7 + V. 1
Ew A e ©° e

cm c,S

Where:
Zops = Omm The tendon eccentricity at the support is 0 m as the tendons

anchorage coincides with the centroidal axis.

Time dependent loss of prestress for post-tensioning at mid-span

E
éxE, +0.8A0 +—"(0,t,) * 0 op
AP, =nA,Ac =nA = = 2046kN

C+S+r,m p,C+S+F p E n*A AC
1+—2P P (1+ z2 )1+ 0.8p(t,t
E A ( I o) [ o(t,t))]

Where:
Zppm = f =1143mm

Total prestressing losses

The box girder segments are tensioned from one side from a practical point of view. This is because
the construction of the metro system concerns a continuous placement of the segments from one
column to the next column. This means that there is only one end well accessible to tension the
tendons. The total prestressing losses hereby become, see Table 22:

Place Prestressing loss Value Percentage of loss |Value
APc+s+r S + AP;;
At the first support AP . s TAP, 2523 kN |[— 557 |%
n Ap O pmo
. - AP +2* AP
After the first deviation cs+r,m u
AP +2*AP 9
block (at mid-span) cHs+rm u |2651 kN n*Ap *Upmo 585 |%
- AP +3*AP,
After the second deviation cHs+r,m u
AP +3*AP 9
block (at mid-span) ersirm 3 w2954 kN N*A *o 0 6.52 %
AP, ., + 4*AP#
At the second support AP, s +4%AP, 13432 kN ' 758 (%

* *
nN*A,*0 mo

Table 22: Total prestressing losses

The maximum prestressing loss arises at the end of the span, at the other end where the tensioning
takes place. This loss = 7.58 % which is smaller than the assumed prestressing loss of 20 %. This
assumption is thus a safe value for the prestressing losses and has not to be taken any larger. To take
into account other unexpected losses and other expected losses like for instance thermal losses and
slip of the anchorage it is decided to keep the expected final prestressing losses of 20 %. Notice that
these formulas for prestressing losses are from [11] which can be used for concrete C50/60. For
UHPC there are no formulas to determine the prestressing losses, but as the method should be quite
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similar this should give an impression of the losses. As the calculations show that the losses are far
below the expected loss of 20 %, it is assumed to be on the safe side. In the continuation of this
design the prestressing loss in the end phase at t = « is thus 20 %.
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C.6 Deflection

The bending moments due to the loads are determined according the structural load schematisation
5 gL'
shown in Figure 135. This schematisation means a deflection at mid-span of; W = ﬁcl]i_l

q
VBV SN SN S

Va T T\/b
I L !
Ms Ms
\_/
Mm

Figure 135: Structural schematisation of the box girder subjected to loads

The moment diagram and structural schematisation due to prestressing is given in Figure 136. The
exact upward deflection of this schematisation is more difficult to determine. Therefore it is chosen to
re-schematise the schematisation into a more easy and conservative schematisation to calculate the
deflection. It can be seen that the moment diagram due to prestressing looks like the one due to the
loads but then upside-down and angular. It is therefore chosen to change the structural
schematisation of the box girder subjected to prestressing forces into a schematisation with a uniform
distributed load like in Figure 135, but then with an upward uniform distributed load.

d TPU TPU J
Pd Pd
I T

L 1

Mm,p

—~

MS,D

Figure 136: Structural schematisation of the box girder subjected to prestressing forces
For the new schematisation the corresponding uniform distributed load has to be determined:

At t=0:
The bending moment generated by prestressing at mid-span:

M m.po = P, *a=51632kNm

The bending moment due to a uniform distributed load at mid-span:
1

M, ==*q*L’
8

For the new schematisation those two moments have to be the same value:
Moo =M, >0, = 204kN /m
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At t=co:
The bending moment generated by prestressing at mid-span:

M, . =P, *a=41306kNm

m, poo
The bending moment due to a uniform distributed load at mid-span:
1
M, ==*q*L*
8
For the new schematisation those two moments have to be the same value:
Mm,poo =M, - 0 pto =163kN /m

Notice that this new schematisation causes a smaller upward deflection than in the real
schematisation. With the requirement of a limited downward deflection this verification thus becomes

more conservative.

The deflection is determined with the formula:

5 gL’
w=—> 9
384 EI

Where:

L =45m Length span

I, =2.381m* Moment of inertia of UHPC section

E
E=E 4 =— ™ =38462N /mm’  Effective modulus of elasticity of UHPC for deflection
' 1+ (oo, t,)
at t=0 and at t=- without variable load
E = E,, =50000N / mm? Secant modulus of elasticity of UHPC for additional
deflection under mobile load

@(o,t,) =0.3 Creep coefficient, see C.5.5: creep

The deflections and unity checks at mid-span for different phases are:

Time Load q Deflection W |value |Maximum allowed Unity

deflectionw, . check
w/iw,.,
_ _ L /250 =-180mm
At t=0 gdead q pto -78.5 mm annotation 11 0.44
: , L /500 =90mm

At t== without variable load | 9geag + 9 perm — dpto |-34.6 mm | tation 2 -0.38
Additional deflection under L /1500 = 30mm

mobile load Gur 26.1 MM | nnotation 0.87

Qoead T 9 - =
At t== fully loaded dead = perm 346+26.1 | | L/500=90mm -0.09
+ Oar = Ot =-8.5 annotation

Table 23: The deflections and unity checks at mid-span for different phases

An upward deflection has a negative sign and a downward deflection has a positive sign. As the unity
checks show the construction satisfies with respect to deflection for all phases and always has a
camber. The normative deflection is the additional deflection under mobile load.

" The pre-camber may not exceed L/250see 7.4 [11].
'2 The final deflection may not exceed L/500see 7.4 [11].
'3 The maximum deflection under mobile load is L/1500(8].
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C.7 Shear + torsion
C.7.1 Shear + torsion in webs

General
The webs have to resist the vertical shear and torsion. As it concerns a segmental box girder the joints
between the segments consists of shear keys, see Figure 137 and Figure 138.

Figure 137: Shear keys in the flanges and in the webs
|

Joint befween segpents
]

Shear key

Segment 1 Segmenf 2

Figure 138: Section A-A’

Each web has 14 shear keys with a height H of 150 mm per shear key, see Figure 139. The shear

force is taken by compression in the sloped part of the shear key, see Figure 140. Friction of the
remaining parts of the shear keys and flanges is not taken into account.
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Figure 139: 6imensions shear key in mm Figure 140: Schematisation of the shear resistance in a shear
key by compression in the sloped part Lshear

Ow

Figure 141: Angle of the webs with the vertical axis

The shear strength of the webs:
The vertical shear strength of one web is:

Vieg: = Fogus * Lopear ¥COS, *COS2,, *t, * N, = 5330kN
Where:
fesus =8L.6N/mm? Design value of UHPC compressive strength
Loy = V25° +35% = 43mm Sloped part of a shear key under compression
a, =tan™'(25/35) = 35.5° Angle between shear key and beam axis
—-b,)/2
a,=tan™ M =12.64° Angle of webs with vertical axis
Hlpoe + b
t, =b, *cose, =137mm Is the thickness of the web, see Figure 125
n,=H,,/H,=14 Is the number of shear keys per web
H, =150mm Height shear key, see Figure 139

The vertical shear strength of two webs is:

Veao = 2*Vgy; =10660kN
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Shear resistance at t=0 in the webs

Shear forces
The shear diagram at t=0 is shown in Figure 142.

q
VRN NN AN SRR R A AR AN
PU PU

. a |

VEd,dl

VEd,s

VEd,dr

Figure 142: Shear force diagram at t=0

With:
L =45m
a=17m

q= VG, fav *gdead =69.4kN /m
Py = 7putar * Pio =3948kN
Pio =3037kN See Eq. (23)

This gives the following shear forces
Vegaro =0*(L/2-a) =382kN
P =-3567kN

VEd,dIO :VEd,drO — My

Ved.so = Veg.ao +d*a=—-2387kN

The maximum shear force is (absolute value):

Vey 410 = 3567kN

(39)
Unity check
The unity check for shear in the webs at t=0 is:

Veg a0/ Vg » = 0.33<1.0 > Ok

Shear and torsion resistance at t=~ in the webs

Shear forces
The shear diagram at t=« is shown in Figure 143.
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q
JLJLLLLLLLLLLLL]
Tpy Py

s

VEd,s
Figure 143: Shear force diagram at t=«

With:
L =45m
a=17m

q = 7G,unfav * gdead + 7/G,unfav * g perm + 7Q,unfav *qvar = 22759kN /m
P, = ¥p.ta * Pu. = 2430kN

u

P, = 2430kN See Eq. (25)

This gives the following shear forces
Vg are = 0% (L/2—a) =1252kN

VEd,dIoo =VEd,droo - Pu = _1178kN
VEd’SExj :VEd,dloo + q *a - 2691kN

The maximum shear force is (absolute value):

Vey o, = 2691KN

(40)
Torsional moment
The maximum torsional moment is a result of wind load, the sideward force of a metro and the box
girder eccentrically loaded by one metro, see Figure 144 and Figure 145.

QWmd

JOLLLLLLLLL

Figure 144: Eccentrically loaded box girder
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Qsidew Hvind
qwind % E—

Hsidew

Husr

centroidal axis__ Lt

Zcb

Zmetro
Figure 145: Load schematisation for maximum torsional moment

The maximum torsional moment is:

TEd = Qying *L/Z*(Hwind + Husr +th _Zcb)*(((Hwind + Husr +th _Zcb)/2)+zcb)
+ Qsidew * (H sidew +H usr + th) + Qmetro * Zmetro = 2072kNm

(41)
Where:

Uying = 1.69KN /m? See C.4.5 ULS

Q.o = 36kN See C.4.5 ULS

Quetro = Yountay ~@* Unop *L/2=923kKN  See C.4.1 and C.4.2, divided by 2 as half the torsion
goes to the support of one span

H g =3.6m See C.4.3
H gigew =1.5M See C.4.3
H, =0.35m Height upper side rail, see Figure 128
Zpetro =1.74M See Figure 128
Z,=0.767m
Z, =1.643m
The lever arm of the webs is:
Zyers = (Dpos Py )/ 2—Db,, =4.36m See Figure 125
The extra shear force in the webs due to torsion is:
VEd+W =Ted /Zwebs = 475kN
(42)

Unity checks
The unity check for shear in the webs at t=« is:
VEd,sw /VRd’2 =0.25<1.0 > Ok
The unity check for shear + torsion in the webs at t== is:
VEd,soo /VRd’2 Ve /VRd 1= 0.34<1.0 > Ok
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The webs satisfy with respect to shear and torsion. The shear and torsion resistance is much more
than what is required and friction of the remaining parts of the shear keys and flanges is not even
taken along. It is thus possible to have less shear keys in the webs. When this verification is not

satisfied, the depth of the webs H,  should be increased to place more shear keys in the webs. Also

increasing the web thickness is an option. For this design this is however not necessary as the
verification is easily satisfied.

box

C.7.2 Shear + torsion in flanges

General
The flanges have to resist the horizontal shear and torsion. As it concerns a segmental box girder the
joints between the segments consists of shear keys see, Figure 146 and Figure 147.

777777777777 A
I I I
AL
@re 146: Shear keys in the flanges and in the webs L
Segment 1
Joinft between segments Shear key
Segment 2

Figure 147: Section B-B’

The top flange and the bottom flange both have 3 shear keys with a thickness which is the same as
the flange thickness, see Figure 146. The shear force is taken by compression in the sloped part of
the shear key, see Figure 149. Friction of the remaining parts of the shear keys and flanges and webs
is not taken into account.

[ 35

26 | I 1] 25

WSK:WO

Figure 148: Dimensions shear key in mm
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Fh
Fs

Fv

Fed |

oS
- Fshear b/

Fcd
Lshear Fr d

<7

Figure 149: Schematisation of the shear resistance in a shear key by compression in the sloped part Lshear

The shear strength of the flanges:
The horizontal shear strength of the top flange is:

Veair = oo * Liear *COS Qg * by * 1, =1028kN

shear

The horizontal shear strength of the bottom flange is:

Veant = fog * Lyear ¥COS, *t, *n_ - =1114kN

shear

Where:

fogus =8L.6N/mm? Design value of UHPC compressive strength
Loy = V25° +35% = 43mm Sloped part of a shear key under compression
a, =tan™'(25/35) = 35.5° Angle between shear key and beam axis

t, =0.18m Is the thickness of the top flange

t; =0.13m Is the thickness of the bottom flange

Ny =3 Is the number of shear keys in the top flange
Ny =3 Is the number of shear keys in the bottom

flange
Design study 213

% Gemeente Rotterdam

Gemeentewerken




Appendices

Shear resistance at t=« in the flanges

Shear forces in the flanges

Qsidew Hwind

qwind %

Hsidew

Husr

centroidal axis__ et

Zcb

Zmetro
Figure 150: Load schematisation for maximum torsional moment

The shear force in the top flange is:

Veg o = Owing L1 2% (H g + Hyge + H /2) + Qg = 232kN
The shear force in the bottom flange is:

VEd,bfao = Oying ™ L/2*H /2=46kN

Where:

Oying = 1.69KN /m? See C.4.5 ULS
Quigew = 36kN See C.4.5 ULS
H g = 3.6m See C4.3

H ggew =1.5M See C.4.3

H, =0.35m See Figure 128

Torsional moment

The maximum torsional moment is a result of wind load, the sideward force of a metro and the box
girder eccentrically loaded by one metro, see Figure 150.

The lever arm of the flanges is:
z, =H+t, /2+t,/2=2.26m See Figure 125

The extra shear force in the flanges due to torsion is:

Ve, =T, /7, =919kN

Where:
Ty =2072kNm See Eq. (41)
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Unity checks

Top flange
The unity check for shear in the top flange at t== is:

Veg it Ve = 0.156<1.0 > Ok

The unity check for shear + torsion in the top flange at t== is:

Ved oo 'Vra s +Veass Vrgg =0,75<1.0 » Ok

Bottom flange
The unity check for shear in the bottom flange at t= is:

Veg o Veap =0.04<1.0 > Ok

The unity check for shear + torsion in the bottom flange at t= is:

Vedpio ! Vagor *Vegst [Vrapr = 0,87 <1.0 - Ok

The flanges satisfy with respect to shear and torsion. The shear and torsion resistance is not much
more than what is required. Friction of the remaining parts of the shear keys and flanges is however
not even taken along. When this verification is not satisfied, more shear keys should be placed in the
flanges. As the flanges offer enough space for additional shear keys this verification will never be
normative for the design and will easily satisfy.
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C.8 Ultimate resistance moment

C.8.1 General

In all phases during the lifetime of the box girder the concrete force N, due to the compressive

stresses in the UHPC should balance the prestressing force P , see Figure 151.

Ocmax €cmax
top flange [ € ctf
centroidal axis Md C N — 5 My
P Nc
bottom flange — Ecbf
gcmin €cmin
Figure 151: Equilibrium between axial forces P and Nc in the cross-section of the box girder
Ocmax
=7 gar <Nt -
ca. | /.
< Ncw L Zv
Zbf
Ocbf <Ncbt B —
gcmin

Figure 152: Overview for the calculation of the ultimate moment

At the same time the bending moment M, due to loading should be resisted by the ultimate

resistance moment M ,of the box girder. The ultimate resistance moment arises when the strain
difference between the top and bottom flange is as large as possible taking into account that tensile
stresses are not allowed. This means thato,, .. =0N/mm?. In which flange the maximum strain
arises depends on the stage of loading. For the example given above it would mean that:

The concrete force N, = N + N, + N, and should be equal to P, see Figure 152.

The ultimate resistance moment M, = N, *z; + N, *z, + N, *Z,; and should be larger than the

bending moment M, . Where z,,z, and z,; are positive or negative values considering the location of
the force with regard to the centroidal axis.
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For this calculation there is made use of the stress-strain relation for UHPC according the strain
softening law, see Figure 153.

Lol adoucissante - Strain softening law :

A
R I I
| |
| |
I I
I I
I I
I I
| |
I I
Ey | |
| |
| |
I I
Eim 3.:‘a. Ei-m Ee ! ! »
! H e Ebe Eu
=== G
L fy e
Figure 153: Stress-strain relation for UHPC [18]
Where:
Eez = &y =1.632%0 Is the maximum elastic compressive strain in the UHPC
Equz = &, = 3.0%0 Is the ultimate compressive strain in the UHPC

C.8.2 Bending moments due to the loads and prestressing

Bending moment M at t=0

In the construction phase at t=0 the loads on the box girder are the dead load and the prestressing
force. As the permanent and variable loads are missing and the initial prestressing force is large the
box girder has a camber. The normative bending moment in this phase arises at the deviation blocks,
see Figure 154. The maximum strain arises in the bottom flange.

M Mm

d
T

m
Ms Ms

Figure 154: The bending moments due to prestressing minus the bending moments due to dead load results in the
largest bending moment M, at the deviation blocks

At deviation blocks

1
M da,0 — 7P,unfav * I:)uO *a_E*yG,fav * gdead * L*a_O'S*yG,fav * gdead *a2 = 50605kNm (ﬂ)

Where:
P, =3037kN See Eq. (23)

Bending moment M at t=«

In the end phase at t=~ the box girder is fully loaded by the dead, permanent and variable load and is
partly resisted by the prestressing force. This load case causes a downward deflection, which means
that the normative bending moment arises at mid-span, see Figure 155. The maximum strain arises in
the top flange.
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Ms Ms

M3

Figure 155: The bending moments due to dead, permanent and variable load minus the bending moments due to
prestressing results in the largest bending moment M,, at mid-span

At mid-span
1
M dm,eo — g* (7G,unfav * gdead + 7/G,unfav * g perm + J/Q,unfav *qvar)* L2 - J/P,fav * Puw *a
_ 16304kNm (L)
Where:
P, = 2430kN See Eq. (25)

C.8.3 Ultimate resistance moment at t=0

Ultimate resistance moment at deviation blocks
The prestressing force at t=0 is:

P, = 45288kN See Eq. (22)

M. o =50605kNm() means that the maximum compressive strain arises in the bottom flange.
The schematisation of the forces in the cross-section is shown in Figure 156 and Figure 157.

Gcmin €cmin
top flange
el ax Prandg__ £ ctf
cenrrordat axis Md N
Po
< My
Ne €cbf
bottom flange = -
Ocmax €cmax
Figure 156: Stress and strain schematisation in the cross-section at the deviation blocks at t=0
Ocmin
Tt < Nectf —
Ztf
ca. | .
ZwW
— NCW - 7bf
Ocbf
<— Ncbf
Ocmax

Figure 157: Concrete forces and lever arms in the cross-section at the deviation blocks at t=0

To determine the maximum strain for which holds that N, = P, everything is filled in a spreadsheet
program (Microsoft Excel) and solved with the function goal seek. With the function goal seek the
concrete force N is set to be equal to the prestressing force P, by changing the maximum

compressive strain in the cross-section¢ .. .
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The maximum strain in the cross-section which causes equilibrium between N and P is:
&, =1.046%0

This gives:
Eqt = Ecmax Ly I H =0.078%o0

cmax

£, =&, *(H—t,)/H =0.989%o
& . =0N/mm?

cmin

( 8ctf +gcmin)/2)

Ny = * fog s *Dag o ¥t = 3148KN
ch
Ey +E4 )2
NCW _ (( ctf cbf ) ) * de s *wa * Hbox —=15688kN
8c3 ’
Eyr TE /2
Nbe _ (( cbf cmax) )* de’UIS *beff b *tbf = 26451kN
ch
Where:
by, =8.96m See C.3.4
byt p =4M See C.3.4

The total concrete compressive force is:

N, =N, +N,, +N,, =45288kN = P,

The lever arms of the concrete forces are:

z, =t *% -Z, =-0.65m

St — & Egi — &
ZW = Zcb _(gctf *(Hbox *%+tbf)+%*(Hbox *%—i_tbf)j/(‘gctf +%) =0.76m

& — & & — &
2y =2y _(%be*tbf *%"' Ecpr Ly *%]/[%be—'—gcbf ] =1.58m

The ultimate resistance moment is:

M, =N, *z, +N_, *z, + N, *z,, =51654kNm

Unity check of the ultimate resistance moment:
Mo/ M, =0.98<1.0 — Ok

The ultimate resistance moment of the box girder is thus enough to resist the bending moments in the
construction phase at t=0. The unity check however approaches the limit 1.0, so this verification needs

attention. When this verification is not satisfied the depth of the webs H, should be decreased, see

Figure 125. This way the upward prestressing force becomes smaller, see Figure 129, and thus the
hogging moment due to prestressing decreases. Another option is to make the box girder heavier

such that the hogging moment M ; becomes smaller.
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C.8.4 Ultimate resistance moment at t=«

Ultimate resistance moment at mid-span
The prestressing force at t=« is:

P, =36230kN See Eq. (24)

M

The schematisation of the forces in the cross-section is shown in Figure 158 and Figure 159.

dm oo =16304kNm(U) means that the maximum compressive strain arises in the top flange.

Ocmax €cmax
- —  Ectf

top flange _

cenfroidalaxis o
Pm

bottom flange Ecbf
gcmin g€cmin
Figure 158: Stress and strain schematisation in the cross-section at mid-span at=«
gcmax
- <— Netf —
Octf 7t
ca. |/ _ _
% NCW D Zv
Zbf
Ocbf <— Ncbf
Ocmin

Figure 159: Concrete forces and lever arms in the cross-section at mid-span at=«

To determine the maximum strain for which holds that N, = P,_everything is filled in a spreadsheet
program (Microsoft Excel) and solved with the function goal seek. With the function goal seek the
concrete force N is set to be equal to the prestressing force P, by changing the maximum

compressive strain in the cross-section & .. -

The maximum strain in the cross-section which causes equilibrium between N_ and P, is:
Ecmax = 0.391%o

This gives:

£y =y *(H —t, )/ H =0.362%0
4 =&, *t, | H =0.021%0

g =0N/mm?

cmin

((gcmax + gctf )/2)

thf = c * fcd,uls *beff 't *tl'f = 30332kN
c3
EqtéEy, )2
N, =)D w2 <, 5625k
c3
220 The elevated metro structure in concrete, UHPC and composite

Delft
e t University of
Technology



Appendix C: Calculations UHPC box girder C180

((gcbf + Ecmin ) / 2) *

Ncbf = fcd,uls *beff b *tbf = 274kN
&3
Where:
b  =8.96m See C.3.4
beff b= 4m See C.34

The total concrete compressive force is:

N, =N +N_, + N, =36230kN =P,

The lever arms of the concrete forces are:

& —& & —&
2, =2, —(—ma"z ot *t, *%+gth *t *%]/ (—”"axz o +gctf]:0.68m

& — & & — &
Z,= (%*(Hbox *§+tbf)+gcbf *(Hpox *%+tbf )j/(%—i_‘g‘cbf ]_Zcb =-0.15m

Zy =t *% -7, =-1.56m

The ultimate resistance moment is:
Mu = Nth *th + NCW*ZW + Ncbf *be =19304kNm

Unity check of the ultimate resistance moment:
Mdm,ao /M, =0.84<1.0 > Ok

The ultimate resistance moment of the box girder is thus enough to resist the bending moments in the
end phase at t=~. The unity check however approaches the limit 1.0, so this verification needs

attention. When this verification is not satisfied the depth of the webs H, should be increased, see

Figure 125. This way the lever arms Z become larger which has a positive effect on the ultimate
resistance moment. Also the upward prestressing force then becomes larger, see Figure 129. The

bending moment M , should be kept as small as possible by creating a light as possible box girder.
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C.9 Deck

To determine if the thickness of the top flange / deck meet the requirements of shear and bending
moments, the local schematisation is considered. The deck is schematized in the transversal direction
as a floor of 1 metre wide with two fixed supports (the webs). The width of 1 metre in longitudinal
direction comes from [8], which says that for the calculation of the deck the wheel pressure in
longitudinal direction of the track may be spread to two sides over a distance of 1 metre + twice the
height of the concrete plinth. For a more conservative calculation only the width of 1 metre is taken. To
calculate the shear and bending moments in the deck there is made use of the program Scia
Engineer. In the next section the input in Scia Engineer is given. For the geometry of the deck the
assumption was made that the web width should be 0.2 metres. With this width the geometry in Figure
160 becomes:

Lcant,cemre = Lean + bW /2=2.08m
L :btf_Z*L =4.8m

span

cant

cant,centre

For the load schematisation in the next section reference is made to Section C.4.5.
With the shear and bending moments due to loading as result from the input in Scia Engineer next the
verification of shear and ultimate resistance moment for the deck is done.

C.9.1 Schematisation load input in Scia Engineer

o Geometry deck

_ 208 4.8 . 208 |

Figure 160: Structural schematisation deck box girder

2.08 4.8

L K2 #3 TS WS M it K& fas Kig

Figure 161: Nodes left side of the deck
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4.8

2.08

K K0 KPP iz AP Kid KNS wia Ki7 g
Figure 162: Nodes right side of the deck
o 208 4.8 , 208
= S2 53 S4 S5 SA 57 SR 59 SI0 S11 512 513514 S15 516 S17
Figure 163: Bars
Nodes
Name |Coordinate X |Coordinate Z
[m] [m]
K1 0,000 6,000
K2 1,000 6,000
K3 1,440 6,000
K4 1,986 6,000
K5 2,340 6,000
K6 2,740 6,000
K7 3,140 6,000
K8 3,494 6,000
K9 4,040 6,000
K10 4,920 6,000
K11 5,466 6,000
K12 5,820 6,000
K13 6,220 6,000
K14 6,620 6,000
K15 6,974 6,000
K16 7,520 6,000
K17 7,960 6,000
K18 8,960 6,000
K19 2,080 6,000
K20 6,880 6,000
1D-bar
Name|Cross-section Length Start node |End node |Type EEM- Layer
I{m] Form type
S1 CS1 - Rectangle (180; 1,000 |Line K1 K2 floor strip (99) |standard |Layer1
1000)
S2 |CS1 - Rectangle (180; 0,440 |Line K2 K3 floor strip (99) |standard |Layer1
1000)
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S3 |CS1 - Rectangle (180; 0,546 |Line K3 K4 floor strip (99) |standard |Layer1
S4 10080102 Rectangle (180; 0,354 |Line K4 K5 floor strip (99) |standard |Layer1
S5 10080102 Rectangle (180; 0,400 [Line K5 K6 floor strip (99) |standard |Layer1
S6 10080102 Rectangle (180; 0,400 [Line K6 K7 floor strip (99) |standard |Layer1
S7 2308010) Rectangle (180; 0,354 |Line K7 K8 floor strip (99) |standard |Layer1
S8 2308010) Rectangle (180; 0,546 |Line K8 K9 floor strip (99) |standard |Layer1
S9 2)08010) Rectangle (180; 0,880 |Line K9 K10 floor strip (99) |standard |Layer1
S10 2)08010) Rectangle (180; 0,546 |Line K10 K11 floor strip (99) |standard |Layer1
S11 2)08010) Rectangle (180; 0,354 |Line K11 K12 floor strip (99) |standard |Layer1
S12 23080102 Rectangle (180; 0,400 [Line K12 K13 floor strip (99) |standard |Layer1
S13 2308010) Rectangle (180; 0,400 [Line K13 K14 floor strip (99) |standard |Layer1
S14 23080102 Rectangle (180; 0,354 |Line K14 K15 floor strip (99) |standard |Layer1
S15 23080’102 Rectangle (180; 0,546 |Line K15 K16 floor strip (99) |standard |Layer1
S16 23080’102 Rectangle (180; 0,440 |Line K16 K17 floor strip (99) |standard |Layer1
S17 23080’102 Rectangle (180; 1,000 |[Line K17 K18 floor strip (99) |standard |Layer1
1000)
Node support
Name |Node System |Type X V4 Ry
Sn1 K19 GCS Standard  |Fixed |Fixed |Fixed
Sn2 K20 GCS Standard  |Fixed |Fixed |Fixed

e Load input

The values of the loads are taken from section: C.4.5 Load schematisation in transversal directionin

the SLS.

=200

-3.96

—5,56
—-5.56
—3.56

SN ]

—z,04
T
T F‘ur\t‘h%st_/ 1,30

—_

51 477

-0,50
-0,50

+ =3.96

n -390

-3.56

-5.56
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37

a8

!
iwmw
\

Figure 164: Permanent loads left side of the deck
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[T 11 510 5171 7/'"_11 ST EITY sie 515 Frete si
Figure 165: Permanent loads right side of the deck
51 sz 53y s4 =5 ss sA 58 23 510 §11 S12 S13 514 %15 816 217
Figure 166: Metro load on the left side of the deck
31 52 83 =4 85 S5 37 5§ 59 1oy s11 812 913 sl s15 218 217
Figure 167: Metro load on the right side of the deck
Sl S2 53 SX\ S5 S6 Sx S8 59 510 S 31\ 51 Sl S15 S1 57
Figure 168: Snow load
Line loads on bars
Name Bar Type Direction  |P1 x1 Coordinate|Origin Exc ey
kN/m] definition 'm]
Load case System |Distribution |P2 X2 Loc Angle [deg] |Exc ez
|[kN/m] |[m]
Lijnlast1 1S3 Force |Z -5,56 0,000 |Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast2  |S4 Force |Z -5,56 0,000 |Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast3  [S15 Force |Z -5,56 0,000 |Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast4  [S14 Force |Z -5,56 0,000 |Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast5  [S1 Force |Z -2,00 0,000 |Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
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Lijnlasté6  [S17 Force |Z -2,00  [0,000 |Rela From start
|BG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast7  [S2 Force |Z -0,50 0,000 |Rela From start
|BG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast8  [S5 Force |Z -0,50 0,000 |Rela From start
|BG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlastd  [S6 Force |Z -0,50 0,000 |Rela From start
|BG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast12  [S9 Force |Z -0,50 ]0,000 |Rela From start
|BG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast15 [S12 Force |Z -0,50 |0,000 [Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast16  [S13 Force |Z -0,50 0,000 |Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast17 [S16 Force |Z -0,50 0,000 |Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast35 |S7 Force |Z -5,56 0,000 [Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast36 |S8 Force |Z -5,56 0,000 [Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast37 [S10 Force |Z -5,56 0,000 |Rela From start
IBG2 - Permanent load |LCS Uniform 1,000 |Length 0,000
Lijnlast38 [S11 Force |Z -5,56 0,000 |Rela From start
|BG2-Permanent load |[LCS Uniform 1,000 |Length 0,000
Concentrated loads on nodes
Name Node Load case System |Direction|Type |{Value -F
kN]
Puntlast1  |K4 BG2 - Permanent GCS V4 Force |-0,48
load
Puntlast2 |K15 BG2 - Permanent GCS V4 Force |-0,48
load
Puntlast3 |K2 BG2 - Permanent GCS V4 Force |-1,30
load
Puntlast4 |K17 BG2 - Permanent GCS Z Force |-1,30
load
Puntlast9 |K8 BG2 - Permanent GCS 4 Force |-0,48
load
Puntlast10 |K11 BG2 - Permanent GCS 4 Force |-0,48
load

Concentrated loads on bars

Name |Bar System |F X Coordinate |Repeat
[kN] (n)
|Load case Direction|Type Angle [deg] |Origin dx
F1 S1 GCS -1,20 0,500 Rela 1
|BG2 - Permanent load |Z Force From start
F2 1S17 GCS |-1,20 /0,500 Rela 1
|BG2 - Permanent load |Z Force From start

Concentrated loads on nodes

Name Node Load case System |Direction|Type Value - F
[kN]
Puntlast5 |K4 BG3 — Metro left GCS Z Force |-69,73
Puntlast6  |K8 BG3 — Metro left GCS Z Force |-69.73
Puntlast7 |K15 BG3 — Metro right GCS Z Force |-69,73
Puntlast8 |K11 BG3 — Metro right GCS Z Force |-69.73
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Line loads on bars
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Name Bar Type Direction  |P1 x1 Coordinate|Origin Exc ey
kN/m] definition 'm]
Load case System |Distribution |P2 X2 Loc Angle [deg] |Exc ez
|[kN/m] |[m]
Lijnlast18  [S1 Force |Z -0,4 0,000 |Rela From start
|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast19  |S2 Force |Z -0,4 0,000 |Rela From start
|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast20 |S3 Force |Z -0,4 0,000 |Rela From start
|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast21 |S4 Force |Z -0,4 0,000 |Rela From start
|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast22 |S5 Force |Z -0,4 0,000 |Rela From start
|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast23 |S6 Force |Z -0,4 0,000 |Rela From start
|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast24 |S7 Force |Z -0,4 0,000 |Rela From start
|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast25 |S8 Force |Z -0,4 0,000 |Rela From start
|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast26  |S9 Force |Z -0,4 0,000 |Rela From start
|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast27 [S10 Force |Z -0,4 0,000 |Rela From start
|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast28 [S11 Force |Z -0,4 0,000 |Rela From start
|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast29 [S12 Force |Z -0,4 0,000 |Rela From start
|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast30 [S13 Force |Z -0,4 0,000 |Rela From start
|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast31 [S14 Force |Z -0,4 0,000 |Rela From start
|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast32 [S15 Force |Z -0,4 0,000 |Rela From start
|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast33 [S16 Force |Z -0,4 0,000 |Rela From start
|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
Lijnlast34 [S17 Force |Z -0,4 0,000 |Rela From start
|BG5 — Snow load LCS Uniform 1,000 |Length 0,000
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e Results
The shear forces and moments in the deck due to the permanent and variable loads in the ULS are
shown below. This does not include the dead load of the deck.

14,13
113,62

13,11

1623
n7ET

i)
724
4,92

39

512 5153 ] 517

-4.92
—7,24

i

—11.66
—0.56

17678
—13M
—113.62
—11413

—116.23

Figure 169: Shear forces in the deck due to permanent and variable loads

-13.93
-113.83

—-83498
- 82,498

39 S10

48,08
47,96,

Figure 170: Moments in the deck due to permanent and variable loads

C.9.2 Verifications of shear and ultimate resistance moment

Total shear force and bending moment

The maximum shear force due to permanent and variable loads in the ULS is:
Veg pormivar =117.67kN See Figure 169

The extra shear force due to the dead load is:
VEd,dead = t'[f * bdeck * Lcant,centre *pc * g * 7/G,unfav = 1289kN

Where:
Dieec =1.0M
L =2.08m

cant,centre

The total shear force is:

Vg, =V +Veg geng =130.56kN

Ed, perm+var

The maximum bending moment due to permanent and variable loads in the ULS is:
M. permivar =113.93kNm See Figure 170

The extra bending moment due to the dead load at the webs is:

M d,dead = %(ttf *bdeck *pc * g *7G,unfav) * Lspan2 = 1190kNm
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Where:
L. =4.8m

span

The total bending moment is:

My =M, s + M =125.83kKNm

d, perm+var

Shear resistance

The total shear strength of the UHPC deck is calculated according [18] with one exception which is
explicitly stated below. The total shear strength of the UHPC deck is:

Ved =Vrae *Veas TVrat = 733.30kN

Where:

Viae =%*0f4*\/ fy *Dyee * 2 = 278.20kN
E b

Vegs =0.9*d *%* f,q *(sina +cosa) = OkN

S*o,
Vg § = ————— =455.10kN
" Yy Ftand
Ye*7, =15

f, =180N /mm?

Dgeck =1.0m

z=0.9*d =129.6mm

d =ty —C—Preint / 2~ Pytirrupps = 144mm
¢ =20mm

Droine =16mMmm

¢stirrups = 8mm
t, =180mm

A, =0mm’

S

f

fg =2 =435N/mm?
Vs

a

Shear strength due to participation of the

concrete, reinforced concrete according [1]

Shear strength due to participation of the

stirrup reinforcement. As there are no stirrups
in the deck this does not contribute to the
shear strength of the deck.

Shear strength due to participation of the
fibres

Safety coefficient

Caracteristic compressive cylinder strength of
UHPC

Width of the deck

Lever arm of internal forces

Effective depth of a cross-section

Concrete cover, see C.3.3

Diameter longitudinal reinforcement

Diameter stirrups

Thickness of the top flange/deck

Cross-sectional area of shear reinforcement

per stirrup, there are no stirrups
Spacing of the stirrups

Design yield strength of reinforcement
Angle between shear reinforcement and the

beam axis perpendicular to the shear force
(o may not be smaller than 45°)
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S = by, *z =129600mm? Area of fibre effect
c,= %*L* ja(W)dW =4.57N /mm? Residual tensile strength
lim 0

For calculation of the residual tensile strength there is made use of the stress-strain relation for UHPC
according the strain softening law, see Figure 171

Lol adoucissante - Strain softening law »

A
R I ] I
| |
| |
| |
| |
| |
| |
| |
E | |
| |
| |
| |
Eim Ex B G i L
i I G Ebe Eu
o (R
o Ty Fyer
Figure 171: Stress-strain relation for UHPC [18]
1.1
o, = —*——*(0.5% ¢, * foy + (€05 — &) ™ T =4.57N /mm?
€403
K=1.75 Orientation coefficient local effects
f
Ein = + =0.00007 Strain at the end of the linear part
Vbt K Ecm
WIim fctk . o .
ELos = +— =0.0251 Strain for the limited crack width
Ic Vot cm
W, =3mm Limited crack width
2
I, ==*t; =120mm Characteristic length
3
f, =8N/mm? Characteristic axial tensile strength of UHPC
E., =50000N / mm? Secant modulus of elasticity of UHPC
Y =1.3 Partial safety factor fundamental combinations
0 =45° Angle between the concrete compression strut

and the beam axis perpendicular to the shear
force (@ is minimal 30°)

The ultimate shear stress must be no more than:

r, <114 O'f5 f. 2% sin(260)
7/E ]/C
This gives:
0.85 2/3 _:
Vey =130.56 <1.14——— f, *"* sin(26) * by, *d = 2966kN — Ok
Ve " Ve
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Unity check:

Vg, /Vg, =0.18<1.0 - Ok

Without stirrup reinforcement the deck easily satisfies with respect to local shear.

Ultimate resistance moment

The ultimate resistance moment of the deck is calculated according to the schematisation in Figure
172. In this case however the schematisation should be mirrored along the centre line as the tension
arises at the top side and the compression zone is at the bottom side of the deck, see Figure 173.

& fe
i
Fe
Fs
———————————— —_—
A A
sl g
| | |
- —
W A N
: 45° . L] d
I 4 Veq ‘ ________ ‘ _

Figure 173: Definition of A
The reinforcement in the deck is:

1
A =N *7[*(5* g ) = 2413mm? Is the area of tensile reinforcement, see Figure 173
Neint = Pueck / Syein =12.5 —>12bars/m Is the number of reinforcement bars
S,eine =80mm Is the spacing of the reinforcement bars
The two horizontal forces F, and F, should be in equilibrium:
F.-F =0
This is the same as:

g
0'5*X*bdeck = fcd — & * Es * Asl =0

c3
Where:

& 4 _
X= ty Concrete compressive zone
gtOt
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ot = & T & Total strain in the deck
& = = 2.174%0 Tensile strain in the reinforcement
S
&5 =1.632%0 Compressive strain in the concrete at the end of the linear part
A, =2413mm? Area of tensile reinforcement

Solving the formula gives:
F.—F, =0— ¢, =0.84%o

The concrete compressive zone is:

&
X=—-*t, =50.1mm
Eiot

The ultimate resistance moment of the deck is:

u

M, =& *E, *A, *(d —%x) =133.55kNm

Unity check for the ultimate resistance moment of the deck is:

M, /M, =0.94<1.0— Ok

The ultimate resistance moment of the deck is thus just enough to resist the bending moments. If this

verification is not satisfied the lever arm between the two forces F, and F, should be increased. This

means that the deck becomes thicker. Another option is to add more reinforcement bars. This
however has a strong influence on the rotation capacity, see hereunder.

Furthermore:

The cracking moment is:

M, = f *%*bdeck *t2 =162kNm

r ctm, fl

Because M, > M, brittle failure can occur. Due to the fibres the flexural tensile strength of this
material is much larger than for conventional concrete. The ultimate resisting moment M should

therefore be larger than the bending moment M at all times as brittle failure caused by failure of the
reinforcement should be excluded.

The height of the compression zone should satisfy: See 5.6.3 [11]

x/d =0.3478 < 0.35 - Ok

This verification considers the rotation capacity of the deck at the supports (the webs) is sufficient. It
shows that the verification is satisfied but is very close to the limit so attention is needed. If this
verification is not satisfied the thickness of the deck should be increased. Another option is to diminish
the number of reinforcement bars which will result in a smaller compressive zone X . This will however
also reduce the ultimate resistance moment.
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C.10 Fatigue + vibration

C.10.1 Fatigue prestressing steel

For prestressing steel adequate fatigue resistance should be assumed if the following expression is
satisfied:

Ao, (N¥)
7/F,fat*AUS,equ(N*)S Rk
s, fat
Where:
Ve =10 Is the partial factor for fatigue loads
Vora = Vs =115 Is the partial factor for prestressing steel for the fatigue verification

Aoy (N*)=150N/mm?* s the stress range at N* cycles, see table 6.4N [11]: straight tendons

or curved tendons in plastic ducts
k,=5 See Figure 174

k, =10 See Figure 174
N*=1000000loading cycles See Figure 174

A
log Ao, b=k
~

N* log N

Figure 174: Shape of the characteristic fatigue strength curve (S-N-curves for prestressing steel)

The damage equivalent stress range for prestressing steel is calculated according to Equation NN.106
[12]:

AO-S,equ (N*) = ﬂ’s *¢*Aas

Where:
Ao, Is the steel stress range due to the variable load
@ Is the dynamic factor
A=A, %A, AT A, Is a correction factor to calculate the damage equivalent stress range
from the stress range caused by ¢* Ao,
Vsa Is a factor accounting for element type (eg. continuous beam) and takes into account
the damaging effect of traffic depending on the length of the influence line or area.
Vs Is a factor taking into account the traffic volume
Vsa Is a factor that takes into account the design life of the bridge
Vsa Is a factor to be applied when the structural element is loaded by more than one track
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Vs, =0.65 See Table NN.2 [12]: (1) post tensioning straight tendons, s* standard traffic mix and
simply supported beam

Vol

=kl ———=0.96
Vs2 =\ 5%108
Where:
k, =10 See Figure 174
Vol =Q,.,, / 9 *6*24*365 =15848367tonnes/ year / track Assumption of 6 metros per hour
Quetro = Urmop 116m = 2958kN 116 metres is the length of a metro

N

ko[ _vears _q
737\ 100
Where:
N e =100years Is the design life of the viaduct

Vs =N+ (@L-n)*s¥ +(1—n)*sk =0.81

Where:

n=0.12 Is the proportion of traffic that crosses the bridge simultaneously, 0.12
is the suggested value

s.=0 Only compressive stresses occur under traffic loads on a track

i
/15 = /15,1 *ﬂS,Z */15,3 *15,4 = 0'50

The dynamic factor is determined according [8] and not according [10] as this dynamic factor is
normative (larger):

$=1+4/(10+L)=1.07

The deflection at mid-span at t== due to the dead load, the permanent load and prestressing is:
w, =-35mm Upwards, see Table 23

The deflection at mid-span at t=« due to the dead load, the permanent load, the variable load and
prestressing is: W, =—-8mm Upwards, see Table 23

It is assumed that the deflection at the deviation blocks is the same as at mid-span (conservative
assumption).

= ~_centfroidal axis_ = o
| diag,tend frw
d a
L

Figure 175: Schematisation for determining the elongation of the tendons

With:

f =1143mm See Figure 175
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a=17m

The length of one diagonal part of the tendon without variable load at t=<:

Ldiag tend1 = \/m =17.036m

The length of one diagonal part of the tendon with variable load at t=:
Luing etz = \J(f +W,)? +a° =17.038m

The elongation due to the variable load for one diagonal part of the tendon is:

L.
AL = —22eendl 1 7mm

diag,tend 2
The strain in the tendon due to the variable load for two diagonal parts of the tendon is:
AL
g =2*———=0.0002
diag,tend1

The steel stress range due to the variable load is:
Ao, =&,*E, =40.39N / mm?

The damage equivalent stress range for prestressing steel is:
AO-S,equ (N*) = /15 *¢*AUS =21.77N /mm?

The fatigue verification for prestressing steel is:

AO-Rsk(N*) N J/F,fat*AGS,equ(N*)*J/s,fat
AGRsk(N*)

=0.167 <1.0 » Ok

7/F,fat *AGS,equ (N*) <

s, fat

The fatigue verification for prestressing steel is easily satisfied and as the standard [12] (6.8.4) says:
“Fatigue verification for external and unbonded tendons, lying within the depth of the concrete section,
is not necessary” this could also be expected. This calculation with a rough estimation of the
elongation of the tendons is however done to confirm the assumption. Fatigue of the prestressing
tendons is not an issue for the design.

C.10.2 Fatigue concrete

The fatigue verification of concrete C50/60 is calculated according Equation NN.112 [12]:
For concrete C50/60 subjected to compression adequate fatigue resistance may be assumed if the
following expression is satisfied:

*1_ Ecd,max,equ >6
\[1_ Requ

For UHPC there is no fatigue verification and the verification for concrete C50/60 given above cannot
be used as the design fatigue strength of the UHPC then becomes:

fc
fcd,fat = klﬂcc (to) fcd,uls (1_ 252)} = 1942N /mm2

Where:

14

1/2
L. (1) =expss {1— (?J } — f.(t28)=1.0 Coefficient for concrete strength at first load

application
k,=0.85 Recommended value for N =10° cycles
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Some stresses in the concrete at t=-~ are larger than this design fatigue strength, see Eq. (35) and
(37). According this verification the stresses are thus too large and should be smaller. But as UHPC
contains steel fibres which makes the concrete more ductile it is expected that the design fatigue
strength is much larger than the value calculated above. The maximum stress in the box girder is:

At deviation block, bottom side

P Mm peo Maoo_Msv 2
O, =——2— P A 2 =24 77N /mm See Eq. (35)
& Wb Wb

The design value of UHPC compressive strength is:
f . =81.6N/mm?

cd,uls

The maximum compressive stress is thus much smaller than the design compressive strength of
UHPC. As the strong UHPC contains steel fibres the design fatigue strength is assumed to be at least
30.0 N/mm?. It is expected that the design fatigue strength is even more than this value. My
assumption is that even half of the design value of the UHPC compressive strength is still a safe
assumption:

fcd,fat ~ %* fcd,uls =40.8N /mm2

Considering the material UHPC with its fibres it is thus expected that the fatigue verification for UHPC
is satisfied and will never become an issue for this design. This is however a very critical assumption
for the design and should be validated in order to present this design as a good design.

C.10.3 Vibration

For the box girder only the static analysis is considered. The dynamic metro load is multiplied by the
dynamic factor ¢ to take into account the dynamic loading. This method of calculation holds when the

first natural frequency of the box girder stays within the prescribed limits [10]. When the limits are
exceeded a dynamic analysis is required. A dynamic analysis can prove that the box girder is still
determined against the dynamic effects. Such an analysis is however extensive and more difficult and
is therefore left out of the design of the box girder. For this design the first natural frequency of the box
girder should stay within the limits such that a static analysis is sufficient and a dynamic analysis is not
necessary. The check for determining whether a dynamic analysis is required is done according two
verifications which are elaborated below.

Verification according Annex F [10]

The first natural bending frequency of the box girder is [20]:

C E..l
N, =—r4 [—mc =321Hz
2z \Ap L
Where:
C.q =9.94 Boundary condition coefficient [20]
I, =2.381m* Moment of inertia

The velocity of the metros is:

| v=100km/h=27.78m/s
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Mass m =50 | =270 | =290 | =100 =130 [ =150 (=180 |=20,0 | 25,0 | =300 [ =40,0 [ =50,0
107 kg/m <70 | <00 |<100| <130] <150 | <180 | <200 <250 <30,0 [ <400 |[<S00[ -
Span L S ovimg | viag | ving | wing | wing | ving | vy | wing | wing | ving | wing | wing
m* % m m m m m m m m m m m m

[5.00.7.50) 170 | 178 ) 18R | IB8 | 193 [ 193 | 215 | 213 | 308 | 308 | 354 | 3.59
I70 | 13 ) 1683 | 103 | 213 [ 224 | 303 | 308 | 338 | 354 [ 431 | 431
1p4 [ 208 | 264 [ 264 | 277 | 277 | 306 | 500 | 5.14 | 520 | 535 | 542

215 [ 264 | 277 | 208 | 403 | 500 | 504 [ 521 | 535 | 562 | 639 | 653

[7.50.10.0)

[10.0.12.5) 250 [ 250 ] 271 | 615 | 635 | 636 | 636 | 645 | 645 | 657
230 | 271 | 271 [ 583 [ 615 [ 625 | 636 | 636 | 645 | 645 | 719 | 720
[12,5,150) 250 [ 250 | 358 | 358 | 524 | 524 | 536 [ 536 | 786 | 014 | D04 | 914
345 [ 502 | 524 | 324 | 536 | 536 [ TR6 | 822 ) 953 | 976 | 1036 [ 10,48
[15.0,17.5) 300 | 533 | 533 [ 533 | 633 [ 633 | 650 | 650 | 6,30 | TR0 | TRO | 7830

533 | 533 | 633 | 633 | 6,530 | 650 | 1007 | 1033 [ 1033 [ 1050 | 1067 | 12,40
3530 [ 633 | 633 | 633 | 650 | 650 [ 707 | 707 | 10,67 | 12,80 | 1280 [ 12,80
521 | 521 [ 542 [ 708 | 750 | 750 | 1354 13,54 | 1396 | 14,17 | 1438 | 14,38
6,25 | 646 | 646 [ 1020 1021 [ 1021 [ 1063 | 10,63 | 1275 ) 1275 12,75 12,75
10,56 1833 | 1833 | 18,61 | 1861 [ 1R8O [ 1907 [ 1917 [ 19,17
14.73 | 1500 [ 1556 | 15,56 | 15,83 | 18,33 | 1833 | 18,33 | 18,33

[17.5.200)
[20,0.25,0)
[25,0.30.0)
[30,0.40.0)
=400
*Lelab)meansa<L<b

JH U P [ . P S S [ P TS P e =
=]
=
(=]
i

NOTE | Table F.1 includes a safety factor of 1.2 on {vingly, for acceleration, deflection and strength criteria and
a safety factor of 1,0 on the {(vag)um for fatigue.

MNOTE 2 Table F.1 includes an allowance of (1+¢"/2) for track iregularities.

Table 24: Maximum value of (V/ no ) lim for a simply supported beam or slab and a maximum permitted acceleration of

A,y < 3.5M/S%, Table F.1 [10]

Table 24 gives no maximum value of the velocity divided by the first natural frequency for:
m=A *p, =7.074*10°kg /m
L =45m

Therefore there is made an extrapolation of the table to determine the maximum value of the velocity
divided by the first natural frequency. This is a rough extrapolation as the difference of the values is

large between masses above and belowm =10*10°kg /m, see Table 24.

The extrapolated maximum value of the velocity divided by the first natural frequency is:

(v/ny),m =10.0m

The verification of the ratio of the velocity over the first natural frequency is:

v/n, =8.67m <10.0m — Ok
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Verification according to Figure 6.10 [10]

Limits of natural frequency N, (Hz) as a function of L (m)
150

100
80
50

40

T
i

@) —"

I~

Ll il L L beh il
2 4 6 B10 15 20 40 80 B0 100

L [m]

Figure 176: Limits of bridge natural frequency no (Hz) as a function of | (m)

According this verification the first natural frequency of the box girder should be in the grey area, see
Figure 176.

Where:
The upper limit of natural frequency is governed by dynamic enhancements due to track irregularities
and is given by:

n.. =9476*L°* =55Hz

0max
The lower limit of natural frequency is governed by dynamic impact criteria and is given by:

n.. =2358*L%%% =2 48Hz

Omin

The first natural frequency of the box girder is:

Ny :ﬁ ELICL‘ =3.21Hz — Ok
27 | Ap,L
Conclusion

Both verifications show that the box girder does not require a dynamic analysis and a static analysis is
sufficient. As the first natural frequency of the girder easily stays within the limits, the box girder is well
determined against the dynamic effects. The increasing and decreasing of static stresses and
deformations under the effects of moving traffic should, considering the calculations, not give any
problems for this box girder. The roughly extrapolated maximum value of the velocity divided by the
first natural frequency in the first verification is considered as a safe value as Table 24 is valid for
trains and in this design, metros cause the dynamic loading which in general is less than the dynamic
loading by trains. Besides the first natural frequency of the box girder is still large enough to satisfy
with respect to the roughly extrapolated maximum value of the velocity divided by the first natural
frequency from Table 24. It is thus concluded that the box girder has a good resistance against
vibration.
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C.11 Buckling webs

Verification of buckling is needed for the webs of the box girder. The buckling strength of the webs
should meet the requirement:

F 2o, *F,
Where:
F = @ Euler buckling force
0
a, =10 Force amplifier to reach the elastic

critical buckling
F, = Max{Veq g0/ 2 Veg s / 2+Veg, w3/ COSax,, =1866kN  Buckling force in one web, see C.7

Veg a0 = 3567kN See Eq. (39)
Veg s = 2691kN See Eq. (40)
Veg.w =475kN See Eq. (42)
a, =12.64° Angle of webs with vertical axis,
see Figure 178
E,, =50000N / mm’ Secant modulus of elasticity of UHPC

i \
le 3
| . .
T (7777 :’:7—77 (7777 (: TEIT |'\ '\&SJ I\ kd_;} -
ajlg=1 bylg=21 c)lh=0,71 dylg=112 e)lg=1 fli2<iy<! g)l>2I
Figure 177: Examples of different buckling modes and corresponding effective lengths for isolated members

btf
bboxts
L cant b h’w L cant
tte
[
centroidal axis e o o Zet
H
ow Hbox 7ch

thf

bbf

Figure 178: Cross-section of the box girder

The webs are fixed to the flanges. This would mean that buckling mode d, see Figure 177, can be
considered to determine the effective buckling length. But as the webs and flanges are relatively
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slender full rotation stiffness is not likely to occur. In reality buckling mode f should be taken to
calculate the effective buckling length of the webs. The rotation stiffness is dependent on the stiffness
of the flanges. To determine this rotation stiffness a more extensive calculation is necessary. To be
able to make a simple verification of buckling it is therefore chosen to schematise the webs as
buckling mode a, see Figure 177. This is the most conservative buckling mode for the webs, where
the effective buckling length equals the length of the webs:

ly = JHZ, + (B —b; ) /2)* = 2.159m

box

Now the required moment of inertia of the webs can be calculated:
2 2
El ' *a, *F
TE S *F >0 % Ny
Iz cr d 2 %
0 T

=176203498mm*

The formula for the moment of inertia of the web is:

| = é* L, o *t3 >176203498mm*

In this formula L, is the effective length of the webs in longitudinal direction of the box girder which

can be taken for the buckling resistance. It is hard to determine this effective length, especially for a
segmental box girder with its joints between the segments creating discontinuities in the webs. For this
calculation it is chosen to take effective length of the webs as 1 metre. This is chosen as in the local
schematisation of the deck, see C.9.2, the local metro point load is distributed over 1 metre in the
longitudinal direction of the box girder. In the deck schematisation it is therefore chosen to take a deck
width of 1 metre. This local deck load should be taken by the webs. For this reason an effective length
of the webs of 1 metre is chosen in respect of buckling of the webs. Besides, this assumption is
considered as quite conservative as buckling of the webs will probably concern more than 1 metre.
Most likely the effective length of the webs equals the length of a segmental box girder, which means
a length of 3 metres. However, in this buckling verification a safe assumption of the effective length is
taken:

Lwebs = 1m

The minimum required thickness of the webs hereby becomes:
176203498*12
w,req =3

=128mm

ebs

The minimum required width of the webs hereby becomes:
b, e =1,/ COS 2, =132mMm

Verification of buckling of the webs:

b, =140mm=>b,, ., =132mm — Ok

w,req

The webs thus satisfy with respect to buckling. The thickness of the webs is however just enough to
resist buckling. When this verification is not satisfied the thickness of the webs should be increased.
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Appendix D: Results optimisation process

Appendix D: Results optimisation process

D.1 Results optimisation process concrete box girder C50/60

D.1.1 Box girder with 6 tendons

Depth webs

Number of shear keys

Thickness top flange

Number of tendons

Depth box girder

Thickness bottom flange

Width web

Distance of deviation blocks to supports

Dead load box girder

Ultimate resistance moment at t=0 bottom side

Ultimate resistance moment at t== top side

Stresses at t=0 deviation block top side
deviation block bottom side
mid-span top side
mid-span bottom side

Stresses at t== without variable load deviation block top side
deviation block bottom side
mid-span top side
mid-span bottom side

Stresses at t==fuly loaded deviation block top side
deviation block bottom side
mid-span top side
mid-span bottom side

Prestressing losses at the first support

Prestressing losses at mid-span after the first deviation block

Prestressing losses at mid-span after the second deviation block

Prestressing losses at the second support

Deflection at t=0

Deflection without variable load

Additional deflection under mobile load

Final deflection fully loaded (t==)

Vertical shear in webs att=0
Vertical shear in webs at t=e
Vertical shear + torsion in webs at t=x

Horizontal shear in top flange

Horizontal shear + torsion in top flange
Horizontal shear in bottom flange
Horizontal shear + torsion in bottom flange
Fatigue prestressing steel

Fatigue concrete deviation block top side
Fatigue concrete deviation block bottom side
Fatigue concrete mid-span top side
Fatigue concrete mid-span bottom side
First natural bending frequency n0

Ratio v/no

Mass box girder m

Buckling webs

2.1 2.25 2.4 2.55 2.7 2.85 3 3.15 3.3 m

19 20 21 22

0.25 0.25 0.25 0.25 m

6 6 6 6
2.65 3.41 3.6 3.79 3.99 m
0.3 0.31 0.35 0.39 0.44 m
0.16 0.16 0.17 0.18 0.18 0.19 0.2 0.21 0.21 m
14 15 16 17 18 19 19 19 19 m

kN/m

0.870853 0.898022 0.925355 0.952394 0.978226 0.996586 0.996742 0.998938 0.994933 Unity check
1.067195 0.897363 0.769691 0.658194 0.538472 0.464228 0.436005 0.414428 0.390166 Unity check

N/mm*2
N/mm*2
N/mm*2
N/mm*2
N/mm*2
N/mm*2
N/mm*2
N/mm*2
N/mm*2
N/mm*2
N/mm*2
N/mm*"2

11.15423 11.11402 11.0274 10.93832 10.89514 10.76665 10.58308 10.41728 10.28006 %
11.12307 11.07223 10.98597 10.89991 10.85274 10.75272 10.69101 10.62863 10.58635 %
11.93218 11.88726 11.80371 11.71951 11.67572 11.57198 11.53671 11.50115 11.48361 %
13.58159 13.55908 13.48063 13.39709 13.36408 13.22442 13.12019 13.03483 12.97185 %

Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check

0.166741 0.137437 0.11388 0.095261 0.080934 0.067138 0.058201 0.051091 0.044774 Unity check

Unity check
Unity check
Unity check
Unity check
Hz

m

1073 kg/m

150.4414 156.8861 163.9233 171.0415 178.4204 185.4541 193.2599 201.1085 208.808 mm
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D.1.2 Box girder with 8 tendons

Depth webs

Number of shear keys

Thickness top flange

Number of tendons

Depth box girder

Thickness bottom flange

Width web

Distance of deviation blocks to supports

Dead load box girder

Ultimate resistance moment at t=0 bottom side
Ultimate resistance moment at t=« top side
Stresses at t=0 deviation block top side
deviation block bottom side
mid-span top side
mid-span bottom side
deviation block top side
deviation block bottom side
mid-span top side
mid-span bottom side
deviation block top side
deviation block bottom side
mid-span top side
mid-span bottom side

Stresses at t=e without variable load

Stresses at t==fuly loaded

Prestressing losses at the first support

Prestressing losses at mid-span after the first deviation block
Prestressing losses at mid-span after the second deviation block
Prestressing losses at the second support

Deflection at t=0

Deflection without variable load

Additional deflection under mobile load

Final deflection fully loaded (t=«)

Vertical shear in webs att=0
Vertical shear in webs at t=e
Vertical shear + torsion in webs at t=e

Horizontal shear in top flange

Horizontal shear + torsion in top flange
Horizontal shear in bottom flange
Horizontal shear + torsion in bottom flange
Fatigue prestressing steel

Fatigue concrete deviation block top side
Fatigue concrete deviation block bottom side
Fatigue concrete mid-span top side
Fatigue concrete mid-span bottom side
First natural bending frequency n0

Ratio v/ino

Mass box girder m

Buckling webs

1.65 1.8 1.95 2.1 2.25 2.4 2.55 2.7 2.85 m
m
m
m
0.17 0.18 m
19 20 m
kN/m
0.798788 0.826345 0.835166 0.860645 0.88578 0.907148 0.938517 0.972639 0.99691  Unity check
1.046222 0.863562 0.695275 0.563076 0.46048

0.363565 0.288101 0.211599 0.168796 Unity check
N/mm*2
N/mmA*2
N/mm*2
N/mm*2
N/mmA2
N/mm*2
N/mm*2
N/mm”2
N/mmA2
N/mmA2
N/mmA2
N/mmA2
11.65407 11.59946 11.53942 11.49938 11.42429 11.35154 11.27285 11.19629 11.06166 %
11.63009 11.57209 11.46096 11.42379 11.35658 11.24401 11.16787 11.05187 10.96421 %
12.31439 12.26484 12.11404 12.08428 12.02283 11.88166 11.81269 11.67566 11.60468 %
13.70699 13.6777 13.49865 13.48085 13.42306 13.26449 13.20733 13.06766 12.98306 %
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
0.188834 0.148425 0.103749 0.085076 0.070428 0.053725 0.046157 0.036966 0.032676 Unity check
Unity check
Unity check
Unity check
Unity check
Hz
m
1073 kg/m
131.7484 139.4915 147.3084 153.9059 161.7387 169.5143 176.8395 184.8665 193.0263 mm
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D.1.3 Box girder with 4 tendons

Depth webs

Number of shear keys

Thickness top flange

Number of tendons

Depth box girder

Thickness bottom flange

Width web

Distance of deviation blocks to supports

Dead load box girder

Ultimate resistance moment at t=0 bottom side

Ultimate resistance moment at t=« top side

Stresses at t=0 deviation block top side
deviation block bottom side
mid-span top side
mid-span bottom side

Stresses at t=e without variable load deviation block top side

deviation block bottom side

mid-span top side

mid-span bottom side

deviation block top side

deviation block bottom side

mid-span top side

mid-span bottom side

Stresses at t=cfuly loaded

Prestressing losses at the first support

Prestressing losses at mid-span after the first deviation block
Prestressing losses at mid-span after the second deviation block
Prestressing losses at the second support

Deflection at t=0

Deflection without variable load

Additional deflection under mobile load

Final deflection fully loaded (t=«)

Vertical shear in webs att=0
Vertical shear in webs at t=e
Vertical shear + torsion in webs at t=e

Horizontal shear in top flange

Horizontal shear + torsion in top flange
Horizontal shear in bottom flange
Horizontal shear + torsion in bottom flange
Fatigue prestressing steel

Fatigue concrete deviation block top side
Fatigue concrete deviation block bottom side
Fatigue concrete mid-span top side
Fatigue concrete mid-span bottom side
First natural bending frequency n0

Ratio v/ino

Mass box girder m

Buckling webs

3.75 3.9 4.05 4.2 4.35 4.5 4.65 4.8 4.95 m

25 26 27 28 29 30 31 32 33

0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 m

4 4 4 4 4 4 4 4 4

4.34 452 47 4.88 5.06 5.24 5.42 5.6 5.78 m

0.34 0.37 0.4 0.43 0.46 0.49 0.52 0.55 0.58 m

0.23 0.23 0.24 0.25 0.26 0.26 0.27 0.28 0.29 m

14 14 14 14 14 14 14 14 14 m
kN/m

0.999156 0.997921 0.996951 0.996519 0.996479 0.997403 0.997946 0.998605 0.999315 Unity check
1.034306 0.975543 0.954693 0.938688 0.926662 0.89013 0.884705 0.881608 0.880525 Unity check
N/mm*2
N/mm*2
N/mmA”2
N/mm”2
N/mmA2
N/mm*2
N/mmA*2
N/mm*2
N/mmA?2
N/mmA2
N/mmA2
N/mmA2
9.763572 9.725813 9.661139 9.603766 9.534246 9.493843 9.458854 9.428889 %
10.7446  10.77768 10.78148 10.78856 10.79925 10.83718 10.85363 10.87394 10.89805 %
12.17702 12.24859 12.28834 12.33199 12.37986 12.45622 12.51065 12.56958 12.63294 %
14.06083 14.13856 14.18173 14.23404 14.39136 14.4649 14.54578 14.63358 %

Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
0.086719 0.078598 0.071156 0.064797 0.059311 0.05484 0.050617 0.046892 0.043585 Unity check
Unity check
Unity check
Unity check
Unity check
Hz

m

103 kg/m
222131 229.1686 236.4649 244.2666 252.1273 258.8415 266.7976 274.8114 282.8829 mm
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D.2 Results optimisation process UHPC box girder C180

D.2.1 Box girder with 6 tendons

Depth webs

Number of shear keys

Thickness top flange

Number of tendons

Depth box girder

Thickness bottom flange

Width web

Distance of deviation blocks to supports

Dead load box girder

Ultimate resistance moment at t=0 bottom side

Ultimate resistance moment at t=- top side
Stresses at t=0

Stresses at t=« without variable load

Stresses at t==fuly loaded

Prestressing losses at the first support

deviation block top side
deviation block bottom side
mid-span top side
mid-span bottom side
deviation block top side
deviation block bottom side
mid-span top side
mid-span bottom side
deviation block top side
deviation block bottom side
mid-span top side
mid-span bottom side

Prestressing losses at mid-span after the first deviation block
Prestressing losses at mid-span after the second deviation block

Prestressing losses at the second support
Deflection at t=0

Deflection without variable load

Additional deflection under mobile load
Final deflection fully loaded (t=)

Vertical shear in webs

Vertical shear in webs

Vertical shear + torsion in webs
Horizontal shear in top flange

Horizontal shear + torsion in top flange
Horizontal shear in bottom flange
Horizontal shear + torsion in bottom flange
Fatigue prestressing steel

First natural bending frequency n0

Ratio v/no

Mass box girder m

Buckling webs

at t=0
at t=«
at t=«

1.95

2.27
0.14
0.13
15

2.1

0.18

2.41
0.13
0.14
17

2.25
15
0.18
6
257
0.14
0.14
18

2.4
16
0.18
6
2.75
0.17
0.15
18

2.55
17
0.18
6
2.93
0.2
0.16
18

2.7
18
0.18
6
3.1
0.22
0.16
19

2.85
19
0.18
6
3.28
0.25
0.17
19

3

20
0.18
6
3.47
0.29
0.18
19

3.15
21
0.18
6
3.66
0.33
0.18
i3

0.927842 0.979699 0.998876 0.991904 0.990612 0.996762 0.999957 0.995606 0.991634 Unity check

-13.08517
-14.43226
-14.64415
-11.15947
5.607631

1.055392 0.844592

-12.43845
-15.19483
-13.22856
-13.50344
5.571406
5.936955 5.854651
6.625196 6.523545
7.672354 7.578086

0.655365 0.570374 0.510473 0.426843 0.396686 0.3872

-11.62817
-15.57872
-12.11958
-14.57488
5.547571
5.856059
6.533471
7.579809

-10.76882
-14.2971

-11.22638
-13.46999

6.59295

-10.00401
-13.20532
-10.43407
-12.50412
5.497114 5.454462
5.890747 5.917116
6.644349
7.603724 7.63616

-9.492538
-12.79494
-9.738031
-12.41709
5.412999
5.889904
6.611864
7.578878

-8.873276
-11.87813
-9.106719
-11.54673
5.378921
5.90828

-8.341111
-10.78334
-8.563892
-10.49407
5.336719
5.914

0.362394

Unity check
N/mm*2
N/mmA2
N/mm*2
N/mm#2
N/mmA2
N/mm#2
N/mm*2
N/mmA2

-7.905251 N/mm"2
-10.11865 N/mm"2
-8.118017 N/mm*2

-9.86216
5.315067
5.933902

6.653785 6.678139 6.718922
7.615436 7.629137 7.670129

0.218703 0.166882 0.133056 0.107702 0.089546 0.071256 0.061159 0.051862 0.04505

125.0441

131.5375 137.3142 144.0739 150.914

N/mm*2

%

%

%

%

Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Hz

m

10”3 kg/m

157.0092 163.6383 171.0248 177.6947 mm
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Appendix D: Results optimisation process

D.2.2 Box girder with 8 tendons

Depth webs

Number of shear keys

Thickness top flange

Number of tendons

Depth box girder

Thickness bottom flange

Width web

Distance of deviation blocks to supports

Dead load box girder

Ultimate resistance moment at t=0 bottom side

Ultimate resistance moment at t=- top side
Stresses at t=0

Stresses at t=« without variable load

Stresses at t=-fuly loaded

Prestressing losses at the first support

deviation block top side
deviation block bottom side
mid-span top side
mid-span bottom side
deviation block top side
deviation block bottom side
mid-span top side
mid-span bottom side
deviation block top side
deviation block bottom side
mid-span top side
mid-span bottom side

Prestressing losses at mid-span after the first deviation block
Prestressing losses at mid-span after the second deviation block

Prestressing losses at the second support
Deflection at t=0

Deflection without variable load

Additional deflection under mobile load
Final deflection fully loaded (t=<)

Vertical shear in webs

Vertical shear in webs

Vertical shear + torsion in webs

Horizontal shear in top flange

Horizontal shear + torsion in top flange
Horizontal shear in bottom flange
Horizontal shear + torsion in bottom flange
Fatigue prestressing steel

First natural bending frequency n0O

Ratio v/no

Mass box girder m

Buckling webs

at t=0
at t=
at t=«

21
14
0.18
8

1.97 244
0.29 0.16
0.11 0.12 0.13 0.13 0.14
11 14 18 22 225

2.25
15
0.18
8
2.62
0.19
0.15
225

2.4
16
0.18
8
2.81
0.23
0.15
225

2.55
17
0.18
8

3
0.27
0.16
225

2.7
18
0.18
8
3.2
0.32
0.17
22.5

0.716334 0.789971 0.875696 0.978491 0.994855 0.999365 0.993497 0.996567 0.995821 Unity check
1.042509 0.810971 0.570799 0.287966 0.19058

5.668804 5.705834 5.718967 5.755473 5.692045
6.0563562 5.975639 5.843614 5.732338 5.741547
6.63486 6.519037 6.339514 6.202508 6.230017
7.412699 7.336028 7.206666 7.165982 7.157457

0.26153 0.185054 0.1285

109.6349 114.6823 121.5154 127.4723 133.7999

0.14499  0.116281 0.109413 0.11827

5.621334
5.757505
6.268511
7.154351

141.267

5.559326
5.772572
6.302961
7.150493

5.488208
5.765492
6.313837
7.133243

5.412577
5.746728
6.309976
7.102321

Unity check
N/mm?#2
N/mm*2
N/mm?#2
N/mm*2
N/mmA*2
N/mm#2
N/mm?*2
N/mm?#2
N/mm*2
N/mm*2
N/mmA2
N/mm*2

%

%

%

%

Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check

0.098705 0.079768 0.065705 0.053934 0.045001 0.037388 Unity check

Hz
m
1073 kg/m

148.4801 155.6115 162.4677 mm
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D.2.3 Box girder with 4 tendons

Depth webs

Number of shear keys

Thickness top flange

Number of tendons

Depth box girder

Thickness bottom flange

Width web

Distance of deviation blocks to supports

Dead load box girder

Ultimate resistance moment at t=0 bottom side

Ultimate resistance moment at t=- top side
Stresses at t=0

Stresses at t=« without variable load

Stresses at t=-fuly loaded

Prestressing losses at the first support

deviation block top side
deviation block bottom side
mid-span top side
mid-span bottom side
deviation block top side
deviation block bottom side
mid-span top side
mid-span bottom side
deviation block top side
deviation block bottom side
mid-span top side
mid-span bottom side

Prestressing losses at mid-span after the first deviation block
Prestressing losses at mid-span after the second deviation block

Prestressing losses at the second support
Deflection at t=0

Deflection without variable load

Additional deflection under mobile load
Final deflection fully loaded (t=<)

Vertical shear in webs

Vertical shear in webs

Vertical shear + torsion in webs

Horizontal shear in top flange

Horizontal shear + torsion in top flange
Horizontal shear in bottom flange
Horizontal shear + torsion in bottom flange
Fatigue prestressing steel

First natural bending frequency n0O

Ratio v/no

Mass box girder m

Buckling webs

at t=0
at t=
at t=«

3.3 3.45 3.6 3.75 3.9 4.05
22 23 24 25 26 27
0.18 0.18 0.18 0.18 0.18 0.18
4 4 4 4 4 4
3.72 3.89 4.07 4.24 4.42 4.62
0.24 0.26 0.29 0.31 0.34 0.39
0.18 0.19 0.2 0.2 0.21 0.22
14 14 14 14 14 13

0.990987 0.997026 0.992394 0.998749 0.996191 0.99837

-6.518609 -6.164498 -5.862412 -5.588498 -5.331079 -4.882004
-6.2857  -5.99755 -5.569364 -5.500552 -5.130628 -4.866956
-7.728144 -7.327714 -6.982543 -6.666165 -6.373453 -6.143583
-4.565184 -4.423726 -4.145451 -4.179912 -3.916458 -3.497779
550373 5511169 5.507932 5.530967 5.533493 5.620395
6.547762 6.603071 6.642069 6.711117 6.753656 6.972592
7.73799 7.829742 7.897359 8.005792 8.078448 8.4167

9.074412 9.19118  9.273801 9.414991 9.507868 9.952718

4.2
28
0.18
4
4.8
0.42
0.22
13

4.35
29
0.18
4
4.98
0.45
0.23
13

4.5
30
0.18
4
517
0.49
0.24
13

3

3

0.998272 0.999748 0.994324 Unity check
1.033175 0.989082 0.962052 0.901965 0.888308 0.896784 0.86188 0.858377 0.864406 Unity check

-4.689797
-4.707411
-5.910822
-3.432136
5.639998
7.033282
8.512751
10.0784

-4.486389
-4.436349
-5.673054
-3.238388
5.655553
7.091086
8.607316
10.20424

N/mm*2
N/mmA2
N/mm*2
N/mmA2
N/mm#2
N/mm*2
N/mmA2
N/mmA2

-4.309364 N/mm"2
-4.120004 N/mm*2
-5.464283 N/mm"2
-3.000032 N/mm"2

5.665447
7.139281
8.687675
10.31063

%

%

%

%

Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check
Unity check

0.100672 0.090181 0.079375 0.072743 0.065067 0.065383 0.059848 0.054741 0.049599 Unity check

Hz
m
1073 kg/m

178.9074 185.1942 192.3364 197.7381 204.9531 210.4468 216.8954 223.2039 231.1623 mm
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Appendix E: Calculations FRP

Appendix E: Calculations FRP

E.1 Introduction

This Appendix presents the calculations of the Fibre Reinforced Polymer sandwich girder. First the
material characteristics of the FRP are described. Paragraph 3 deals with the geometry and the
structural schematisation of the sandwich girder and its characteristics. The loads to which the
sandwich girder is subjected and partial factors are treated in paragraph 4. Furthermore this Appendix
describes the calculations on deflection, vibration, stresses and shear of the sandwich girder in
respectively the paragraphs 5, 6, 7 and 8. Finally this Appendix deals with the calculations on buckling

of the core.

The formulas and values used in the calculations are taken from [17] and other references, which are

then stated in the text.

E.2 Material characteristics

E.2.1 Carbon fibres, polyacrylonitrile, fibre type: graphite, table 3.3 [7]

Density carbon fibres o 1870 kg/m®
Modulus of elasticity E. 345000 N/mm?
Shear modulus, Appendix A [2] G, 5000 N/mm?
Characteristic tensile strength f o 2600 N/mm?
Maximum strain E ¢ max 0.74 %
Volume fraction V., 0.55

E.2.2 Epoxy, Appendix 8 [17]

Density epoxy Lo 1200 kg/m®
Modulus of elasticity E, 3500 N/mm?
Shear modulus G, 1400 N/mm?
Characteristic tensile strength fone 45 N/mm?
Maximum strain E o max 4%

Volume fraction V, 0.45

E.3 Geometry sandwich girder

:‘{fskin,oui

_centroidal axis

y

tskinmid |tcore |d

chore

:z{fskin,oui

Figure 179: Cross-section of the sandwich girder
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E.3.1 General

Length span L 45 m
Width sandwich girder B 9 m
Spacing outer skins d 3 m
Thickness outer skins Coiin.out 004 m
Thickness middle skins  S— 001 m
1
Core depth tooe =0 — Z*E*tsmOut 296 m
Number of core parts nr 6
toore — (NF=1) *tyi i
Buckling length core parts Loyre = —— ( )™ Linmi 0.485 m
nr
1
Sandwich depth H=d+ Z*E*tskin,out 304 m

E.3.2 Skin

For the moment of inertia of the sandwich girder in z-direction (vertical) only the skins are taken into
account. As the moment of inertia of the skins self, is small the calculation of the moment of inertia of
the girder is only based on the Huygens-Steiner theorem.

Moment of inertia of the sandwich girder in z-direction:

2
skin,nid core + tskin,mid ) +

2
Iz =Z*B*tskin,out *(%j +2*B*t *(L

2* B *tskin,mid * (2* Lcore + 2*tskin,mid )2 = 1841m4

Fibre layout in the skins:

Percentage of fibres in x-direction (0°) Vy, =55%
Percentage of fibres in y-direction (90°) Vo =15%
Percentage of fibres in xy-direction (45°) Vs =15%
Percentage of fibres in xy-direction (-45°) V, s =15%

Effective modulus of elasticity in x-direction:

E =V, * S0 %E 4 (1_V *'0)*E —106803.75N /mm?
100 100

Bending stiffness of the sandwich girder in x-direction:
E 1, =1.966*10" Nmm?

E.3.3 Core

Fibre layout in the core:

Percentage of fibres in x-direction (0°) v, =15%

Percentage of fibres in z-direction (90°) V.o =15%

Percentage of fibres in xz-direction (45°) V.4 = 35%

Percentage of fibres in xz-direction (-45°) V. s =35%
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Effective modulus of elasticity in x-direction:

E . =V *0xE 4 (1_V * 9)*E _31673.75N /mm?’
100 100

Effective modulus of elasticity in z-direction:
E,. =V *V80xE (1 y *«Y%0)xE _31673.75N /mm?
100 100

z,core

Effective shear modulus in xz-direction:

Vv *Vc45 1-V *VCA
! _ % 100, 100 _, G, =1625.26N /mm?
G, G, G,

Core triangles -
A

TTma

Bfr‘\a
Y
era ‘
(e o
Figure 180: Cross-section of a core triangle
Length core triangle Lyia =200mm
Width core triangle Byia =100mm
Thickness core triangle tyia =4mm
. : . I B
Number of triangles in the width of the sandwich girder n, = B_ =90
tria
. 1000
Number of triangles per metre length Nipm = Ny
I-tria
Total number of triangles in the sandwich girder n, =N,
tria
The cross-sectional area of one triangle in vertical direction:
1 2 1 2 2
Al,tria,v = E* Btria - E * (Btria - ttria) = 768mm

The cross-sectional area of one triangle in horizontal direction:

B..
Auuian =t + b *co{tan . [TD r L., =8234.72mm’
tria

Moment of inertia of one triangle:

1 1
Itria = %* tria * tria3 __*(Ltria

—-2* ttria) * (Btria -2 *ttria ) P = 1402553mm4
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The shear stiffness of the sandwich girder in x-direction:
GA =G, *n,* A vian = 1204521813N

E.4 Loads and partial factors

E.4.1 General
The sandwich girder has to satisfy [3]:

S*7f SR/(}/m*yc)

Where:

S Is the effect of the representative load

R Is the representative load carrying capacity and/or strength of the structure
Vs Is a load factor

Vm Is a material factor

Ve Is a conversion factor

The load factors [9]:
Partial factor for permanent actions, unfavourable YG.unfay = 139

Partial factor for variable actions, unfavourable Yountay =19

The material factor [3]:
Ym =Vm Vo =1.62

Where:

Vm =1.35 Partial material factor due to uncertainties in obtaining the correct
material properties

V2 =1.2 Partial material factor due to uncertainties in the material properties

dependent on the production method (vacuum injection table 1 [3])

The conversion factors [3]:
7(: zyct*ycm*ycc*ycf

Where:

v =11 Conversion factor for temperature effects

Yem =1.1 Conversion factor for moisture effects (FRP structure
subjected to changing humidity circumstances)

Ve =1" =173 Conversion factor for creep effects

t =100*365* 24 = 876000 hours Duration of the loading in hours (design life of 100 years)

n=0.04 Exponent depending on fibre type: woven fabric

ve =11 Conversion factor for fatigue effects
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In Table 25 the conversion factors per situation are given.

Ultimate limit state Serviceability limit state
Strength Stability Fatigue Deflection Vibration First
7/c,str 7/c,sta 7/c,fat ]/c,def yc,vib CraCkmg
7c,fc

Conversion
factor 1.1 1.1 1.1 1.1 1.1 1.1
temperature
Conversion
factor 1.1 1.1 1.1 1.1 1.1 1.1
moisture
Conversion
ﬁ?ctor creep 1.73 1.73 - 1.73 - 1.73
Conversion
factor - 1.1 - 1.1 1.1 1.1
fatigue "°
Short term 1.21 133 1.21 1.33 133 133
loading
Long term 2.09 2.3 1.21 2.3 1.33 2.3
loading
Table 25: Conversion factors
E.4.2 Vertical loads
Dead load skins:
gdead,skin = 2*(tskin,out * B *Vc *pc * g + tskin,out * B *Ve *pe * g) +

(nr=1)*(t

skin,mid

Dead load core triangles:
gdead,tria = Al,tria,v *ntpm *nr * Lcore *(Vc *pc * g +Ve *pe * g) = 1548kN /m

Dead load foam in core:
gdead,foam = 1OkN /m

*BHV, *p, *g+t

Total dead load sandwich structure:
gdead = gdead,skin + gdead,tria + gdead,foam = 3448kN /m

Total permanent load:

g perm

=34.42kN /m

Total variable load:
Quer =98.29kKN /m

skin,mid

*B*V_*p_*g)=18.0kN /m

Assumption

See B.4.4

See B.4.4

" The serviceability limit state vibration should be checked with and without conversion factors.

' The conversion factor for creep should only be taken into account for long term loading.

'® The conversion factor for fatigue should only be taken into account for stiffness related limit states.
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E.4.3 Loads in the serviceability limit state
Uniform distributed load:
qsls = gdead + gperm + qvar :12719kN /m

Maximum shear force:

Veggs =0.5*L*qq, = 2862kN

Maximum bending moment:

M Edsls — %*qsls * I—2 = 32195kNm

E.4.4 Loads in the ultimate limit state
Uniform distributed load:

quls = 7G,unfav * gdead + 7G,unfav * g perm + yQ,unfav *qvar = 18045kN /m

Maximum shear force:

Vg us =0.5*L*q,,, =4060kN

Maximum bending moment:

M L * Qs ¥ L? = 45677kNm

Eduls — o
8

E.5 Deflection

The deflection is determined with the formula [3]:
5 qL’ L gl
384 EXIZ/(j/m*j/C) S*GAX/(ym*yc)

Where:

L =45m Length span

E, 1, =1.966*10" Nmm? Bending stiffness of the sandwich structure in x-direction

GA, =1204521813N Shear stiffness of the sandwich structure in x-direction:

Vm =1.62 Material factor

Ve =Vem =11 Conversion factor for time independent deflection

Ve =Vem + Ve =19 Conversion factor for time dependent deflection

n=12 Correction factor for the form of the cross-section of the girder:
rectangular cross-section [3]
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The deflections at mid-span and unity checks for different phases are:

Time Load q Deflection W |value |Maximum allowed Unity
deflectionw, . check
W/W,,,
. , L /500 =90mm
=00 +
At t== without variable load | J4eaq T 9 perm 58.8 mm annotation 7 0.65

Additional deflection under L /1500 =30mm

mobile load Gvar 28.8 mm o S tion 18 0.96
Oeas + _ _

At t== fully loaded dead 7 S perm 20012887 mm L./500 = 90mm 0.97
+ 0, . annotation

Table 26: The deflections at mid-span and unity checks for different phases

As the unity checks show the construction satisfies with respect to deflection for all phases. The
normative deflections are the additional deflection under mobile load and the deflection at t== fully
loaded. The deflection is mostly determined by the deflection due to bending and not by shearing. To
decrease the deflection the bending stiffness should thus be increased (enlarge the moment of
inertia). Notice that deflection is indeed a very important verification for FRP bridges.

E.6 Vibration

For the sandwich girder only the static analysis is considered. The dynamic metro load is multiplied by
the dynamic factor ¢ to take into account the dynamic loading. This method of calculation holds when

the first natural frequency of the box girder stays within the prescribed limits [10]. When the limits are
exceeded a dynamic analysis is required. A dynamic analysis can prove that the box girder is still
determined against the dynamic effects. Such an analysis is however extensive and more difficult and
is therefore left out of the design of the box girder. For this design the first natural frequency of the box
girder should stay within the limits such that a static analysis is sufficient and a dynamic analysis is not
necessary. The check for determining whether a dynamic analysis is required is done according two
verifications which are elaborated below.

Verification according Annex F [10]

The first natural bending frequency of the sandwich girder is [20]:

n, = Con Bl _5eam; Without partial factors
270 \ Qe L 19

*
n, = Cea |El /(rn™7e) =3.98Hz With partial factors
27[ gdead * L4 / g

Where:

C.q =9.94 Boundary condition coefficient [20]

E,l, =1.966*10" Nmm? Bending stiffness of the sandwich girder in x-direction
V., =1.62 Material factor

Ve = Veuin = 1.33 Conversion factor for vibration, see Table 25

The velocity of the metros is:

v=100km/h =27.78m/s

' The final deflection may not exceed L/500see 7.4 [11].
'® The maximum deflection under mobile load is L /1500(8].
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Mass m =50 | =270 | =290 | =100 =130 [ =150 (=180 |=20,0 | 25,0 | =300 [ =40,0 [ =50,0
107 kg/m <70 | <00 |<100| <130] <150 | <180 | <200 <250 <30,0 [ <400 |[<S00[ -
Span L S ovimg | viag | ving | wing | wing | ving | vy | wing | wing | ving | wing | wing
m* % m m m m m m m m m m m m

[5.00.7.50) 170 | 178 ) 18R | IB8 | 193 [ 193 | 215 | 213 | 308 | 308 | 354 | 3.59
I70 | 13 ) 1683 | 103 | 213 [ 224 | 303 | 308 | 338 | 354 [ 431 | 431
1p4 [ 208 | 264 [ 264 | 277 | 277 | 306 | 500 | 5.14 | 520 | 535 | 542

215 [ 264 | 277 | 208 | 403 | 500 | 504 [ 521 | 535 | 562 | 639 | 653

[7.50.10.0)

[10.0.12.5) 250 [ 250 ] 271 | 615 | 635 | 636 | 636 | 645 | 645 | 657
230 | 271 | 271 [ 583 [ 615 [ 625 | 636 | 636 | 645 | 645 | 719 | 720
[12,5,150) 250 [ 250 | 358 | 358 | 524 | 524 | 536 [ 536 | 786 | 014 | D04 | 914
345 [ 502 | 524 | 324 | 536 | 536 [ TR6 | 822 ) 953 | 976 | 1036 [ 10,48
[15.0,17.5) 300 | 533 | 533 [ 533 | 633 [ 633 | 650 | 650 | 6,30 | TR0 | TRO | 7830

533 | 533 | 633 | 633 | 6,530 | 650 | 1007 | 1033 [ 1033 [ 1050 | 1067 | 12,40
3530 [ 633 | 633 | 633 | 650 | 650 [ 707 | 707 | 10,67 | 12,80 | 1280 [ 12,80
521 | 521 [ 542 [ 708 | 750 | 750 | 1354 13,54 | 1396 | 14,17 | 1438 | 14,38
6,25 | 646 | 646 [ 1020 1021 [ 1021 [ 1063 | 10,63 | 1275 ) 1275 12,75 12,75
10,56 1833 | 1833 | 18,61 | 1861 [ 1R8O [ 1907 [ 1917 [ 19,17
14.73 | 1500 [ 1556 | 15,56 | 15,83 | 18,33 | 1833 | 18,33 | 18,33

[17.5.200)
[20,0.25,0)
[25,0.30.0)
[30,0.40.0)
=400
*Lelab)meansa<L<b

JH U P [ . P S S [ P TS P e =
=]
=
(=]
i

NOTE | Table F.1 includes a safety factor of 1.2 on {vingly, for acceleration, deflection and strength criteria and
a safety factor of 1,0 on the {(vag)um for fatigue.

MNOTE 2 Table F.1 includes an allowance of (1+¢"/2) for track iregularities.

Table 27: Maximum value of (V/ no ) lim for a simply supported beam or slab and a maximum permitted acceleration of

A,y < 3.5M/S%, Table F.1 [10]

Table 27 gives no maximum value of the velocity divided by the first natural frequency for:
M = Qe / 9 = 3.515*10°kg / m
L =45m

Therefore there is made an extrapolation of the table to determine the maximum value of the velocity
divided by the first natural frequency. This is a rough extrapolation as the difference of the values is

large between masses above and belowm =10*10°kg /m, see Table 27.

The extrapolated maximum value of the velocity divided by the first natural frequency is:

(v/ny),m =10.0m

The verification of the ratio of the velocity over the first natural frequency is:

v/n, =4.75m <10.0m — Ok N, without partial factors
v/n, =6.98m <10.0m — Ok n, with partial factors
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Verification according to Figure 6.10 [10]

Limits of natural frequency N, (Hz) as a function of L (m)
150

100
80
50

40

T
i

@) —"

I~

Ll il L L beh il
2 4 6 B10 15 20 40 80 B0 100

L [m]

Figure 181: Limits of bridge natural frequency no (Hz) as a function of | (m)

According this verification the first natural frequency of the sandwich girder should be in the grey area,
see Figure 181.

Where:
The upper limit of natural frequency is governed by dynamic enhancements due to track irregularities
and is given by:

n.. =9476*L°" =55Hz

0max
The lower limit of natural frequency is governed by dynamic impact criteria and is given by:

n, . =23.58*L%%% =2 48Hz

Omin

The first natural frequency of the sandwich girder is:

n, = Cong E,l -— =5.84Hz — Not ok Without partial factors
27 \ Qgeaa *L° /0

*
n, = Cea [Exl. /(7/m4 Ze) =3.98Hz — Ok With partial factors
27 gdead *L /g

Conclusion

As the FRP sandwich girder is very light Table 27 does not give a solution for the maximum value of
the velocity divided by the first natural frequency. Therefore there is made an extrapolation of this
maximum. This extrapolation is however quite rough and the question rises if this extrapolation is
valid. For this reason only the second verification is taken into account. This verification shows that the
sandwich girder requires a dynamic analysis as the first natural frequency of the structure without
partial factors is too high. This means that the frequency approaches the frequency due to track
irregularities which causes enhancement of the dynamic loads. This way the vertical forces due to
impacts on the rail become larger than just the vertical load. The dynamic factor which is taken into
account so far is not sufficient anymore when the upper limit of 5.5 Hz is passed. The structure thus
requires a dynamic analysis. It is however expected that the maximum frequency of the structure of
5.84 Hz, which is not much more than the limit, is not very problematic as in reality the amplitude of
the acceleration of the metros is small. Besides the damping of the FRP sandwich girder (foam) is not
taken into account. It is therefore expected that executing a dynamic analysis will not result in a
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different design. It is however recommended to make a dynamic analysis to be certain of this
assumption. A dynamic analysis is not treated in this design as this is too specific and goes far beyond
the purpose to design a global FRP railway girder. For a further elaboration of a FRP metro viaduct it
is thus recommended to make a dynamic analysis to check whether the structure is determined
against the dynamic effects.

E.7 Stresses
The maximum compressive and tensile stress in the sandwich girder is:

1

M Ed,uls *E H

O-X,skin = I— = 3772N /mm2
z
E.7.1 Skin
Tension
The ultimate tensile strength of the skin is:
E, .

ft,skin :%km*gcmax =233.25N / mm?

Vm " 7Ve
Where:
Ve = Veswiong = 2:09 Conversion factor for strength, see Table 25

Unity check tensile stress in the skin:

O-x,skin _
=0.16 <1.0 » Ok

t,skin

Compression
There are two failure modes in compression which apply to the skin, see Figure 182.

TR 111 v

Q

t I EININ

(a) (b)

Figure 182: Sandwich material failure modes in compression: (a) skin wrinkling; (b) skin dimpling

Skin wrinkling [7]:
f 1( E><,skin * E><,core * ze

Yo "Ve Vo TVe VoV

c,wrinkling = 2

1/3
J =2367.63N /mm?

Skin dimpling [7]:

E. .
fc,dim pling — 0'75*%km*(tskinvout / I—ma)SIZ =1922.2N /mmz
Vm Ve
Where:
Ye = Vesatong = 23 Conversion factor for stability, see Table 25
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The compressive strength of the skin equals the smallest strength. Dimpling of the skin is thus the
normative compressive failure mode.

Unity check compressive stress in the skin:

O-x skin
f’— =0.02<1.0 » Ok

c,dim pling

E.7.2 Core

The ultimate tensile strength of the core is:
E

f —XEE F g =69.17N / mm?

t,core *

Vm Ve

Where:
Ye = Vestriong = 2-09 Conversion factor for strength, see Table 25

Unity check tensile stress in the core:

O-x skin
f‘— =0.55<1.0 » Ok

t,core

E.7.3 Flexural strength
The flexural strength of the sandwich girder is [7]:

—_R* * * Ex * Ex,core _
M Rd — B tskin,out tcore * ft,core /T = 248548.92kNm
m c m }/C
Where:
Ye = Vesriong = 2-09 Conversion factor for strength, see Table 25

Unity check flexural strength:

M
Bdus _0.18<1.0 - Ok

Rd

E.8 Shear

It is expected that all the shear stresses are carried in the core. The shear strength of this material
with its volume fraction of fibres and fibre orientation is not known and should be determined by
experiments. For this design it is however assumed that a quite conservative shear strength of:

7 =50N /mm? will do, considering the shear strengths given in [i7].

The design shear strength then becomes:
50

Tpg = —— =14.76N /mm*
Tm " 7e
Where:
Ye = Vestriong = 2:09 Conversion factor for strength, see Table 25
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E.8.1 Transverse shear
The transverse shear force is:

Y
Tgy = — o —=5.48N/mm’
A:L,tria,h ntw

Unity check transverse shear:

Te 037 <1.0 Ok

Trd

E.8.2 Parallel shear
The parallel shear force is:

V *
Fa.u =10.77N / mm?

Teqg =
I * Al,tria,h *
z t ntw

core

Where:

S=t d

skin,out * B *E + tskin,mid * B * (2 Lcore + 2tskin,mid ) + tskin,mid * B * (Lcore + tskin,mid ) +

Al,tria,h * ntw *tc% = 1222m3

Unity check parallel shear:

Te _0.73<1.0 > Ok

TRy

E.9 Buckling of the core

The critical buckling force of the core is:
E

7[2 * Ziore * Itria * ntvv

For = ! m|_ — = 45007.44kN

buc,core

Where:
L

Ye = Vestajong = 23 Conversion factor for stability, see Table 25

=L, =0.485m

buc,core core

The maximum buckling force is:
Vegus =0.5*L*q,, =4060.15kN

Unity check buckling of the core:
VEd Juls * acr

F

cr

=0.90<1.0 » Ok

Where:
a, =10 Factor by which the design loading would have to be
increased to cause elastic instability in a global mode
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Appendix G: Calculations column + foundation
G.1 Column + foundation in combination with a concrete box girder

G.1.1 General

This Appendix presents the calculations of the column + foundation of the elevated metro structure
with a concrete box girder. First the cross-sectional properties of the column are described. Paragraph
3 deals with the loads to which the column is subjected. The geometry and characteristics of the
foundation are treated in paragraph 4. Furthermore this Appendix describes the calculations on
stability and stiffness of the structure in respectively the paragraphs 5 and 6. The forces in the piles
and stresses in the column are treated in paragraph 7 and 8. Finally this Appendix gives an overview
of the weight contribution of the different elements of the structure.

The formulas and values used in the calculations are taken from [11] and other references, which are
then stated in the text.

G.1.2 Column C50/60

Drainage tube

\@ Wcolumn

\&

Column

el

R\ﬂ

15000

Foundation slab

Wcolumn

Figure 184: Cross-section column

Piles

Figure 183: Schematisation of the elevated metro
structure with a concrete box girder

Length span box girder L =45m
Height column H =15m
Width of the column W_opumn = 2-06M
Inner radius in drainage tube r, =0.15m

1 1
Moment of inertia of the column | oumn = E*W°°|umn4 - Z* z*r, * =1.5m*
Cross-sectional area of the column Aoimn = leumn2 —-r* rin2 =4.173m?

I
Section modulus column W = ———— =1.457m®
column /2
Dead load column:
Fcoum = A *H * p. *g =1535.11kN
Where:
p. = 2500kg / m® Density of concrete
g =9.81m/s? Acceleration due to gravity
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G.1.3 Loads at the top of the column

Vertical force at the top of the column

Fv,viaduct = qtot * L + Qv,tendons + Qv,anchorage + Qv,widening = 9320kN

Where:
qtot = gdead + g perm + qvar :19473kN /m

Ogead =102.02kN /m
9 perm = 34.42kN /m
0y =58.29kKN /m

Dead load box girder
Permanent load at the box girder

Variable load of the metros and snow loading

Q. tendons = Liendon ™ Meendons * Ap * 2, * 9 =115.66kN Dead load tendons

Lo, = 2%+ F2+a% +L—2%a =45.101m

Length tendon

f =1.23m Tendon eccentricity at mid-span
a=15m Distance of deviation blocks to supports
Niendons = O Number of tendons

A, = 5550mm? Cross-sectional area of one tendon

p, = 7850kg /m*

Density prestressing steel

Q. anchorage = Vanchorage ~ Pc 9 =196.2kN Dead load extra concrete for anchorage and
deviation blocks of the box girder
Vanchorage = 8m* Assumed volume of extra concrete for

anchorage and deviation blocks of the box
girder

Q. widening = Vwidening * P * 9 = 245.25kN Dead load extra concrete for widening of the
column at the top

V =10m?® Assumed volume of extra concrete for

widening
widening of the column at the top

Horizontal force at the top of the column in longitudinal direction of the viaduct

F :qmob *¢*aa*|—+qm_0b*¢*ad*L:326'25kN
g g

h,long

Where:
Omop = 25.5KN /m per track

$=1+41(10+ L) =1.07
a, =1.2m/s?

Mobile load (metros)
Dynamic factor
Maximum acceleration of the metros [8]

a, = 1.4m/s? Maximum deceleration of the metros [8]

Horizontal force at the top of the column in transversal direction of the viaduct

F = Quwind *H viaduct *L+ Qsidewf = 485.63kN

h,trans
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Where:

Uying =1.5KN /m? Wind load

H iaauer = Hboxgirger T Husr + Huying = 6.79M Height superstructure subjected to wind forces

H poxgirger = 2-8M Depth box girder

H, =0.35m Height upper side rail, see Figure 90

H g =3.6M Range wind load on the superstructure, see

Figure 90

Qqigens = 30kN Sideward force due to the metro

G.1.4 Foundation

F h,frans W f S

-
j o o o o gl |
— | NYi ‘
N O 0O 050 O
— = w
SN o o olo g +
% —
- O o O o 0O
—
q wind  — O o o o o

—
% ) - -
— Foundation slab 1 T o
— Piles =
—) NL L
3 =L L
— Figure 186: Pile foundation, top- and side-view
—
—

Figure 185: Load schematisation in

transversal direction

Moment at the top of the foundation slab in transversal direction

M, = Fy pae *H +0.5% 0, * W,y * H? = 7632kNm

y — ' htrans column

Foundation

The foundation consists of 25 piles underneath a foundation slab with the dimensions:
L, =9m Length foundation slab (assumption)

W, =9m Width foundation slab (assumption)

T =2m Thickness foundation slab (assumption)

The foundation slab is considered as an infinite stiff slab.
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____ tAngle phi

NY1=-4m

NY4=4m

Figure 187: Rotation of the stiff foundation slab

Dead load of the foundation slab:

I:v,fs = Lfs *Wfs *Tfs *pc * g= 3973.05kN

The spring stiffness of a pile is (assumption):
k =100000kN /m

The force in a pile due to a moment is:

Fo =k*n, *

pile

The moment at the foundation is:

M = Z:k*ni2 *op= k*(pZ:ni2

The rotation stiffness of the foundation is:
2

M — m =k *Z ni2

p p

C:

The rotation stiffness of the foundation in transversal direction is:

C, =k*Y ny,” = 20000000kNm/ rad

The rotation stiffness of the foundation in longitudinal direction is:

C, =k*> nx,” = 20000000kNm /rad
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Appendix G: Calculations column + foundation

G.1.5 Stability
Fertor Fera Ferz

| | |

El=w
e e ‘el A
Figure 188: Structural model
T2*E g * oy
For = C’Ie - = 278777.87kN Critical buckling force mode 1
c
Where:
ot = =16944.49N / mm*® Effective modulus of elasticity of concrete
’ 1+ ¢(o,t,)
E,, =37277.87N /mm? Secant modulus of elasticity of concrete
@(o,t,) =1.2 Creep coefficient, see B.5.5: creep
I, =2*H =30m Effective length column
Foo = Fy =1333333.33kN Critical buckling force mode 2
Total critical buckling force:
1 1 1
= + — Fy o« =230569.59kN
Fcr,tot I:Cr,l Fcr,z

Vertical force at the top of the column, ULS:
I:v,viaduct,uls = qtot,uls * L + Qv,tendons *J/G,unfav + Qv,anchorage *7G,unfav + Qv,widening *7G,unfav = 129754kN

Where:
qtot,uls = 7/G,unfav * gdead + J/G,unfav * g perm + yQ,unfav *qvar = 27163kN /m
7G,unfav = 135

7Q,unfav = 15

Factor n:

cr,tot

n= =17.77 =10 — OKk, structure is stable

I:v,viaduc’[,uls

2 degree magnification factor:

N 106
n-1
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G.1.6 Stiffness

F *H3
by I;’"ans ] =0.0215m Deflection at the top due to the horizontal force at the
c,eff

column
top of the column

* * 14
— qwind Wcolumn H

5q - ~ =0.0008m Deflection at the top due to wind load at the column
8 Ec,eff Icolumn
M
o, = C—y* H =0.0057m Deflection at the top due to rotation of the foundation
y
slab

Total 2" order deflection at the top:

S = (6, +5,+0, )*ﬁ = 0.0297m

The maximum allowed deflection at the top:

5. = _003m
500

Deflection check:

O =0.0297m < 5,

tot

=0.03m — Ok, structure is stiff enough

max

The 2™ order rotation of the foundation slab:

My n
¢ =—>*——=0.0004rad
Cy n-1

The maximum allowed rotation of the foundation slab [23]:

Prax = L 0.0033rad
300

Rotation check:

@ =0.0004rad < ¢, =0.0033rad — Ok

G.1.7 Foundation piles

Pile force
Total vertical force at the piles, ULS:

F = FV,ViadUCt,U|S + I:v,column *7G,unfav + Fv,fs *7G,unfav = 2041141kN

v, piles

Total horizontal force at the piles, ULS:

l:h =F *7Q,unfav * Quing *7Q,unfav *w, *H =797.96kN

— ' hytrans column

Total moment at the foundation slab in transversal direction, ULS:

M, = F ans * Zounar *H +0.5% Qying * Youmtar * Weotamn ¥ H* + S * F, =11832.76kNm

column v,viaduct,uls
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Total moment at the foundation slab in longitudinal direction, ULS:

M, =Fiiong * Vountay * H = 7340.56kNm

X

The number of piles:
n,=25

The maximum allowed pile force (assumption):

P axation =1200kN per pile
- I:v piles
P, = ———— = -816.46kN Load on piles due to vertical load
p
M,
Py =Y ¥k = 7/ 236.66kN Load on the outside piles in transversal direction due
C f—
y
to the moment in the transversal direction
M
Py =—"NX,, *K= 7/146.81kN Load on the outside piles in longitudinal direction due
C —
to the moment in the longitudinal direction
Where
NY max = 4M
NX ey = 4M

The maximum pile force in the corner piles of the foundation slab is:
Px =P, — Pmy —P,, =-1199.92kN < Pmax,allow =1200kN — Ok

The minimum pile force in the corner piles of the foundation slab is:

Pon = P, + Py, + Py, = —432.99kN

Most likely in all load phases the piles will not be in tension considering the large vertical force.

Pile head moment due to horizontal force

The pile is schematised as a beam of infinite length on one side and is fixed in the foundation slab on
the other side. The pile which is supported by linear elastic springs (soil) is subjected to a
concentrated horizontal force at the foundation slab. The structural model for a pile subjected to the
horizontal force is shown in Figure 189.
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Fh
-

/\\_/
Figure 189: Structural model piles

Characteristics of the piles:

W = 0.42m
h,i =0.42m
Apile = Wpile * hpile = 01764m2
1
I pile — E*Wpile *hpile3 = 00026m4
Ep”e = Ecm =37277.87N /mm2
Ceffectivewidth = 15
k = 3000kN /m?®
kpile = k *Wpile *Ceﬁectivewidth: 1890kN /m2

The pile head moment in one pile is [19]:

Width of the pile
Depth of the pile

Cross-sectional area of the pile
Moment of inertia of the pile

Modulus of elasticity of the pile, assumption of
uncracked pile as the vertical pile force is large
Factor for determining the effective width of the pile
Modulus of subgrade reaction

Modulus of subgrade reaction of pile

LR

pile

2 n,
=——=30.18kNm
2* B

Where:

k .
p=3/-—""—=0.26m™
4Epi|e| pile

The required reinforcement at one side of the pile is:

M pile * 2
— - A *fy —> A =202.85mm
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Where:
z=0.9*d =0.342m Lever arm of internal forces
d=h;, —c=0.38m Effective depth
¢ =40mm Concrete cover, see B.3.3
fo="f,uly,=435N / mm? Design yield strength of reinforcement
fyk = 500N / mm? Characteristic yield strength of reinforcement
v, =115 Partial factor for reinforcing steel

The total required reinforcement in a pile is:

A o = 4* A =811.42mm’

The reinforcement percentage in a pile then becomes:

©, = At w1000 = 0.46%

pile

The maximum reinforcement percentage in a column/pile is:

— A0,
Wy = 4%

Reinforcement percentage check

, =0.46% < w,,, = 4% — Ok

max

G.1.8 Stresses in column

Total vertical force at the bottom of the column, ULS:

F =F +F * V6w = 15047.8kN

v,tot,bot,column v,viaduct,uls v,column

Total moment at the bottom of the column in transversal direction, ULS:

M, = F rans * Zounar *H +0.5% Qying * Youmtar * Weotamn ¥ H + S * F, =11832.76kNm

column v,viaduct,uls

The compressive stress in the column due to the vertical force is:

~F
o = v,tot,bot,column _ —361N /mm?_

n
Acolumn

The stress in the column due to the moment in transversal direction is:

m —_

o :7 M, :J/_8.12N/mm2

column

The maximum compressive stress in the column is:

Cupx = 0, — 0, =—1173N /mm?

The minimum compressive stress in the column is:

Cemin = Oy + 0, = 452N /mm?®

cmin

There arises tension in the column which means that the section is cracked. The assumption that the
effective modulus of elasticity of concrete should be taken into account is thus correct.
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G.1.9 Overview weight contribution of elements

In the table below the contribution to the total vertical load at the piles is given for the different loads.
Percentage of
Loads Value the total vertical
load at the piles
Dead load box girder Ogead * L 4590.9 kN | 30.96 %
Dead load box girder +
tendons + anchorage | Ggeas * L+ Qy tendons T Qu.anchorage | 4902.76 | kN | 33.06 %
and deviation blocks
Total load box girder *L+Q +Q 90 1 61.2 o
fuIIy loaded qtot v,tendons v,anchorage 4.7 kN : %o
Dead load column F cotumn T Qv widening 1780.36 | kN | 12.01 %
Dead load foundation F, . 3973.05 | kN | 2679 o
slab :
. *L+ + +
;I;]Oetalilveesmcal load at qtot Qv,tendons Qv,anchorage 14828.12 | kN 100 %
P I:v,column + Qv,widening + I:v,fs

G.2 Column + foundation in combination with a UHPC box girder

G.2.1 General

This Appendix presents the calculations of the column + foundation of the elevated metro structure
with a UHPC box girder. First the cross-sectional properties of the column are described. Paragraph 3
deals with the loads to which the column is subjected. The geometry and characteristics of the
foundation are treated in paragraph 4. Furthermore this Appendix describes the calculations on
stability and stiffness of the structure in respectively the paragraphs 5 and 6. The forces in the piles
and stresses in the column are treated in paragraph 7 and 8. Finally this Appendix gives an overview
of the weight contribution of the different elements of the structure.

The formulas and values used in the calculations are taken from [11] and other references, which are

then stated in the text.

G.2.2 Column C50/60

Railway girder

Widening of the column

Column

Foundation slab

15000

Figure 190: Schematisation of the elevated metro

structure with a UHPC box

Length span box girder

Height column

girder

Drainage tube

=9

Wcolumn

——
Rin

Wcolumn

Figure 191: Cross-section column

L =45m
H =15m
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Appendix G: Calculations column + foundation

Width of the column

Inner radius drainage tube
Moment of inertia of the column
Cross-sectional area of the column

Section modulus column

Dead load column:

Wcolumn =2.02m
r, =0.15m
= i*Wcolumn4 _E*ﬂ'* rin4 = 1387m4
12 4
A = Wooumn- — 7 * 1,2 = 4.010m?
Wcolumn = I—C = l373m3
/2

column

Fcoum = A, *H * p. * g =1475.07kN

Where:

p. = 2500kg /m® Density of concrete

g =9.81m/s? Acceleration due to gravity

G.2.3 Loads at the top of the column

Vertical force at the top of the column

I:v,viaduc’[ = qtot * L + Qv,tendons + Qv,anchorage + Qv,widening = 783434kN

Where:
qtot = gdead +40 perm + qvar =162.11kN /m

Ogead = 09.4kKN /m
9 perm = 34.42kN /m
Oyer = 98.29KN /m

Qv,tendons = Ltendon * ntendons * Ap *pp * g = 11559kN

Ligen = 2%/ f2+a% +L—2%a=45.077m

f =1.143m
a=17m

ntendons = 6

A, =5550mm’

p, = 7850kg /m?

Qv,anchorage = Vanchorage * pUHPC * g = 17854kN

V =7m?

anchorage

Punpe = 2600kg /m?

Dead load box girder
Permanent load at the box girder

Variable load of the metros and snow loading

Dead load tendons

Length tendon

Tendon eccentricity at mid-span
Distance of deviation blocks to supports
Number of tendons

Cross-sectional area of one tendon

Density prestressing steel

Dead load extra UHPC for anchorage and
deviation blocks of the box girder
Assumed volume of extra UHPC for

anchorage and deviation blocks of the box
girder

Density of UHPC
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vawidemng =Vyidening ~ Pe 9 = 245.25kN Dead load extra concrete for widening of the
column at the top
VWi dening = 10m?® Assumed volume of extra concrete for

widening of the column at the top

Horizontal force at the top of the column in longitudinal direction of the viaduct

Fitong = qm—"b*qﬁ*aa * L+q”‘—°b*¢*ad * | = 326.25kN

g g
Where:
Quop = 25.5KN /m per track Mobile load (metros)
¢=1+4/10+L)=1.07 Dynamic factor
a, =1.2m/ s? Maximum acceleration of the metros [8]
ay = 1.4m/s? Maximum deceleration of the metros [8]

Horizontal force at the top of the column in transversal direction of the viaduct
I:h,trans = Quind * Hviaduct *L+ Qsidewf = 459.3kN

Where:

ying = 1.5kN /m? Wind load

H viauer = Hpoxgirger T Husr + Huing = 6.36m Height superstructure subjected to wind forces

H poxgirder = 2.41m Depth box girder

Husr =0.35m Height upper side rail, see Figure 145

H,iq =3.6m Range wind load on the superstructure, see
Figure 145

Qqigewr = 30kN Sideward force due to the metro
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G.2.4 Foundation

’: h,frans W f S
% JE—
K o o o o
- ‘ NYi ‘
SN o o o050 o
— z n
— o o o- o o
— 1
— o 0o o o O
—

Quind o o o o

% 1
% o L
= Foundation slab 1 T "
% . - g
N Piles
— I I I
: Figure 193: Pile foundation, top- and side-view -
—

Figure 192: Load schematisation in

transversal direction

Moment at the top of the foundation slab in transversal direction

M, =F

y — ' htrans

*H +O'5*qwind *W

column

*H? =7230.38kNm

Foundation

The foundation consists of 23 piles underneath a foundation slab with the dimensions:

L, =9m Length foundation slab (assumption)
Wi =9m Width foundation slab (assumption)
T, =2m Thickness foundation slab (assumption)
The foundation slab is considered as an infinite stiff slab.
Y

— My

| B T ——————__]_ 1Angle phi

| I

| |

| |

[ ;

‘ ‘ ‘ - ‘________________JI
‘ NY2=-2m NY3=2m ‘
| NY1=-4m NY4=4m
Figure 194: Rotation of the stiff foundation slab
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Dead load of the foundation slab:

F, s =Ls *W, *T *p, *g =3973.05kN

The spring stiffness of a pile is (assumption):
k =100000kN /m

The force in a pile due to a moment is:
Fpile = k*ni *§0

The moment at the foundation is:

M =2k*ni2*g0=k*(/72ni2

The rotation stiffness of the foundation is:
2
C =_=(p—zt'= k*zniz
() (2

The rotation stiffness of the foundation in transversal direction is:

C, =k*Y ny,” = 20000000kNm/ rad

The rotation stiffness of the foundation in longitudinal direction is:

C, =k*> nx,~ =16800000kNm/rad

G.2.5 Stability

Fcr?o? FCFW Fcr‘?

El Flzw
B s e A
Figure 195: Structural model
72.2 * Ec eff * Icolumn
Fo1= ’| 5 =257742.18kN Critical buckling force mode 1
c
Where:
E
ot = =16944.49N / mm® Effective modulus of elasticity of concrete
’ 1+ ¢(o,t,)
E,, =37277.87N /mm? Secant modulus of elasticity of concrete
@(o,t,) =1.2 Creep coefficient, see B.5.5: creep
I, =2*H =30m Effective length column
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C
Foo = Fy =1333333.33kN Critical buckling force mode 2

Total critical buckling force:

L o1 1 F . -215080.90kN
Fow F.. F ’

cr tot

cr,l cr,2

Vertical force at the top of the column, ULS:

— * * * * —
I:v,viaduct,uls - qtot,uls L+ Qv,tendons 7/G,unfav + Qv,anchorage 7G,unfav + Qv,widening 7G,unfav - 1096981kN

Where:
qtot,uls = 7/G,unfav * gdead + 7G,unfav * g perm + 7Q,unfav *qvar = 22759kN /m
7/G,unfav = 135

7Q,unfav = 15

Factor n:

cr,tot

n:
F

v,viaduct,uls

=19.69 >10 — Ok, structure is stable

2" degree magnification factor:

N 105
n-1

G.2.6 Stiffness

Foans ~H®
=3 I;’trans < =0.0220m Deflection at the top due to the horizontal force at the
ceff

h
column

top of the column

* * 14
5 =qwind Wcolumn H

; " ~ =0.0008m Deflection at the top due to wind load at the column
8 Ec,eff Icolumn
o, = C—y* H =0.0054m Deflection at the top due to rotation of the foundation
y
slab

Total 2nd order deflection at the top:

S = (6, +5, +9, )*ﬁ = 0.0297m

The maximum allowed deflection at the top:

5. = _003m
500
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Deflection check:

O =0.0297m <6, = 0.03m — Ok, structure is stiff enough

max

The 2™ order rotation of the foundation slab:

M y n
¢ =—>*——=0.0004rad
Cy n-1

The maximum allowed rotation of the foundation slab [23]:

1
=——=0.0033rad
P max 300

Rotation check:

@ =0.0004rad < ¢, =0.0033rad — Ok

G.2.7 Foundation piles

Pile force
Total vertical force at the piles, ULS:

F =F +F *7G,unfav + I:v,fs *7G,unfav = 1832478kN

v, piles v,viaduct,uls v,column

Total horizontal force at the piles, ULS:

Fh =F *7/Q,unfav + qwind *yQ,unfav *w *H =757.13kN

— ' h,trans column

Total moment at the foundation slab in transversal direction, ULS:

2
M y = I:h,trans *7Q,unfav * H + 0'5*qwind *J/Q,unfav *Wcolumn * H + 5tot * I:v,viaduct,uls = 1117173kNm
Total moment at the foundation slab in longitudinal direction, ULS:
M, = Fiiong * Vountay * H = 7340.56kNm
The number of piles:
n,=23
The maximum allowed pile force (assumption):
P raxation =1200kN per pile
- I:v piles
P, =———=-796.73kN Load on piles due to vertical load
Ny
M y
Py ==Y e K= ‘y 223.43kN Load on the outside piles in transversal direction due
C —
y
to the moment in the transversal direction
M
Py =—""NX,x *K = ‘7174.78kN Load on the outside piles in longitudinal direction due
C —
X
to the moment in the longitudinal direction
Where:
NY s = 4m
NX gy = 4M
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The maximum pile force in the corner piles of the foundation slab is:

P =P, =P, — P, =-1194.94kN <P =1200kN — Ok

max,allow

The minimum pile force in the corner piles of the foundation slab is:

Pon = P, + Py + P, = —398.52kN

Most likely in all load phases the piles will not be in tension considering the large vertical force.

Pile head moment due to horizontal force

The pile is schematised as a beam of infinite length on one side and is fixed in the foundation slab on
the other side. The pile which is supported by linear elastic springs (soil) is subjected to a
concentrated horizontal force at the foundation slab. The structural model for a pile subjected to the
horizontal force is shown in Figure 196.

Fh
o

) Mpwte

/\\_/
Figure 196: Structural model piles

Characteristics of the piles:

W = 0.42m Width of the pile
h e =0.42m Depth of the pile
A =Wy *hje = 0.1764m? Cross-sectional area of the pile
it = %*Wpile * hpi,e3 =0.0026m* Moment of inertia of the pile
Eie = Ee =37277.87N / mm?® Modulus of elasticity of the pile, assumption of
uncracked pile as the vertical pile force is large
Cotrectivewidth = 1+ Factor for determining the effective width of the pile
k = 3000kN /m? Modulus of subgrade reaction
Koie = K* Wi *Cogrectvenian = 1890KN /m?  Modulus of subgrade reaction of pile
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The pile head moment in one pile is [19]:

1R

pile

2 n,
=—=31.12kNm
2* B

Where:

k .
p=3/-—""—=0.26m™
4Epi|e| pile

The required reinforcement at one side of the pile is:

M pile 2
——=A*f, > A =209.21mm

z
Where:
z=0.9*d =0.342m Lever arm of internal forces
d=h, —c=0.38m Effective depth
¢ =40mm Concrete cover, see B.3.3
fo="f,lys=435N / mm? Design yield strength of reinforcement
f, =500N/ mm? Characteristic yield strength of reinforcement
v, =115 Partial factor for reinforcing steel

The total required reinforcement in a pile is:

A, . =4* A, =836.84mm’

The reinforcement percentage in a pile then becomes:

©, = At w1000 = 0.47%

pile

The maximum reinforcement percentage in a column/pile is:

Oy = 4%

Reinforcement percentage check

w, =0.47% < w,,, = 4% — Ok

max

G.2.8 Stresses in column

Total vertical force at the bottom of the column, ULS:

= =F +F * Voumiar =12961.16kN

v, tot,bot,column v,viaduct,uls v,column

Total moment at the bottom of the column in transversal direction, ULS:

M, =F *7Q,unfav *H+ O'S*qwind *]/Q,unfav *w, *H ? + §tot *F =1117173kNm

y — ! htrans column v,viaduct,uls

The compressive stress in the column due to the vertical force is:

p— - Fv,tot,bot,column — _3.23N /mmz

n
Acolumn
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The stress in the column due to the moment in transversal direction is:

M
o=/ =4/ 813N /mm’

column

m

The maximum compressive stress in the column is:

O = Op — 0 =—11.37N /mm?

The minimum compressive stress in the column is:

Comin = O, +0, =4.90N /mm’

There arises tension in the column which means that the section is cracked. The assumption that the
effective modulus of elasticity of concrete should be taken into account is thus correct.

G.2.9 Overview weight contribution of elements

In the table below the contribution to the total vertical load at the piles is given for the different loads.

Percentage of

Loads Value the total vertical
load at the piles
Dead load box girder Ogead < L 3123 kN [ 23.51 %
Dead load box girder +
tendons + anchorage | Ggead L+ Qytendons + Qu.anchorage | 3417.14 | kN | 25.73 %
and deviation blocks
Total load box girder
fuIIy loaded ¢ qtot *L+ Qv,tendons + Qv,anchorage 7589.09 kN 57.14 %
Dead load column F cotumn + Qu widening 1720.32 | kN | 12.95 %
Dead load foundation F 3973.05 kN | 29.91 o
slab v.fs
, Ot * L+ Q, tendons + Qu.anchorage T
;[I"]oeta|"veasrt|ca| load at tot v,tendons v,anchorage 13282 46 | kN 100 %
P I:v,column + Qv,widening + Fv,fs

G.3 Column + foundation in combination with a FRP sandwich girder

G.3.1 General

This Appendix presents the calculations of the column + foundation of the elevated metro structure
with a FRP sandwich girder. First the cross-sectional properties of the column are described.
Paragraph 3 deals with the loads to which the column is subjected. The geometry and characteristics
of the foundation are treated in paragraph 4. Furthermore this Appendix describes the calculations on
stability and stiffness of the structure in respectively the paragraphs 5 and 6. The forces in the piles
and stresses in the column are treated in paragraph 7 and 8. Finally this Appendix gives an overview
of the weight contribution of the different elements of the structure.

The formulas and values used in the calculations are taken from [11] and other references, which are
then stated in the text.
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G.3.2 Column C50/60

Railway girder

Widening of the column

Column

Foundation slab

15000

Figure 197: Schematisation of the elevated metro

structure with a FRP sandwich girder

Length span sandwich girder
Height column

Width of the column

Inner radius drainage tube
Moment of inertia of the column
Cross-sectional area of the column

Section modulus column

Dead load column:

Drainage tube

\@ Wcolumn

e
R\ﬂ

Wcolumn

Figure 198: Cross-section column

L =45m
H =15m
Wcolumn = 208m
r, =0.15m
Icolumn = i*Wc0|umn4 _l*ﬂ'* rin4 = 1559m4
12 4

2 2 2
Aco|umn = WColumn - 7[* rin = 4256m

I
Wcolumn = —C/Z = 1499m3

column

Fcoum = A *H * p. *g =1565.57kN

Where:

p. = 2500kg /m® Density of concrete

g =9.81m/s? Acceleration due to gravity

G.3.3 Loads at the top of the column

Vertical force at the top of the column

l:v,viaduct = qtot *L+ Qv,widening = 6165kN

Where:

qtot = gdead + g perm + q\,ar = 12719kN /m

Ogeaq = 34.48KN /m
9 perm = 34.42kN /m
0y =58.29kN /m

Dead load sandwich girder
Permanent load at the sandwich girder

Variable load of the metros and snow loading
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vawidemng =Vwidemng *p.* g =441.45kN Dead load extra concrete for widening of the
column at the top
VWi dening = 18m? Assumed volume of extra concrete for

widening of the column at the top

Horizontal force at the top of the column in longitudinal direction of the viaduct

I:h,long :qr;_ob*¢*aa *L+qg_0b*¢*ad *L= 32625kN

Where:

Quop = 25.5KN /m per track Mobile load (metros)
¢=1+4/(10+L)=1.07 Dynamic factor

a, =1.2m/ s? Maximum acceleration of the metros [8]
ay = 1.4m/s? Maximum deceleration of the metros [8]

Horizontal force at the top of the column in transversal direction of the viaduct

I:h,trans = qwind * Hviaduct * L + Qsidewf = 50588kN

Where:
O,ing =1.5KN /m? Wind load
H iaguet = Hsanawicn ¥ Husr = Huing = 7.05m Height superstructure subjected to wind forces
H Goiwicn = 3-04m Depth sandwich girder
H, =0.35m Height upper side rail, see Figure 90
H g =3.6m Range wind load on the superstructure, see
Figure 90
Qqigewr = 30kN Sideward force due to the metro
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G.3.4 Foundation
’: h,frans W f S
—
j o o ol |
NYi
: o o 050 O
— % w1
O O Oo— 0O o] >+
= —
— o o O O O
—
q wind — g g g 1
—
% ) - -
— Foundation slab 1 T -
% . T
— Piles 1
3 = |
— L N
— Figure 200: Pile foundation, top- and side-view
—
—
Figure 199: Load schematisation in
transversal direction

Moment at the top of the foundation slab in transversal direction

Tfs

M, =F

y h,trans

*H +O'5*qwind *W

column

*H? =7939.13kNm

Foundation

The foundation consists of 22 piles underneath a foundation slab with the dimensions:

_]_— tAngle phi

L, =9m Length foundation slab (assumption)
Wi =9m Width foundation slab (assumption)
T, =2m Thickness foundation slab (assumption)
The foundation slab is considered as an infinite stiff slab.
N
e My
| T T T ——
|| ,'I
|
L |
‘ ‘ ‘ - ‘___________ ____—‘I
‘ NY2=-2m NY3=2m ‘

NY1=-4m

NY&4=4m

Figure 201: Rotation of the stiff foundation slab
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Appendix G: Calculations column + foundation

Dead load of the foundation slab:

F, s =Ls *W, *T *p, *g =3973.05kN

The spring stiffness of a pile is (assumption):
k =100000kN /m

The force in a pile due to a moment is:
Fpile = k*ni *§0

The moment at the foundation is:

M = Z:k*ni2 *p= k"‘(pZ:ni2
The rotation stiffness of the foundation is:

* ok 2
C:M_k 2 Zni :k*zniz

» ®

The rotation stiffness of the foundation in transversal direction is:

C, =k*> ny,” =19200000kNm/ rad

The rotation stiffness of the foundation in longitudinal direction is:

C, =k*> nx,~ =15200000kNm/rad

G.3.5 Stability
Fcr?o? FU‘7 FU?
S El + Fl=w
B e e A
Figure 202: Structural model
72.2 * Ec eff * Icolumn
ol = ]| 5 = 289765.79kN Critical buckling force mode 1
c
Where:
E
ot = =16944.49N / mm® Effective modulus of elasticity of concrete
’ 1+ ¢(o,t,)
E,, =37277.87N /mm? Secant modulus of elasticity of concrete
@(o,t,) =1.2 Creep coefficient, see B.5.5: creep
I, =2*H =30m Effective length column
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C
Foo = Fy =1280000kN Critical buckling force mode 2
Total critical buckling force:
1 1 1
= + — F, o =236277.42kN
F F F ‘

cr,tot cr,l cr,2

Vertical force at the top of the column, ULS:

I:v,viaduct,uls = qtot,uls *L+ Qv,widening *7/G,unfav = 871621kN

Where:
qtot,uls = 7G,unfav * gdead + 7G,unfav * g perm + 7Q,unfav *qvar = 18045kN /m
7/G,unfav = 135

7Q,unfav = 15

Factor n:

cr,tot

n:
F

v,viaduct,uls

=27.11>10 — Ok, structure is stable

2" degree magnification factor:

n

—=1.04
n-1
G.3.6 Stiffness
Fogans *H°
= hrns =0.0215m Deflection at the top due to the horizontal force at th
h =k " =0. eflection at the top due to the horizontal force at the
3 Ec,eff Icolumn
top of the column
qwind *Wcolumn * H ) . .
o, = " " =0.0007m Deflection at the top due to wind load at the column
8 Ec,eff Icolumn
M,
o, = C—* H =0.0062m Deflection at the top due to rotation of the foundation
y
slab

Total 2™ order deflection at the top:

S = (6,405, +9, )*ﬁ — 0.0296m

The maximum allowed deflection at the top:

H
5. =——=0.03m
500
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Appendix G: Calculations column + foundation

Deflection check:

O =0.0296m <5, =0.03m — OK, structure is stiff enough

max

The 2™ order rotation of the foundation slab:

M y n
¢ =—=*——=0.0004rad
Cy n-1

The maximum allowed rotation of the foundation slab [23]:

1
=——=0.0033rad
P max 300

Rotation check:

@ =0.0004rad < ¢, =0.0033rad — Ok

G.3.7 Foundation piles

Pile force
Total vertical force at the piles, ULS:

F =F +F *7G,unfav + I:v,fs *7G,unfav =16193.35kN

v, piles v,viaduct,uls v,column

Total horizontal force at the piles, ULS:

I:h =F *7Q,unfav + qwind *7Q,unfav *w, *H = 82901kN

— ' h,trans column

Total moment at the foundation slab in transversal direction, ULS:

2
M y = I:h,trans *7Q,unfav * H + 0'5*qwind *J/Q,unfav *Wcolumn * H + 5tot * I:v,viaduct,uls = 121665kNm
Total moment at the foundation slab in longitudinal direction, ULS:
M, = Fh,long *7’Q,unfav *H =7340.56kNm
The number of piles:
n, =22
The maximum allowed pile force (assumption):
P axaiow = L200kN per pile
- I:v piles
P, =————=-736.06kN Load on piles due to vertical load
Ny
Poy = —L*ny  *k= V 253.47kN Load on the outside piles in transversal direction due
C —
y
to the moment in the transversal direction
M
Py =—""NX,x *K = 7193.17kN Load on the outside piles in longitudinal direction due
C —
X
to the moment in the longitudinal direction
Where:
NY s = 4m
NX gy = 4M
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The maximum pile force in the corner piles of the foundation slab is:

Proc = P, = Py — Poye = —1182.7KN < P, 1, = 1200kN — Ok

ax,allow

The minimum pile force in the corner piles of the foundation slab is:

Poin = P, + Py + Py, = —289.42kN

Most likely in all load phases the piles will not be in tension considering the large vertical force.

Pile head moment due to horizontal force

The pile is schematised as a beam of infinite length on one side and is fixed in the foundation slab on
the other side. The pile which is supported by linear elastic springs (soil) is subjected to a
concentrated horizontal force at the foundation slab. The structural model for a pile subjected to the
horizontal force is shown in Figure 203.

Fn
—

) Mpwte

/\\_/
Figure 203: Structural model piles

Characteristics of the piles:

Wi = 0.42m Width of the pile

h e =0.42m Depth of the pile

Al =Wy *he = 0.1764m? Cross-sectional area of the pile

it = %*Wpile * hp”e3 =0.0026m* Moment of inertia of the pile

E i = Eqn =37277.87N/mm? Modulus of elasticity of the pile, assumption of
uncracked pile as the vertical pile force is large

Coftectivewicth = 1+ Factor for determining the effective width of the pile

k = 3000kN /m? Modulus of subgrade reaction

Kite = K™ Wit *Cottectivewian = L89O0KN /m?  Modulus of subgrade reaction of pile

286 The elevated metro structure in concrete, UHPC and composite

Delft
e t University of
Technology




Appendix G: Calculations column + foundation

The pile head moment in one pile is [19]:

1R

pile

2 n,
=——— =35.63kKNm
2* B

Where:

k .
p=3/-—""—=0.26m™
4Epi|e| pile

The required reinforcement at one side of the pile is:

M pile 2
— = A K — A =239.49mm

z
Where:
z=0.9*d =0.342m Lever arm of internal forces
d=h, —c=0.38m Effective depth
¢ =40mm Concrete cover, see B.3.3
fo="f,lys=435N / mm? Design yield strength of reinforcement
f, =500N/ mm? Characteristic yield strength of reinforcement
v, =115 Partial factor for reinforcing steel

The total required reinforcement in a pile is:

A, =4* A =957.94mm?

The reinforcement percentage in a pile then becomes:

©, = At w1009 = 0.549%

pile

The maximum reinforcement percentage in a column/pile is:

Oy = 4%

Reinforcement percentage check

w, =0.54% < w,,, = 4% — Ok

max

G.3.8 Stresses in column

Total vertical force at the bottom of the column, ULS:

F ys + Fy coum * 76 untar = 10829.73kN

v, tot,bot,column v,viaduct,uls v,column

Total moment at the bottom of the column in transversal direction, ULS:

2
M y = I:h,trans *7Q,unfav * H + O'S*qwind *]/Q,unfav *Wcolumn * H + é‘tot * Fv,viaduct,uls = 121665kNm
The compressive stress in the column due to the vertical force is:
~F
O_n — v,tot,bot,column — —254N /mmz
Acolumn
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The stress in the column due to the moment in transversal direction is:

M
o,=1 —

=J/_8.11N/mm2

m
column

The maximum compressive stress in the column is:

Corx =0y — 0, =—10.66N / mm?

The minimum compressive stress in the column is:

Comin = O, +0, =557N/mm?

There arises tension in the column which means that the section is cracked. The assumption that the
effective modulus of elasticity of concrete should be taken into account is thus correct.

G.3.9 Overview weight contribution of elements

In the table below the contribution to the total vertical load at the piles is given for the different loads.
Percentage of
Loads Value the total vertical
load at the piles
Dead load FRP girder Ogeag *L 1551.6 kN [ 13.26 %
Total load sandwich * o
girder fully loaded Ghoc L 5723.55 | kN | 489 &
Dead load column F cotumn T Qu widening 2007.02 | kN [17.15 %
Dead load foundation | F 3973.05 | kN |33.95 %
; Ot L+ F o T+
Ticl)éasl vertical load at the tot v,column 1170362 | kN | 100 %
P Qv,widening + I:v,fs
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Appendix H: 3D-impressions three designs

Appendix H: 3D-impressions three designs
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Appendix I: Alternative solutions and assumptions for the substructure

Appendix I: Alternative solutions and assumptions for the

substructure

1.1 The application of columns made of UHPC instead of concrete

Columns made of concrete C50/60 |

Columns made of UHPC C180

Cross-section of
the elevated metro
structure in
transversal
direction

Pile foundation,
top- and side-view

[m} [m} (m] [m} (m]
[m} [m} (m] [m} (m]
[m} [m} (m] [m} (m]
[m} [m} (m] [m} (m]
[m] [m] [m] [m] [m]

Columns made of

Columns made of

concrete C50/60 UHPC C180 Unity
Width of the column Weoumn | 2.06 1.67 m
Number of piles n, 25 25
Length foundation slab L 9 9
Width foundation slab Wi, 9 9
Thickness foundation slab T 2 2
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1.2 Changing the spring stiffness of the piles

k = 50000 kN/m

| k =100000 kN/m |

k =150000 kN/m

Cross-section of
the elevated metro
structure in
transversal
direction

| | | |
T R A | N

|
P I

a o [m] a a a a a o a a
[m] a [m] [m] [m] [m] [m] [m] [m] [m] [m]
[m] [m] [m] [m] [m] [m] [m] [m] [m] [m] [m]
Pile foundation, c 00 00 00 00en c
top- and side-view o o o o o o O o O o
k =50000 k =100000 k =150000 Unit
kN/m kN/m kN/m y
Width of the column Weoumn | 2.09 2.06 2.02 m
Number of piles n, 26 25 25
Length foundation slab L 11 9 9
Width foundation slab Wi, 9 9 9
Thickness foundation slab T 2 2 2
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Appendix I: Alternative solutions and assumptions for the substructure

1.3 Changing the height of the columns

H=5m

| H=10m | H=15m | H=20m

H=40m

Cross-section of
the elevated metro
structure in

transversal

direction @

Pilefoundation, 0 0O O O O 0O 0O O O O 0 0o O O O 0 0O 0o 0O O O 0 0 0O o o oo o

op-andsideview | [ oot el prced pooiid futccr
“I1r - "I T - B B I B R

H=5 | H=10 | H=15 | H=20 | H=40 Unity
m m m m m

Width of the column Weoumn | 114 1.64 2.06 2.35 3.35 m
Number of piles n, 18 22 25 30 51
Length foundation slab Ly 9 9 9 11 15
Width foundation slab Wi 7 9 9 9 13
Thickness foundation slab T 2 2 2 2 2
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Appendix J: Costs

J.1 Costs elevated metro structure C50/60

45.00 |m |
(Omschrijving aantal hoogte lengte dikte breedte diverse totaal ehd prijs per prijs per Prijs per
inm inm inm inm eenheid stuk per onderdeel
Poeren € 148,438
grondwerk 162.00 1.500 243.0 [ st 25.0 ,075
palen .00 250 st 1,250.0 31,250
poer 162.00 162.0 | m3 350.0 56,700
kolom .55 726 | m3 750.0 54,413
Viaduct 1952 | kg | € 1,511.86 € 295,115
bekisting 1.00 45.00 8.96 403.20 1,087.2 | m2 | € 100.00 | € 108,720
1.00 45.00 4.00 180.000
.00 45.00 2.80 504.000
beton (€ 150/m3 koop) 195.20 195.2 | m3 [ € 175.00 34,160
wapening 195.20 75.000 14,640.0 | kg 1.20 17,568
222.00 45.00 1.520 15,181.8 | kg 5.00 75,909
ontkisten 0 0| pst 3,488.00 3,488
transport 15.0 15.0 | pst 350.00 5,250
.0 0 st 250.00 00
montage (reservering) 0 0| pst 30,000.00 30,000
voegen 4.34 0.30 1500 1,952.0 [ dm 10.00 19,520
€ 443,553
controle € 443,553
Kosten veld € 443,553
kosten op investeringsniveau
direct € 443,553
nader te i 15.0%| € 66,533
indirect 27.5%| € 121,977
nader te i 15.0%| € 18,297
[
direct + indirect € 650,359
[
object onvoorzien 15.0%| € 97,554
bouwkosten € 747,913
16.0%| € 119,666
overige bij kosten 6.0%| € 44,875
€ 912,454
project onvoorzien 15.0%]| € 136,868
[
investeringskosten € 1,049,322
I I
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J.2 Costs elevated metro structure C180

Viaduct C180 45.00 [m |
|
Omschrijving aantal | hoogte | lengte dikie | breedte | diverse Totaal ehd prijs per prijs per Prijs per
inm inm inm inm eenheid stuk per onderdeel
[
Poeren € 144,138
grondwerk 162.00 1.500 243.0( st 25.0 6,075
palen 23.00 230 st 1,250.0 28,750
poer 162.00 162.0 | m3 350.0 56,700
kolom 70.15 70.2 | m3 750.0 52,613
Viaduct 1294 ] kg [ € 2,313.88 € 299,416
bekisting 1.00 45.00 8.96 403.20 1,017.0 [ m2 | € 100.00 | € 101,700
1.00 45.00 4.00 180.000
4.00 45.00 241 433.800
beton (€ 500/m3 koop) 129.40 1294 | m3 | € 448.09 [ € 57,982
wapening 129.40 75.000 9,705.0 | kg | € 120 € 11,646
222.00 45.00 1.520 15,1818 | kg | € 5.00] € 75,909
ontkisten 1.0 1.0 pst | € 3,488.00 | € 3,488
transport 15.0 15.0 | pst | € 350.00 | € 5,250
2.0 20| st [€ 250.00 [ € 500
montage (reservering) 1.0 1.0 pst | € 30,000.00 | € 30,000
voegen 2.88 0.30 1500 1,294.0 | dm | € 10.00 | € 12,940
€ 443,553
controle € 443,553
Kosten veld € 443,553
kosten op investeringsniveau
direct € 443,553
nader te 15.0%| € 66,533
indirect 27.5%| € 121,977
nader te 15.0%| € 18,297
direct + indirect € 650,360
[
object onvoorzien 15.0%| € 97,554
€ 747,914
16.0%| € 119,666
overige kosten 6.0%| € 44,875
€ 912,454
project ) 15.0%| € 136,868
[
investeringskosten € 1,049,323
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J.3 Costs elevated metro structure FRP

Viaduct FRP 45.00 [m |
Omschrijving aantal | hoogte | lengte dikie | breedte | diverse Totaal ehd prijs per prijs per Prijs per
inm inm inm inm eenheid stuk per onderdeel
% € 151,700
grondwerk 162.00 1.500 243.0( st 25.0 6,075
palen 22.00 220] st 1,250.0 27,500
poer 162.00 162.0 | m3 350.0 56,700
kolom 81.90 819 | m3 750.0 61,425
Viaduct € 291,853 |
VVK sandwich ligger 1.00 45.00 9.00 405.00 405.0 [ m2 |'€ 719.39 | € 291,353
2.0 20| st [€ 250.00 [ € 500
€ 443,553
controle € 443,553
Kosten veld € 443,553
kosten op investeringsniveau
direct € 443,553
nader te 15.0%| € 66,533
indirect 27.5%| € 121,977
nader te detali 15.0%| € 18,297
direct + indirect € 650,360
object onvaor‘z\en 15.0%| € 97,554
€ 747,914
16.0%| € 119,666
overige kosten 6.0%| € 44,875
€ 912,454
project ) 15.0%| € 136,868
investerin sl‘(csten ‘ € 1,049,323
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Appendix K: Comparison fatigue verifications for concrete

Appendix K: Comparison fatigue verifications for concrete

K.1 General

The optimisation process of the concrete box girder showed that fatigue of the concrete is normative
for the optimal design. In this design study the fatigue verification according to Annex NN.3.2 NN.112
[12] (Eurocode) is applied. The normative section of the box girder is at the deviation blocks at the
bottom side. Here: the permanent as well as the maximum compressive stress at t=« is

Cmx =13.12N/mm? and the minimum compressive stress iso,,;, =8.90N/mm’. As these

compressive stresses are not very large and the fluctuation is small it is however quite remarkable that
fatigue of the concrete is normative for the design. The more as the box girder is always fully
prestressed and no tension stresses arise. For this reason, this appendix deals with comparison of
different fatigue verifications for concrete in order to check whether fatigue is indeed that normative.
First, the applied verification for the box girder design is described. The second verification is another
fatigue verification according the Eurocode. The last two fatigue verifications are according NEN 6723
[14]. The conclusions of the comparison between the four verifications are treated in the last
paragraph. The considered section of the box girder is at the deviation blocks at the bottom side.

min

K.2 Verification according to Annex NN.3.2 [12] (Eurocode)

The fatigue verification for concrete is calculated according to Equation NN.112 [12]:

1-E
14*M26%%*m+5w'maxlequ=0.998§1.0aok

\/1_ Requ

Where:
Ecd,min,equ .
Ry =—"—=0.75 Stress ratio
cd ,max,equ
O-cd,min,equ . .
Eeominequ =Vsa —5——— = 0-99 Minimum compressive stress level
cd, fat
O-cd,max,equ . .
Eeomaxequ =Vsa —5 =078 Maximum compressive stress level

cd, fat

fc
fcd, fat — klﬂcc (tO) fcd (1_ 25?-)

) =19.27N /mm? Design fatigue strength of concrete

1/2
28
B (t) =expss {1— (Tj } — £, (t28)=1.0 Coefficient for concrete strength at first load
application

k,=0.85 Recommended value for N =10°cycles

Vg =1.15 Is the partial factor for model uncertainty for action/action effort

Ot maxeqn = Tc.perm — A (T max — T, perm) = 13.12N / mm? Upper stress of the ultimate amplitude
for N cycles

Ot minequ = Oc.perm — 4 (¢ perm — O min) = 9-80N / mm? Lower stress of the ultimate amplitude
for N cycles

O perm =13.12N / mm? Permanent stress, without variable load, see Eq. (14)
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O max =13.12N / mm?

o. . =8.90N /mm?

;Lc = ;i’c,O *ﬂ’c,l *;Lc,z,s *ﬂc,4 =0.79

GC erm
Joo=094+02—22" >1-108

cd, fat

2, =0.75

Maximum compressive stress, without variable load,
see Eq. (14)

Minimum compressive stress, with variable load, see
Eq. (10)

Correction factor to calculate the upper and lower
stresses of the damage equivalent stress

Is a factor to take account of the permanent stress

Is a factor accounting for element type, see Table

NN.3 [12]: (1) compression zone, s* standard traffic
mix and simply supported beam

1 Vol 1 N years :
Aoz =1+=l0g| ——— |+=log o0 =0.98 Is afactor to take account of the traffic volume

8 25*10° | 8

and the design life of the bridge

Vol =Q,.,, / 9 *6*24*365 =15848367tonnes/ year / track Assumption of 6 metros per hour

Q.etro = Uy *116m = 2958kN
N e, =100years
A, =1.0

116 metres is the length of a metro
Is the design life of the viaduct

Is a factor to be applied when the structure is loaded

by more than one track, is the most conservative
value

K.3 Verification according to the National Annex [13] (Eurocode)
The fatigue verification for concrete is calculated according to Miner's rule taking into account

Equation 6.106.b [13]:

> _013<15 0k
i=1 Ni

Where:
m=1
n=2*6*24*365*100=10,512,000

1-E
N =10A(14[ﬂ = 83,099,029
J1-R D

Number of intervals with constant amplitude
Actual number of constant amplitude cycles in interval
“i”: Assumption of 6 metros per hour per track

Ultimate number of constant amplitude cycles in

interval “i” that can be carried before failure

E )
R=—%<"" _0.68 Stress ratio
cd,max
o .
Ectmin = —min — 0,46 Minimum compressive stress level
fcd,fat
o
Eetmax = «dmx —0.68 Maximum compressive stress level
fcd,fat
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fot e = KB (L) T (1— fo j =19.27N /mm? Design fatigue strength of concrete
O max =13.12N / mm? Upper stress in a cycle, see Eq. (14)

O min = 8-90N / mm?® Lower stress in a cycle, see Eq. (10)

K.4 Verification according to 9.6.2.2.a.1 [14] (NEN 6723)

The fatigue verification for concrete is calculated according to 9.6.2.2.a.1 [14]. This verification holds
for road traffic:

=13.12N/mm? < S, (n) =19.22N /mm?* — Ok

Sb;d;max

Where:

Spidimax = Opamax = 13.12N /mm?

O';J;d;max =13.12N / mm? Upper stress in a cycle, see Eq. (14)

S, (n) = f,.., (n)=18.14N /mm?
fouy (M) = (1—0.1*y1-R *logn)* f,, =19.22N /mm?  Design value of concrete compressive
strength at n cycles

Cp-domi
R =—24m _ 0,68 Stress ratio
O_b;d;max
Cogomin = 8.90N /mm? Lower stress in a cycle, see Eq. (10)
Nn=2*6*24*365*100=10,512,000 Actual number of constant amplitude cycles in interval
“i”: Assumption of 6 metros per hour per track
foy = fb';rep;v ly. =31.88N/mm? Design fatigue strength of concrete
Forepy = 0.5*(fb';rep;k - 0.85*30)+ 0.85*30 = 38.25N / mm? Representative fatigue
compressive strength of concrete
fpireps = 0.85* f, =51.0N /mm? Representative short term concrete compressive
strength
v, =12 Partial factor for concrete
K.5 Verification according to 9.6.2.2.a.2 [14] (NEN 6723)

The fatigue verification for concrete is calculated according to Miner's rule in 9.6.2.2.a.2 [14]. This
verification holds for road as well as railway traffic:

m

> 0.00039 <1-> Ok

i=1 i

Where:
m=1 Number of intervals with constant amplitude

N=2*6*24*365*100=10,512,000 Actual number of constant amplitude cycles in interval
“i”: Assumption of 6 metros per hour per track
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10 Coam 1-Ey
N =107 1 —Ddmax b 10A] 10| — =0 || = 2.69*10% Ultimate number of
R f, J1-R

constant amplitude cycles in interval “i” that can be
carried before failure

Vv

Cpgmi
R =—24m _ 0,68 Stress ratio
Gb;d;max
O'l;;d;max =13.12N / mm? Upper stress in a cycle, see Eq. (14)
Cogomin = 8:90N /mm? Lower stress in a cycle, see Eq. (10)
O-kl)'d'max ; ;
Emx = =041 Maximum compressive stress level
byv
foy = fb';rep;v ly. =31.88N/mm? Design fatigue strength of concrete
fr ey = 0.5% (00 —0.85%30)+0.85%30 =38.25N /mm?  Representative fatigue
compressive strength of concrete
fb'm;k =0.85* f, =51.0N /mm? Representative short term concrete compressive
strength
Vo =12 Partial factor for concrete

K.6 Comparison different verifications

The applied fatigue verification according to Annex NN.3.2 [12] is a simplified approach based on A
values, which may be used for railway bridges. This simplified approach results in a conservative
fatigue verification, which is even normative for the design. Another fatigue verification according to
the National Annex of the Eurocode (see K.3) shows that fatigue is not that critical. The fatigue
verification according to0 9.6.2.2.a.2 [14] (NEN 6723) for railway traffic also uses Miner’s rule, just as in
K.3, but results in a unity check which is much easier satisfied than the one according the Eurocode
(compare K.3 and K.5). The reason for this difference is twofold:

e The factor 14 instead of 10 in the formula of the ultimate number of constant amplitude cycles

in interval “i” that can be carried before failure
e The difference in the design fatigue strength of the concrete

This is shown in the overview below:

E 1-E
N turocode =107 (14(%]) =83,099,029VS N gy 6705 =107 [10(%}] =2.69*10"

O-cd,max O-l;;d;
E =—">=0.68 VS E macnensros = - =0.41

cd,max,Eurocode f f
cd, fat b

RY

f
fcd,fat = kl cc (tO) fcd (1_ ngo

j:19.27N Imm? Vs fo, = fo o/ 7 =31.88N/mm?

Especially the difference in the design fatigue strength of the concrete according the two codes has a
large contribution to the difference in the ultimate number of constant amplitude cycles in interval “”
that can be carried before failure. Notice that the design fatigue strength of concrete according the

Eurocode: f 4  =19.27N / mm? looks like the design value of the concrete compressive strength at

n cycles according NEN6723: f_. . (n) =19.22N /mm?(see K.4). It is however contradictory if

b;u;v

fyy (N) is meant with f, ., in the Eurocode verification as f,. .., (n) already includes n cycles of

loading. Therefore, applying Miner’s rule with fb';u;V (n) is not correct as then the fatigue loading (n
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cycles) is taken into account two times. Because the difference in the design fatigue strength of the
concrete according the two codes is large, which has a large impact on the fatigue verification, it is
recommended to verify the formula for the design fatigue strength of the concrete:

fog e = KifBee (1) g (1— ngko) according the Eurocode.

Nonetheless, the other fatigue verifications for concrete show that fatigue is not normative for the box
girder design. In the optimisation process of the concrete box girder the conservative fatigue
verification according to Annex NN.3.2 [12] is taken into account. In reality the fatigue verification for
concrete is thus not normative. When the fatigue verification is not normative for the box girder the
verification of the ultimate resistance moment of the box girder at t=0 becomes normative. The result
of the optimal concrete box girder taking into account the new normative verification is shown below.
Notice that the difference with the optimal design presented in Chapter 4 is small and the difference in
substructure between the two designs is even marginal (see Chapter 9). The optimal design of the
concrete box girder shown below is however not taken along in this design study. This is because this
box girder design does not results in a radically different design of the elevated metro structure except
that the normative verification for the box girder is not fatigue but the ultimate resistance moment of
the box girder at t=0.

The cross-section of the box girder is shown in Figure 204, where:

Length span L 45 m
Depth box girder H 2.75 m
Width top flange by 8.96 m
Thickness top flange t 0.25 m
Width web b, 0.16 m
Width bottom flange by 4 m
Thickness bottom flange t 0.25 m
Width box top side Dooxts B m
Cantilever length top flange Lo 1.98 m
Depth webs Hox 225 m
(Bypoxs =0y ) /2
Angle of webs with vertical axis «,, = tan™ e T 1-11.31°
H box + tbf
Furthermore:
Dead load of the concrete box girder: Ogeag = 97.12kN /m
Distance of deviation blocks to supports a=16m
Width of the column Weomn = 2.05m
Number of piles n, =25
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Figure 204: Cross-section of the box girder
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Figure 205: Cross-section of the elevated metro structure
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Figure 206: Pile foundation, top- and side-view
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Figure 207: Layout external prestressing tendons
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