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8.2
Layout

Slide view of a suspension bridge
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8.3
Design of Main Cable Structures

8.3.1
Introduction

The procedure followed in this chapter has provision for a windguy arrangement (refer to Chapter 9). Refer to Chapter 10, Special Design, if in very rare cases it is not possible to provide a windguy arrangement.

The layout and the initial loading is based on the structure under dead load.

The freeboard has to be maintained for any cable alignment (including windguy cables) at dead load case.

An overview of the main parameters and their relevant loading cases are given below.

	Loading Case
	Load
	Relevant for Determining
	Refer to

	Hoisting
	dead load of main  cables
	– hoisting sag of main cable
	8.3

	Dead load
	all dead loads and  pre‑tension of  spanning cables
	– initial loading case, free board

– length of suspenders

– stabilizing measures, tower erection
	8.3

8.8

8.9

	Full load
	all dead loads and 

live load
	– number and size of main cables

– design of main cable foundations
	8.3

8.7

	Wind load
	wind load acting on 

the walkway
	– number and size of windguy cables

– design of windguy cable foundations
	9.4

9.5

	[A] dead load 

case and full wind load
	wind load acting on  main cables,  suspenders, and  towers
	– size of spanning cables

– rough check of tower

– design of walkway/tower foundations

	8.4

8.5

8.6

	[B] full load  case and

1/3 wind load
	
	
	


N.B.
It should be noted that the term "case" is used to clearly distinguish the loads (e.g., dead loads) from the loading case (e.g., dead load case = dead loads + pre‑tension of spanning cable).

8.3.2
Related Symbols

A
Sectional area of cables
mm2
D
= DL + DR
m

DL, DR
Backstay distance of main cables, distance between tower axis and

hinge of the main cable anchorage (front of main cable foundation for

design drawing 46/1)
m

E
Modulus of elasticity of cables
kN/mm2
H
Horizontal component of the cable tension
kN

L
Length of main cables between tower saddles
m

T
Main cable tension at saddle for frontstay
kN

Tappx
Approximate maximum tension of cables
kN

Tbreak
Minimum breaking load of cables
kN

TPerm
Permissible cable tension
kN

Tmax
Main cable tension at saddle for backstay (all main cables)
kN

Tsd
Pre‑tension of spanning cables for dead load case
kN

V
Vertical component of the frontstay main cable tension
kN

Vmax
Vertical component of the backstay main cable tension 
kN

Vtot
Total vertical load on tower saddle
kN

c
Camber, vertical distance from the spanning cable anchorage (top of

walkway & tower foundation minus 0.25 m) and the highest point of

the spanning cable
m

f
Sag, vertical distance from tower saddle to the lowest point of the


main cable
m

g
Loads
kN/m

gd
Dead weight of cable and walkway structures (subtotal of gd)
kN/m

gp
Pre‑tension of spanning cables expressed as equally distributed load
kN/m

ht
Tower height, vertical distance between top of walkway & tower

foundation and saddle
m

l
Bridge span, distance between tower axis
m

n
Number
-
p
Live load
kN/m


Frontstay cable inclination at saddle
deg

f
Backstay cable inclination = frontstay cable inclination at

saddle for full load
deg

fo
Initial approximation of f
deg

(
Cable diameter
mm

 
Increase / decrease of parameter due to changing load
-
Indices:
h 
hoisting load case
M
Main cables

d
dead load case
S
Spanning cables

f
full load case
W
Windguy cables
i
load case (either full or hoisting)
B
Back

R
Right bank
F
Front

L
Left bank

8.3.3.
Geometrical Parameters

A)
Main Cables

[image: image37.png]—

4c

0.]25





1)
Cable inclination at saddles

–
Frontstay angle:


F
=  arctan eq \f(4f,l ) 

deg

–
Backstay angle:


B
=  Ff
=  arctan eq \f(4ff, l)     arctan eq \f(4 (1.05 fd), l) 
deg

2)
Anchorage location out of DL and B:


hL
=  tanB · DL   =   eq \f(4ff, l ) · DL     eq \f(4.2fd, l ) ·DL    
m


hR          =  tanB · DR   =   eq \f(4ff, l ) · DR    

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3)
Length of cable (at dead load) between tower saddles:

         LMd        = l · 
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4)
Length of cable (at dead load) between anchorages (excluding overlapping 

length for fixation):

          LM
        =    LMd +   eq \f(DL + DR,cosbf) 





         m

The sag of the backstay cables should be considered for the hoisting load case only and can be neglected for dead and full load case where the shape of the cables is almost a straight line.

5)
Horizontal tension

HF
=    eq \f(g · l2,8 f)    
 HB






        kN

6)
Vertical load at saddles

VF
=    eq \f(g · l ,2)
  VB
kN

7)
Maximum tension

Tmax
=    eq \f(Hf,cosbf)    =    eq \f(g · l2,8ff)  eq \r(1 + 16 ( \f(ff, l ) )2)
kN
B)
Spanning Cable
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1)
Cable inclination:

c
=    arctan  eq \f(4c, l )
deg

2)
Tension:

TS
 TSH =     eq \f(gS · l2,8 c) 
kN

It has to be mention that depending on the load case and the pre‑tension, 

the spanning cable may become tensionless.

3)
Length of cable at dead load between tower axis:

LSd
=    l ·  eq \b\bc\[(1 + \f(8,3) ( \f(cd, l) )2) 
m

C)
Basic Calculation Principle

As the structure at dead load is the initial load, the sag ( ff ) of the full load case and the sag 
( fh ) of the hoisting load case have to be calculated. Wherein the maximum full load tension has to fulfill the safety requirements for the cables.
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	Parameter
	Load case

	
	Hoisting load
	Dead load
	Full Load

	Load
	gh
	gd
	gf

	Cable length
	Lh
= Ld +  (– Lh)
	Ld
	Lf        =  Ld + Lf

	Sag
	fh
= fd  +  (– fh)
	fd
	ff         =  fd + ff

	Horiz. Tension
	Hh
= Hd +  (–Hh)
	Hd
	Hf       =   Hd + Hd


The values of delta ( ) are the increase ( + ) or decrease ( - )caused by the elastic properties of the cables.

The different sags ( ff, fh ) can be determined by iteration as follows: 
with an assumed sag ( f* ) the corresponding load ( g* ) can be calculated (based on the dead load layout) and then compared with the actual load ( gf or gh). The difference is then judged.

If necessary, a new sag assumption must be made and the calculation repeated until sufficient accuracy is achieved.

Basic formulas for iteration

According to J. Melan [1] the increase / decrease of sag remains constant:

f
=   
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Wherein
m

 eq \f(15 DL1,a) 
=    increasing / decreasing sag caused by a change in cable length



     between saddles, and
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=    increasing / decreasing sag caused by a change in cable length at the



     backstay cables which results in the displacement of saddles.

The change of the cable length between the saddles is calculated with the average tension of

the main cables (within the span l)  Taverage  =     eq \f(2H + T,3) 
The increase / decrease of the cable length between the saddles is calculated as:

DL
=    eq \f(2H + T,3)  ·  eq \f(Ld,E · A)  ·  eq \f(Dg,g) 





        m

The displacement of the saddles caused by an increase / decrease in cable length of the backstay cables is calculated as

d
=   T ·  eq \f(D,E · A) ·  eq \f(Dg,g) +
Displacement of saddle caused by changing sag of

backstay cable (influence only on the hoisting sag calculation).

Displacement of saddles for cable hoisting:

Dh R/L
=    eq \f(Th · DR/L,E · AM)  ·  eq \f(gh – gd,gh) +  eq \f(gh2 · DR/L3,24 cosbf) ·  eq \b(\f(1,Hd2) – \f(1,Hh2)  ) 
m

8.3.4
Standard Design Parameters

A)
Span
Because of different suspender lengths the span must be fixed at an interval of 2.4 m which means that there must be one suspender at mid span. The distance from the tower axis to the first cross‑beam (without suspender) is fixed at 1.1 m. With these two conditions, the span

length is calculated as follows:

l
=   2.40 i + 2.20  (  i =  integer number) 
m

The total number of suspender pairs:

ns
=   
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The total number of cross‑beams:

nc
=   
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The total number of steel walkway deck pairs:

nc
=   
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B)
Walkway Deck

Width
                                  =   1.20

m

Weight/Load


– sal wood                 =   0.61

kN/m

– steel deck               =   0.50

kN/m
C)
Live Load

l   50 m ‑‑‑‑>
p = 4.00 · walkway width
= 4.80
kN/m

l    >  50 m ‑‑‑‑>
p = ( 3.00 + 50/ l ) · walkway width
= 3.60 + 60 / l
kN/m

D) Cables

Main Cables


Number
:
nM
=    4, 6, or  8


Diameter
:
(M
=  26, 32, 36, or 40 mm


Spanning Cables


Number
:
ns
=    2 always


Diameter
:
(s
=  32, 36, or 40 mm


Windguy Cables



Number
:
nw
=    2 (if 0 refer to Chapter 10, Special Design)


Diameter
:
(w
=  26, 32, 36, or 40 mm


Handrail and Fixation Cables (no load bearing function)


Number
:
n
=    2 always


Diameter
:
(
=  13 mm

	Nos.

nM
( - )
	Diam.

(M
(mm)
	Hoisting Load

gh
(kN/m)
	Metallic Area

Atot
(mm2)
	Breaking Load

Tbreak
(kN)
	Permissible Load

Tperm
(KN)

	2

2

2

2
	26

32

36

40
	0.050

0.076

0.096

0.119
	584

884

1 120

1 382
	772

1 170

1 480

1 828
	257

390

493

609

	4

4

4
	32

36

40
	0.152

0.192

0.238
	1 768

2 240

2 764
	2 340

2 960

3 656
	780

987

1 219

	6

6
	36

40
	0.289

0.356
	3 360

4 146
	4 440

5 484
	1 480

1 828

	8

8
	36

40
	0.385

0.475
	4 480

5 528
	5 920

7 312
	1 973

2 437


Table 8.3.1: Total gh, A, Tbreak, Tperm for Main Cables,  E = 110 kN/mm2
	Nos.

nS
( - )
	Diam.

(S
(mm)
	Weight/Load

g

(kN/m)
	Metallic Area

Atot
(mm2)
	Breaking Load

Tbreak
(kN)
	Permissible Load

Tperm
(KN)

	2

2

2

2
	26

32

36

40
	0.050

0.076

0.096

0.119
	584

884

1 120

1 382
	   772

1 170

1 480

1 828
	257

390

493

609


Table 8.3.2: Total g, A, Tbreak, Tperm for Spanning Cables,  E = 110 kN/mm2
E)
Towers

	Tower Number
	Total Tower  Height

ht

(m)
	Main Cables
	Recommended  Diameter of  Spanning Cables (mm)
	Diameter of  Tower legs  c/c1 (m)

	
	
	Number

nM
	Possible ØM
(mm)
	
	

	1
	12.90
	4
	26
	32
	

	2
3
4
5
	12.92
	4
	32

36

40
	32
	3.50

	
	14.77
	
	
	
	

	
	16.62
	
	
	
	

	
	18.47
	
	
	
	

	6
7
8
	17.74
	4

or

6
	
	
	4.00

	
	20.24
	
	
	
	

	
	22.73
	
	
	
	

	9
10
	25.23

27.73
	6

or

4
	36

40
	36
	

	11
12
13
	30.22
	6
	
	40
	

	
	32.721)
	
	
	
	

	
	35.211)
	
	
	
	

	14
15
16
	30.22
	8
	
	
	

	
	32.721)
	
	
	
	

	
	35.211)
	
	
	
	

	–
Difference from tower foot to the spanning cable elevation = 0.25 m

–
Difference from the vertex of spanning cable to the vertex of main cable 1.30 m

hT  =  f + 1.30 + c – 0.25  =  f + c + 1.05 m

1)
Bolts with property grade 6.6 required


Table 8.3.3: Standard Towers, Related Number and Diameter of Cables

8.3.5
Limits and Recommendations

A)
Main Cable Inclination

Main cable inclination at saddle at full load case (backstay cable inclination at any load case respectively):

f (max)
= 30º
‑‑‑ >  fd    0.135 l
m

f (min)
= 20º
‑‑‑ >  fd  ~  0.09 l
m

B)
Camber of Spanning Cable

Camber of spanning cable at dead load case:

cd (max)
=   0.03 l 
m

cd (min)
=   0.02 l
m

C)
Tower Height

The limits for the tower height are based on the limits of bf ( fd ) and cd:

ht (max)
=   fd (max) + 1.3 + cd (max) – 0.25
=   0.165 l + 1.05
m

ht (min)
=   fd (min) + 1.3 + cd (min) – 0.25
=   0.110 l + 1.05
m

D)
Dead Load Sag

The limits for the dead load sag ( fd ) is based on ht and the limits of cd and f:
fd (max)
=   (ht – 1.05)
–
0.02 l

appx 0.135 l
m

fd (min) 
=   (ht –‑ 1.05)
 –
0.03 l 

appx 0.09 l
m

Recommended:  Select  optimum in between minimum and maximum (A, B, C & D).
E)
Safety Factor

Safety factor (for all cables and cable terminals) ( 3 for the main cables at full load case and for the spanning cables at load case [A] (refer to 8.4.8).

F)
Freeboard

The freeboard must be clear of any cable alignment at dead load case.

8.3.6
Initial Layout Data

A)
Determine

1)
span, l , (refer to 8.3.4 A).

2)
Tower height, ht , (refer to 8.3.5 C).

3)
Dead load sag, fd , (refer to 8.3.5 D).

B)
Calculate

1)
Live load, p , (refer to 8.3.4 C).

C)
Pre‑calculation

1)
Main Cables

–   Calculate the approximate maximum main cable tension:

Tmax (appx)
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gf (appx)
=   1.30 +  eq \f(l ,500) + p
kN/m

–   Determine the main cable numbers and diameter (refer to 8.3.4. D).

Tmax (appx)
 Tperm
Repeated changes of the tower height and dead load sag should be made in order to obtain optimal design parameters.

–   Determine the sectional area ( A ) and breaking tension (refer to 8.3.4 D).

2)
Windguy Cables
Refer to Chapter 9, Design of Windguy Arrangement.

D)
Rough Check of Freeboard

A rough check must be carried out at this point to ensure that no cable alignment lies within the necessary freeboard. 
Required data: 

l, cd , the top of the walkway/tower foundation, all locations and elevations of the windguy cables, and the vertex of the windguy cables.

Draw the side elevation as shown below with the windguy cable elevations and foundation locations for both upstream and downstream cables.
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E)
Loadings

1)
Hoisting load case, gh 
(( in mm)

–
Main cables (refer to 8.3.4 D)

=  0. ................
kN/m

Total at hoisting load case:
gh
=  0. ................
kN/m

2)
Dead load case, gd  
(( in mm)

a)
Dead Weights, gdd
–
Hoisting load, gh
=  0. ................
kN/m

–
Walkway deck
=  0. ................
kN/m

–
Walkway support
=  0.27
kN/m

–
Handrail and fixation cables
=  0.03
kN/m

–
Wiremesh netting
=  0.06
kN/m

–
Suspenders (average)
=  0.17
kN/m

–
Spanning cables (refer to 8.3.4 D)
=  0. ................
kN/m

– 
Windguy cables (refer to 8.3.4 D)
=  0. ................
kN/m

–
Windties (average)
=  0.04             
kN/m

Subtotal dead weights, gdd
= ....................
kN/m

b)
Pre‑tension in spanning cables
Assumed approximate pre-tension at dead load case  =  10% of dead weights
gpd   =  0.10 ( gdd
=  0. ................
kN/m

Total at dead load case (gdd + gpd):         gd      = ................
                 
    kN/m

3)
Full load case, gf
It is assumed that the pre‑tension at

full load case is decreased to zero.

–
Dead weights 
gdd
= ................
kN/m

–
Pre‑tension
gpf
=     0
/

–
Live load
p
= ................
kN/m

Total at full load case:


gf
= ................
kN/m

8.3.7
Calculation Procedure

A)
Compile the Initial Data

B)
Iteration Procedure for f f and f h
Index1 means load case 1, either full load or hoisting load.

Step
Operation

1)
Calculate length of main cables between saddles at dead load

Ld =  l ·  eq \b\bc\[(1 + \f(8,3) ( \f(fd,l ) )2) 
m

2)
Calculate main cable tension at dead load

Td  =   eq \f(gd · l2,8fd) ·  eq \r(1 + 16 ( \f(fd, l)))2 ,
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3)
Calculate values of a, b, and fo
a
=  16  eq \f(fd, l) · [5 - 24 eq ( \f(fd, l) )2]
/

b
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fo
   arctan  eq \f(4.2 fd, l)
deg

4)
Select (full) load case and calculate the primary f1
The iteration may be started with the primary value of f1
– for full load
f1 = appx 1.05 fd
m

– for hoisting load
f1 = appx 0.98 fd
m

5)
T1
= H1 ·  eq \r(1 + 16 (  \f(ff, l ) ))2
H1 =  eq \f(g1 · l2,8f1)
kN

6)
L1
=  eq \f((2H1 + T1) · Ld,3 E · AM) ·  eq \f(g1 – gd,g1) 
m

D1
= DR1 + DL1
m
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DL1
=    eq \f(T1·DL,E · AM) ·  eq \f(g1 – gd,g1) + [  eq \f(gh2 · DL3,24 cosbfo) · (  eq \f(1,Hd2) – \f(1,Hh2) ) ] 1)
m

1) + [….] Only relevant for hoisting load case

7)
f1
=    eq \f(15 DL1,a) + \f(b · DD1,a) 
m

8)
The new f1 =   fd + ff
m

9)
Test the condition | new f1 – old f1 | < 0.005
m

–
If no (greater): repeat the calculation from step 5 with f1 = new f1
–
If yes (smaller):

–
for full load case stop the iteration, proceed with the calculation of 
maximum tension and safety factor (step 10) with new f1 = f1 , and

–
for the hoisting load case stop the iteration and proceed with the 
calculation of the remaining data (refer to 8.3.7 C).

10)
Calculation of maximum tension and safety factor at full load case is performed as
follows:

–
calculate the maximum main cable tension:

Tf
=   Tf max =  eq \f(gf · l2,8ff) ·  eq \r(1 + 16 (  \f(ff, l ) ))2
kN

The safety factor is calculated as:

F
=    eq \f(Tbreak,Tf max)   3
/

In order to obtain an optimum safety factor of 3, changes of the initial data might be necessary (for limits refer to 8.3.5) and the iteration must be repeated.

To calculate the hoisting load sag (fh) proceed from Step 4.

C)
Final data

After calculation ff and fh, calculate the remaining data required for hoisting load case, dead load case, and full load case (refer to 8.3.3. and 8.3.8).

8.3.8
Compilation of Final Data

Bridge No. & Name ………………………..
Date……….. 
Designed by ………………...

A)
Initial Data (refer to 7.3.6 and GA)

Design span
l
= ................................
m

Tower height
ht
= ................................
m

Main cable
nM
= ................................
/

ØM 
= ................................
mm


AM
= ................................
mm2

TM,break
= ................................
kN

Spanning cable
nS
=
2
/

ØS
= ................................
mm


AS
= ................................
mm2

TS, break
= ................................
kN

Windguy cable
nW
= ................................
/

Øw 
= ................................ 
mm

E – Module

= ................................
kN/mm2
Cable anchorage elevations:

– Left Bank
Windguy cable, upstream
= (appx) ……………..
m


Spanning cables
= ................................
m


Windguy cable, downstream
= (appx) ……………..
m


Main cables
= (appx) ……………..
m

– Right Bank
Windguy cable, upstream
= (appx) ……………..
m


Spanning cables
= ................................
m


Windguy cable, downstream
= (appx) ……………..
m


Main cables
= (appx) ……………..
m

Approximate freeboard
Spanning cables
= ................................
m



Windguy cables
= (appx) ……………..
m

Walkway width
=
1.20
m

Loads:
– walkway deck (steel or wood)

= ................................
kN/m


– pre‑tension
gpd
= ................................
kN/m


– live load
p
= ................................
kN/m


– hoisting bad
gh
= ................................
kN/m


– dead load (including gpd)
gd
= ................................
kN/m


– full load
9f
= ................................
kN/m

B)
Data from Main Calculation

Full load:
ff
= .....................................
m


f
= .....................................
deg


Tmax
= .....................................
kN


Safety factor
= .....................................
/

Comment .......................................................................................……..........................................

C )
Data to be Transferred to the General Arrangement

	Cable
	Load Case
	Load g


	Tension T


	Sag f

Camber c
	Elevation

of Vertex
	Displacement of Saddles

	
	
	(kN/m)
	(kN)
	(m)
	(m)
	DL (m)
	DR (m)

	Main
	Hoisting
	
	
	
	
	
	

	
	Dead Load
	
	
	
	
	0.00
	0.00

	
	Full Load
	
	
	
	
	/
	/

	Spanning
	Hoisting
	
	
	
	
	

	
	Dead Load
	
	
	
	
	

	
	Full Load
	0
	0
	
	
	

	
	Live Load
	
	


Table 8.3.4: Data of Cable Structure
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8.3.9
Related Standard Drawings

	Drawing Number
	Drawing Title

	07
	Walkway

	08
	Steel Walkway Deck


Table 8.3.5: Standard Design Drawings: Walkway

8.4
Load Combinations with Wind Load

8.4.1
Introduction

The scope of this section is to determine the loads on the walkway / tower foundation caused by both dead load case or full load case, in combination with the wind load acting on the main cables, suspenders, and towers. The calculations are only valid if a windguy arrangement is provided which bears the wind load acting on the walkway. 

In addition, the results of the load on the tower top allows a rough check of the tower (refer to 8.5).

8.4.2
Related Symbols

Gt
Dead load of tower
kN

HW
Horizontal load on tower saddles, perpendicular to the bridge axis and

caused by wind
kN

P1
Vertical reaction at tower base, tower leg I
kN

P2
Vertical reaction at tower base, tower leg 2
kN

PH
Horizontal reaction at tower base, perpendicular to the bridge axis
kN

TS
Maximum tension in spanning cables
kN

TH
Horizontal component of the spanning cable tension in the direction of


the bridge axis
kN

TV
Vertical component of the spanning cable tension in the direction of


the bridge axis
kN

Vtot
Vertical load on top of the tower
kN
c/c1
Center distance of tower legs
m

c/c2
Center distance of tower anchorage rods at the tower legs
m

go
Vertical load
kN/m
PS
Pre‑tension of spanning cables
kN/m

PM1
Load on main cables under wind
kN/m

PS1
Load on spanning cables under wind
kN/m

w
Wind load
kN/m

x
Horizontal displacement of the bridge center under wind load
m

1
Inclination angle of the plane of the spanning cables under wind load


In relation to the vertical
deg

1
Inclination angle of the plane of the main cables under wind load in


relation to the vertical
deg

Indices:
o
Initial loading case without considering wind loads, either dead load



or full load


1
Loading case 1, either [A] or [B]


f
Full load     
8.4.3
Layout (Isometric View) and Tower Section
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8.4.4
Geometrical Parameters

A)
General

It is assumed that the main cable and the spanning cable are moving laterally and will thereby each remain in plane. The cable sag ( fo ) is increased by f and the camber ( co ) by (c. The cable forces must fulfill the static equilibrium together with the applied loads go, PSo and wbo.

B)
Basic Calculation Principle

The different sag ( f1 ) and camber ( c1 ) can be determined by iteration, and the corresponding cable forces are calculated with an assumed geometrical alignment. The sum of the vertical and horizontal components is then compared with the actual vertical load ( go + PSO ) and the actual horizontal load ( w ). The difference should be judged and if necessary a new assumption must be made and the calculation repeated until sufficient accuracy is achieved.

Basic Formulas for the Iteration

The difference of the horizontal cable tension can be calculated as follows (e.g., for the main cables):


1)
H1
= HO – H1 
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2)
H1
=  eq \f( DL1 · E · A,Ld) 
Out of the two equations 1) and 2) the load g1 can be calculated as:

3)
g1
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Insert into 3) for the cable length difference:


L1
= L1 – LO =  eq \f(8,3 l) ( f12 – fo2)
m

Then g1 becomes:

4)
91
=    eq \f(64 E · A,3 l3 · LO) ·f1 · (f12 · fO2) +  eq \f(f1,fo) · go
kN/m

 eq \f(64 E · A ,3 l3 · LO) = CO remains constant
kN/m4
8.4.5
Wind Loads

The global wind load has been assumed to be w = 0.5 kN/m. This corresponds to a wind pressure of 1.3 kN/m2 (appx. wind velocity = 160 km/h = 45m/s) (refer to Report on Windguy Arrangement for Suspended and Suspension Standard Bridges, Dr. Heinrich Schnetzer, WGG Schnetzer Puskas Ingenieure AG, Switzerland, 2002). 
The effect of a possible vertical load component has not been considered relevant for the design and therefore is disregarded in the standard design.

Different elements receive the following direct wind loads perpendicular to the bridge axis:

–
Walkway (refer to 8.4.6 and Chapter 9), wWW  =  1.0 · w
kN/m

–
The wind load acting on the main cables is uniformly distributed and assumed

to be wM  =  0.25 · w
kN/m

–
The wind load acting on suspenders is assumed to be of triangular distribution


with a maximum load of  ws  =   0.015 (ht ‑ 2.4) ‑ w (kN/m) acting at the


suspender near the towers. The wind load acting on the suspender at mid‑span


is assumed to be zero.

–
The wind load acting on the tower is uniformly distributed along the tower height


w1 = 1.17 w (kN/m), however, the tower leg in front receives 100% and the leg


behind receives 75% of the load only.


Total on one tower, wt  =  (1.0 + 0.75)w1 = (1.0 + 0.75) · 1.17 w = 2.05 w.
kN/m

8.4.6
Calculation Model

In order to simplify the analysis the procedure is divided into two separate calculations, the results of which (the displacement of the walkway) cannot be compared.

1.
Wind Acting on Walkway

The calculations are made under the assumption that the wind load acting on the walkway perpendicular to the bridge axis is directly transferred to the windguy arrangement (refer to Chapter 9).

2.
Wind Acting on Main Cables and Suspenders

For calculating the loads acting on the walkway / tower foundation, the remaining wind loads acting perpendicular to the bridge axis are applied on the bridge, neglecting the windguy arrangement.

Again a simplified model has been chosen for this calculation.

The wind loads on the main cables and suspenders are applied as one load ( wb ) on the walkway location at mid–span.
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  0  =  wb


PM1( sin (1 + Ps1( sin(1 = wb = WMo + WSo

PMo – PSo = go


PM1( cos (1 - Ps1( cos (1 =  go

8.4.7
Load Combinations

For calculation of the loads acting on the walkway / tower foundation two load combinations are considered.

Load case [A]
:
Dead load case   +   full wind load

Load case [B]
:
Full load case      +   1/3 wind load

Load case, [A]: w =  0.5
kN/m

–
Vertical load (dead load case), gd (including pre‑tension of the spanning


cable, refer to 8.3)
kN/m

–
Wind load on main cable:


wM
         =   0.25 · 0.5  =  0.125
kN/m

–
Wind load on suspenders:


wsusp
         =   1/2 · 0.015 (ht – 2.4) · 0.5  =  0.00375 (ht – 2.4)
kN/m

–
Wind load on tower:

wt
         =   2.05 · 0.5 =1.025
kN/m

wb = wM + wsusp  =  0.125 + 0.00375 (ht – 2.4)  =  0.116 + 0.00375 ht
kN/m

Load case, [B]: w  =  1/3
kN/m

–
Vertical load (full load case), gf (with spanning cable pre‑tension decreased


to zero, refer to 8.3)

–
Wind load on main cables:

wM
              =   1/3 ·  0.125 
kN/m

–
Wind load on suspenders:

wsusp
              =   1/3 · 0.00375.(ht - 2.4)
kN/m

–
Wind load on tower:

wt
              =   1/3 · 1.025
kN/m

wb
= wM + wsusp   =   1/3 (0.116 + 0.00375 ht)
kN/m

8.4.8
Initial Layout Data

A) Compile the Following Data:

1) From the cable structural analysis (refer to 8.3.5)

–
Span

l
= ......................
m

–
Tower height

ht
= ......................
m

–
Center distance of tower legs
c/c1
= ......................
 m

–
Backstay cable inclination
f
= ......................
deg

–
Main cables

nM
= ......................
/ 

ØM
= ......................
mm




AM
= ......................
mm2
–
Spanning cables
ØS
= ......................
mm




As
= ......................
mm2


–
Modulus of elasticity
E
= .....................
kN/mm2
–
Sag fo
: – for loading case [A]
fd
= ...................... 
m


– for loading case [B]
ff
= ......................
m

–
Load go
: – for loading case [A] (excluding pS)
gdd
= ......................
kN/m



– for loading case [B]
gf
= ......................
kN/m

–
Load PMO
: – for loading case [A] (including pS)
gd
= ......................
kN/m



– for loading case [B]
9f
= ......................
kN/m

–
Pre‑tension in spanning cables:
– 
for load case [A]
PSO
= ......................
kN/m

–
for load case [B]
PSO
= 
0
/

2)
From 4.2

–
Breaking tension of spanning cables
TSbreak = ......................
kN

B)
Calculate Initial Cable Lengths

For loading case [A]:
cable length at dead load case
( fo = fd and co = cd)

For loading case [B]:
cable length at full load case
( fo = ff and co = cf)

Length of main cables,
LMO
=  l · o, l)) \s\up8(2)  \eq \b\bc\[(\s( 1 +  ))

m

Length of spanning cables,
LSO
= l · o, l)) \s\up8(2)  \eq \b\bc\[(\s( 1 +  ))

m

8.4.9
Calculation Procedure

A)
Compile the Initial Layout Data (refer to 8.4.7)

B)
Iteration Procedure
Index 1 means load case 1 either [A] or [B].

Calculate displacement x1 and sag f1  with the Iteration method for both loading cases.

Draw a force diagram in order to check the results (refer to 8.4.6).

The iteration may be started with the following primary values of x1 and f1:

–
Load case [A] :
X1
=
appx. 0.015 ( l
m



f1
=
appx. 1.002 ( fd
m

–
Load case [B] :
X1
=
appx. 0.0025 ( l
m



f1
=
appx. 1.001( ff
m

Stop
Operation
1. Calculate the constant factors C

CM0
= 
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2.
Calculate:
1
= arcsin  eq \f(X1,f1 + 1.30)  
deg

1
= arctan  eq \f(x1,ht + 0.25 – cosg1 · (f1 + 1.30)) 
deg

c1
=  eq \f(ht + 0.25 – cosg1 · (f1 + 1.30),cosa1) 
m

3.
Calculate the load on the main and spanning cables:

PM1
= CMo · f1 · (f12 – fo2) +  eq \f(f1,fo) · PMo
kN/m

PS1
= CSo · c1 · (c12 – co2) + 
[image: image21.wmf]o
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4.
Calculate the new f1  and the new x1
new
f1
= fo +  f ·   eq \b( \f(DPM – Dg,DPM)) 
m

with:
f
= f1 – fo
m


PM
= PM1 – PMo
kN/m


g
= Pvertical – go = ( PM1 · cos1 – PS1 · cos1) – go
kN/m

new
x1  =   x1 =   x1·  eq \f(Wb,åPhorizontal)  =   x1  ·  eq \f(Wb, (PM1 · sing1 + PS1 · sina1))
m

5.
Test the condition: I g I < 0.02 
kN/m

–   If no (greater): repeat the calculations from step 2 with new f1 and new x1
–   If yes (smaller): stop the iteration and proceed with the calculation of the other 

load case, complete the force diagram, and then calculate the final data.

C)
Calculate the Final Data for Load Case [A] and [B]

1.
Loads on tower top

Total vertical load        Vtot
=    eq \f(PM1 · l,2) ·cos1 · (1+  eq \f(l · tanbf,4 f1 · cosg1) )
kN

Horizontal load         HW
=    eq \f(PM1 · l,2) · sin1
kN

2. Reactions at the tower base  =  loads on walkway / tower foundation

P1
=    eq \f(Vtot,2) +  eq \f(Gt,2)  –  eq \f(HW · ht,c/c1)  –  eq \f(1.025 w · ht2,c/c1) 
kN

P2
=    eq \f(Vtot,2) +  eq \f(Gt,2) +  eq \f(HW · ht,c/c1) +  eq \f(1.025 w · ht2,c/c1) 
kN

PH
=   HW + 2.025 w · ht +  eq \f(PS1 · l, 2) · sin1
kN

Weight of Towers, Gt
	No M/C
	Tower Height
	Weight

kg
	No M/C
	Tower Height
	Weight

kg
	No M/C
	Tower Height
	Weight

kg

	4
	12.90
	1511
	4

or

6
	17.74
	5210
	6
	30.22
	10018

	
	12.92
	1875
	
	
	
	
	
	

	
	14.77
	2119
	
	20.24
	5910
	
	32.72
	10824

	
	16.62
	3440
	
	22.73
	6609
	
	35.21
	12485

	
	
	
	
	25.23
	7861
	8
	30.22
	10040

	
	18.47
	3808
	
	27.73
	9222
	
	32.72
	10846

	
	
	
	
	
	
	
	35.22
	12507


3.
Tension in spanning cables


TSV
=   
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Maximum tension in spanning cables (both cables):

TS
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Check the safety factor of spanning cable:

FS
=  eq \f(TS break,TS A/B)   3
/

D)
Check of Results

Action on tower base and spanning cable = reaction on walkway / tower foundation = 0

Horizontal (perpendicular to the bridge):

H
= ½  l · wb + 2.05 ht ( w – PH = 0

Vertical:

v
= ½  l ·go + Gt + ½ V tot – (P1 + P2 ‑ TSV) = 0

8.5
Tower

8.5.1
Introduction

The design of the towers is based on the ETH Report [2] and approaches tower height as a function of the span (load). Six independent loading cases were considered in order to determine the worst case with respect to buckling and yielding of the most critical elements of each tower.

8.5.2
Loading Cases

A)
Wind in the Longitudinal Direction of the Bridge

Two load cases have been taken into consideration that have a minor influence on the tower design.

B)
Wind in a Lateral Direction to the Bridge

–
With windguy cables installed: two load cases have been taken into consideration which are equivalent to loading cases [A] and [B] but are not relevant for the tower design (refer to 8.4).

–
Windguy cables not yet installed (e.g., during erection): two load cases have been taken into consideration, which turned out to be the worst loading cases for the tower design and the required safety factor of  = 1.6

8.5.3
Tower Capacity Diagram

The tower capacity diagram is drawn according to the safety factor of  = 1.6 for load cases for which the windguy arrangement is not yet installed and which therefore has an appreciable measure of security against loading cases [A] and [B] which are calculated in Section 8.4. However, with those results the towers can be roughly checked.

Plot the characteristic points ( Vtot and Hw ) for loading case [A] and for loading case [B] into the capacity diagram. The characteristic points must remain below the capacity line for the tower concerned for both loading cases. The towers seem to be always over‑designed, but during construction, when the windguy cables are not yet installed, the required safety level is achieved. Furthermore, any deviation from the wind​-bearing calculation model, as explained in 8.4.5, does not result in overloading of the tower.

Safety during erection of the tower, until the main cables are properly clamped to the saddles and the suspenders fixed to the spanning cables, can only be achieved through proper fixation of the towers according to 8.10, Tower Erection.

[image: image44.png]P





Table 8.5.1: Tower Capacity Diagram, Safety Factor = 1.6

(for load cases for which the windguy cables are not yet installed)

8.5.4
Sidestay Cables

For tower heights of ht  25.23 m the lateral deflection of the tower should be controlled by sidestay cables. The cables should be pre‑tensioned against each other with about 25 kN. However this load should not be considered in the calculation.
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8.5.5
Related Standard Design Drawings

Each tower requires five standard design drawings. For additional information refer to Standard Design Drawing No. 140 "Guide to SBD Standard Towers"'.

	Tower
	Drawing Title and Number

	ht

(m)
	c/c1

(m)
	c/c2

(mm)
	Assembly  Drawing
	Bass  Element
	Intermed.  Element
	Top Element
	Saddle Element

	12.90
	3.50
	383
	145
	100
	110
	120
	135

	12.92
	
	488
	146
	101
	111
	122
	136

	14.77
	
	
	147
	101
	111
	123
	136

	16.62
	
	
	148
	102
	112
	124
	136

	18.47
	
	
	149
	102
	112
	125
	136

	17.74
	4.00
	550
	150
	103
	113
	126
	137

	20.24
	
	
	151
	103
	113
	126
	137

	22.73
	
	
	152
	103
	113
	126
	137

	25.23
	
	566
	153
	104
	114
	127
	137

	27.73
	
	
	154
	105
	115


	128
	137

	30.221)
	
	
	155
	106
	116
	129
	137

	32.721)3)
	
	
	156
	106
	116
	129
	137

	35.211)3)
	
	
	157
	107
	117
	130
	137

	30.222)
	
	
	158
	.106
	116
	129
	138

	32.722)3)
	
	
	159
	106
	116
	129
	138

	35.212)3)
	
	
	160
	107
	117
	130 
	138

	1)for 6 main cables

2) for 8 main cables

3) bolts with property grade 6.6 required


Table 8.5.2: Standard Design Drawings: Towers
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8.6
Design of Walkway / Tower Foundation

8.6.1
Introduction

The scope of this section is the determination of the dimensions of the walkway / tower foundations based on the calculations of the reactions on the tower base and on the spanning cable, on the soil and rock parameters, and on prescribed safety factors.

The basic principles and proceedings for the structural analysis of foundations are compiled in Chapter 6. Foundation Design. 

8.6.2
Related Symbols

AS1
Required cross‑sectional area of reinforcement steel
mm2
AS2
Required cross‑sectional area of reinforcement steel
mm2
B
Open dimensions of foundation, width
m

C
Open dimensions of foundation, height of foot
m

E
Open dimensions of foundation, width of foot
m

H
Open dimensions of foundation, height, part of height
m

L
Open dimensions of foundation, length
m

N1
Required number of reinforcement bars ( 16 mm
/

N2
Required number of reinforcement bars ( 16 mm
/

P1
Loads on foundation (refer to 8.4)
kN

P2
Loads on foundation (refer to 8.4)
kN
PH
Loads on foundation (refer to 8.4)
kN

TSH
Loads on foundation (refer to 8.4)
kN

TSV
Loads on foundation (refer to 8.4)
kN
WS
Weight of soil surcharge on foot foundation
kN

t
Tensile stress in reinforcement bars
kN/mm2
t perm
Permissible tensile stress in reinforcement bars
kN/mm2
For all other symbols used in connection with bearing pressure, safety factor against sliding, and safety factor against shear failure of ground, refer to Chapter 6.

8.6.3
Design Parameters

A)
Foundation without a Foot

	For Tower:
	c/c1 = (m)
	3.50
	3.50
	4.00
	4.00

	
	c/c2 = (mm)
	383
	488
	650
	566

	B
min
	2.20
	2.90
	2.90
	3.10

	B
max
	4.50
	5.00
	5.00
	5.00

	L
min
	5.50
	5.50
	6.00
	6.00

	L
max
	8.50
	8.50
	9.00
	9.00

	H
min
	2.40
	2.40
	2.40
	2.40

	H
max
	9.00
	10.00
	10.00
	10.00


Table 8.6.1: Limits of Dimensions (m) for Walkway Tower Foundations without Foot
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B)
Foundation with Foot

	For Tower:
	c/c1 = (m)
	3.50
	3.50
	4.00
	4.00

	
	c/c2 = (mm)
	383
	488
	650
	566

	B
min
	2.20
	2.90
	2.90
	3.10

	L
min.
	5.50
	5.50
	6.00
	6.00

	L
max
	8.50
	8.50
	9.00
	9.00

	(H + C)
min
	2.40
	2.40
	2.40
	2.40

	(H + C)
max
	9.00
	10.00
	10.00
	10.00

	C
min

	1.00
	1.20
	1.20
	1.20

	E
min
	0.75
	1.00
	1.00
	1.00


Table 8.6.2: Limits of Dimensions (m) for Walkway / Tower Foundations with Foot
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8.6.4
Limits and Recommendations

A)
Foundation Dimensions

Foundation dimensions as given in 8.6.3 are dependent upon the standard dimensions of the anchorage steel structures. The minimum dimension H(min), or (H + C) min especially might be superseded by the required embedded depth (refer to 5.5.2).

For soil: tmin   hp,  for rock: tmin   hrt ·

It is assumed that the earth pressures acting laterally (on the upstream and downstream side) to the foundation are in equilibrium, and the passive earth pressure in front of the foundation can be activated partially. The maximum value that can be taken into consideration is equal to the active earth pressure which could occur in front of the foundation.

Calculation of reinforcement is not required for foundations without a foot.

B)
Foundation Type

The type of foundation is already determined by the selected tower design. Select foundation either with or without a foot, based on economic considerations. For minimal clearances refer to 5.5.4 B.

C)
Anchorage Rods for Foundation on Rock

Anchorage rods can be provided but only in order to stabilize the rock. Refer to 6.3.3 and 6.6.5

D)
Soil / Rock Check List

Refer to Chapter 6 for the checklist of limits (for soil 6.5.1, for rock 6.6.1)

8.6.5
Initial Layout Data

A)
Define the Characteristics of the Foundation to be


Designed

1)
River bank:
Left or right bank ?
........................
/

2)
Foundation:
On soil or rock ?
........................
/

B)
Compile the Following Data

1)
From 8.4, Loads on Walkway / Tower Foundation

Center distance of tower legs
c/c1
= ..................
m

Center distance of tower anchorage rods
c/c2
= ..................
m

Load case
[A]
[B]

Loads from tower:

–
Tower leg 1
P1
= ..................
..................
kN

–
Tower leg 2
P2
= .................. 
..................
kN

–
Horizontal load, perpendicular to the tower
PH
= ..................
..................
kN

Loads from spanning cable:

–
Vertical 
TSV
= ..................
..................
kN

–
Horizontal
TSH
= .................. 
..................
kN

2)
From survey and final geotechnical report

Soil parameters:

–
Sub‑soil at depth

= ………………..
m

–
Friction angle of sub‑soil
1
= ………………..
deg

–
Unit weight of sub‑soil
1
= ………………..
kN/m3
–
Friction angle of back‑filling soil
2 
= ………………..
deg

–
Unit weight of back‑filling soil
2 
= ………………..
kNm3
–
Groundwater at depth

= ………………..
m

–
Ground‑bearing pressure
perm
= ………………..
kN/m2
Rock parameters:

–
Rock at depth

= ………………..
m

–
Sliding friction angle between rock & foundation
SL
= ………………..
deg

–
Ground‑bearing pressure
perm
= ………………..
kN/m2
3)
From Chapter 5, General Principles

–
Minimum embedded depth
t
= ………………..
m
4)
From 8.6.3, Design Parameters

	Foundation Dimensions (m)
	minimum
	maximum

	–
Width
B
	...............
	.................

	–
Length
L
	...............
	.................

	–
Total height
H + C
	...............
	.................

	–
Foot height
C
	...............
	.................

	–
Foot width
E
	0
	....……......


8.6.6
Calculation Procedure

Calculations have to be made from the results of loading case [A] as well as loading case [B].

The reinforcement for foundations with a foot should be determined from the results of loading case [A] only.

A)
Compile the Initial Data (refer to 8.6.5)

B)
Preparatory Work

Prepare a plan view, a longitudinal, and a cross‑section with the minimal dimensions. Try to estimate the required dimensions experientially. Otherwise take the minimum dimensions (without a foot) as primary data.
C)
Main Calculation

The basic design principles, the procedure for the structural analysis, and the limits as well, are given in Chapter 6, Foundation Design. The forces for the walkway / tower foundation design will always consist of forces on the bridge axis and lateral to the bridge axis.

Calculation example: 
The calculations are given from examples of a foundation (with foot) on rock, with groundwater, and with a retaining wall at the back. The structural analysis of the retaining wall has to be carried out separately.

For other layouts, similar proceedings should be applied with:

–
foundations on soil
hrt =  0,   hra =  0,   hp   t
–
foundations without a foot
E
= 0, C = 0

–
no groundwater
hw
= 0
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A diagram of forces at the foundation base (in isometric view) is given below.
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1.
Calculate the components, inclination, and location of the resultant loading force
	Loading Forces
	Lever arm (m) for

	
	MXB
	MyL

	Weights (kN):
	
	

	W1
= B · H · L · C
	E/2
	0

	W2
= (B + E) · C · L · C
	0
	0

	WS
= (hp + hrt – C) · E · L · 2
	B/2
	0

	Uplift (kN) (hw < hP + hrt):
	
	

	WU
= (B + E) · hw · L · w
	0
	0

	Earth Pressure (kN):
	
	

	– back: Eah (back) = ½ ah [2 , ] (ha2 – ha12) · L · 2
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	Eav (back) = Eah – tan  eq \b(\f(2,3) F2) 
	 eq \f(B + E,2) 
	0

	– front:  Eaht (front) = ah [2, ] ·  eq \f(hP2,2) · L · 2
	hrt +  eq \f(hp,3) 
	/

	Eavt (front) = Eah · tan  eq \b( F2) 

	 eq \f(B+E,2) 
	0

	Loads (kN):
	
	

	P1
	E/2
	 eq \f(c/c1,2)

	P2
	E/2
	 eq \f(c/c1,2)

	TSV
	E/2
	0

	TSH
	H + C – 0.25
	/

	PH
	/
	H+C


Mx
= sum of all statical moments in x (B) – direction at the center of the

foundation
kNm

MY
= sum of all statical moments in y (L) – direction at the center
kNm

–
Vertical component of R

RV
= sum of all vertical forces = W1 + W2 + WS + (– P1) + P2 – TSV + Eav + Eavt
kN

–
Location of R
ex
=    eq \f(Mx,Rv)  ‑‑‑‑> B*/2
=    eq \f((B+E),2) – | ex |
m

ey
=    eq \f(My,Rv)  ‑-‑> L*/2 
=    eq  \f(L,2) – | ey |
m

· Inclination of R
· tanR  =   
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2.
Select the possible predominant failure mode and proceed according to Chapter 6.

3.
Reinforcement

Only required for foundations with a foot.

The calculation are made without considering compressive forces
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–
Required cross‑sectional area of reinforcement steel (( = 0.9):

As
=    eq \f(M,h · h · st perm) 

(  eq \f(kNm,m · kN/mm2)  =)
mm2
Provide at least minimum reinforcement AS min =   0.02% · h · L

mm2
–
Required number of reinforcement bars Ø 16 mm (1 Ø 16 mm = 201 mm2):


N
=    eq \f(As,201) 


/
–
Position of neutral axis:


=  n · ( · (  eq \r(1 + \f(2,n · m))   eq \s\up2(–)  1)

/
n
=    eq \f(ES,EC)  =  10


/

=    eq \f(AS, h · L) 
Steel to concrete ratio

/

–
Stresses:

t
=    eq \f(1,m · (1 – x/3)) ·  eq \f(M,h2 · L)    t perm
(  eq \f(kN/m,mm2 · m)  =)
kN/mm2
c
=   eq \f(2,x · (1 – x/3)) ·  eq \f(M,h2 · L)       c perm
(  eq \f(kN/m,mm2 · m)  =)
kN/mm2
–
Calculate with the following data:
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For Section 1 – 1:

M
= 0.8 · max ·  eq \f(E2,2) ·L
(Kn/mm2 · mm2 · m =)
kNm

h
= C – 0.2
m

t Perm
= 0.230
kN/mm2
For Section 2 – 2 (just above C even if hra > C):

M
= TSH · (H – 0.25) + Eah · (yEah + hra – C)
kNm

h
= B – 0. 50
m

t Perm
= 0.230
KN/mm2
In order to economize on the reinforcement steel more sections above Section 2 – 2 may be calculated, especially if H >> 3.00 m.

8.6.7
Compilation of Final Data

Bridge No. & Name……………………………. 
Date……………...  Designed by ………………...

A) and B) Initial data (refer to 8.6.5)

C)
Main Calculation

1)
Soil / rock heights

–
Active earth pressure height at back
ha
= ......................................
m

                       –   Active earth pressure height from 


  top of the foundation block
     ha1
= .........................................
m

–
Rock height at back
hra
= ......................................
m

–
Active pressure height in front
hP
= ......................................
m

–
Rock height in front
hrt
= ...................................... 
m

–
Depth of soil
t
= ...................................... 
m

–
Depth of additional soil
t'
= ...................................... 
m

2)
Soil parameters

–
Front slope of soil


(top of dry stone pitching)
1
= ......................................
deg

–
Slope of soil baseline
B
= ...................................... 
deg

–
Length of influence
L*infl
= ......................................
m

–
Back slope of soil
(
= ...................................... 
deg

3)
Foundation dimensions

–
Height
H
= ......................................
m

–
Height of foot
C
= ...................................... 
m

–
Width
B
= ...................................... 
m

–
Width of foot
E
= ...................................... 
m

–
Length
L
= ...................................... 
m

–
Distance to resultant force
B*/2 
= ...................................... 
m

and
L*/2 
= ......................................
m

4)
Safety factors

–
 Sliding
FSL 
= ...................................... 
/

–
 Bearing capacity
FBC 
= ......................................
/

–
 Toppling
FT
= ......................................
/

–
 Slope stability
FS
= ......................................
/

5)
Anchorage rods

Nos as per calculation
N
= ......................................
/. 

D)
Additional Anchorage Rods

(from geological report)


E)
  Data to be Transferred to the General Arrangment
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8.6.8
Related Standard Design Drawings

	Drawing Number
	Drawing Title

	90

	Walkway / Tower Anchorage (capacity: 260 kN)

	
90/1   90/2
	Walkway / Tower Foundation, c/c1 = 3.50 m c/c2 = 383 mm

	91
	Walkway / Tower Anchorage (capacity: 390 kN )

	
91/1   91/2
	Walkway / Tower Foundation, c/c1 = 3.50 kN c/c2 = 488 mm

	92
	Walkway / Tower Anchorage (capacity: 390 kN )

	
92/1   92/2
	Walkway / Tower Foundation, c/c1 = 4.00 m, c/c2 = 550 mm

	93
	Walkway / Tower Anchorage ( capacity: 610 kN)

	
93/1   93/2
	Walkway / Tower Foundation, c/c1 = 4.00 m, c/c2 = 566 mm

	Drawing Numbers: ....
= Working and assembly drawing

... ./1
= Structural Drawing : Foundation without a Foot

…. /2
= Structural Drawing: Foundation with a Foot


Table 8.6.3: Walkway / Tower Anchorage Foundation for Suspension Bridges

8.7
Design of Main Cable Foundation

8.7.1
Introduction

The scope of this section is to determine the dimensions of the main cable anchorage foundation based on the results of the cable structure analysis, on the soil and rock parameters, and on prescribed safety factors.

The basic principles and proceedings for the structural analysis of foundations are given in Chapter 6, Foundation Design.

8.7.2
Related Symbols

B
Open dimension of foundation, width
m

H1
Open dimension of foundation, height at back
m

H2
Open dimension of foundation, part of height in front
m

K
Value to determine accurate cable elevation


K = K (), refer to standard design drawings

L
Open dimension of foundation, length
m

Indices:
V
  vertical component


H
  horizontal component

For all other symbols used in connection with bearing pressure, safety factor against sliding, and safety factor against shear failure of ground, refer to Chapter 6.

8.7.3
Design Parameters

	Number of Main Cables
	4 Cables
	4 Cables
	6 Cables
	8 Cables

	c/c1 (m)
	3.50
	4.00
	4.00
	4.00

	Max. Steel  Anchorage  Capacity (kN)
	1220
	1220
	1830
	2440

	B
min
	4.90
	4.90
	5.40
	5.90

	B
max
	5.50
	5.50
	6.00
	6.50

	L
min
	5.90
	6.40
	7.10
	7.90

	L
max
	7.90
	8.40
	9.10
	9.90

	H1
min
	3.30
	3.30
	3.50
	3.70

	H1
max
	5.50
	5.50
	6.00
	6.50

	H2
min
	1.50
	1.50
	1.60
	1.60

	H2
max
	4.50
	4.50
	5.00
	5.50

	b
	0.50
	0.50
	1.00
	1.00


Table 8.7.1: Limits of Dimensions (m) for Main Cable Foundations on Soil/Rock

A)
Foundation on Soil
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B)
Foundation on Rock
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8.7.4
Limits and Recommendations
A)
Foundation Dimensions

The limits of the foundation dimensions as given in 8.7.3 are dependent upon the standard dimensions of the anchorage steel structure. The minimum dimensions ( H2 (min) ) especially might be superseded by the necessary embedded depth ( t ) (refer to 5.5.2), tmin  t < H2.

Calculation of reinforcement is not required for main anchorage foundations.

B)
Foundation Type
The type of foundation is already determined by the number and the diameter of main cables and by the selected tower design.

C)
Anchorage Rods for Foundation on Rock
Anchorage rods can be provided but only in order to stabilize the rock. Refer to 6.3.3 and 6.6.5.

D)
Soil/Rock Check List
Refer to Chapter 6, Foundation Design for the check list of limits (for soil 6.5.1, for rock 6.6.1).

8.7.5
Initial Layout Data

A)
Define Characteristics of Foundation
1)
River bank:
Left or right ?
........................
/

2)
Foundation:
On soil or rock ?
........................
/

B)
Compile the Following Data

1)
From main cable structure analysis

–
Number of main cables
nM
=
/ 

–
Main cable tension
TM,f
=
kN

–
Cable inclination
f
= 
deg

–
Tower leg center distance
c/c1
=
kN

2)
From survey and final geotechnical report

Soil parameters:

–
Sub‑soil at depth

=
m

–
Friction angle of sub‑soil
1
= 
deg

–
Unit weight of sub‑soil
1
= 
kN/m3
–
Friction angle of back‑filling soil
2 
=
deg

–
Unit weight of back‑filling soil
2 
= 
kN/m3
–
Groundwater at depth

=
m
–
Ground‑bearing pressure
perm
= 
kN/m2
Rock parameters:

–
Rock at depth

= …………………
m

–
Sliding friction angle between rock & foundation
SL
= …………………
deg

–
Ground‑bearing pressure
perm
= …………………
kN/m2
3)
From Chapter 5. General Principles

–
Minimum embedded depth
t
= …………………
m

4)
From 7.4.3 Design Parameters

	Foundation Dimensions (m)
	minimum
	maximum

	– Width
B
	.................
	................

	– Length
L
	.................
	.................

	– Back height
H1
	.................
	.................

	– Front height (refer to para 8.7.4 A)
H2
	.................
	.................

	– Front toe
b
	.................
	.................


8.7.6
Calculation Procedure

The relevant loading for the main cable anchorage and main cable foundations is the full load case. Therefore, calculations for other load cases are not required for standard type bridges.

It is necessary to design the anchorage foundations in such a way that their volume is minimized (economic design), giving due consideration to the prescribed safety factors.

A)
Compile the Initial Data (refer to 8.7.5)
B)
Preparatory Work
Prepare a plan view, a longitudinal, and a cross‑section with the minimal dimensions. Try to estimate the required dimension by experience, otherwise take the minimum dimensions as primary data.

C)
Main Calculation

The basic design principles, the procedure for the structural analysis, and the limits as well, are given in Chapter 6, Foundation Design.

Calculation example:

The calculations are given from examples of a foundation on soil, without ground‑ water, and with a retaining wall at the top. The structural analysis of the retaining wall has to be carried out separately.

For other layouts, similar proceedings should be applied with:

–
foundations on rock
hrt   t,
   hra   0
–
foundations without a foot
b  =  0

–
with groundwater
hw   0

1.
Calculate the components, inclination, and location of the resultant loading force

	Loading Forces
	Lever arm (m) for MF

	Weights (kN):
	

	W1
= 0.5 (H1+ H2 + k + 0.70) · B · L · c
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	W2
= – [b · (k + 0.60) · L · c ]

	– [ b/2 ]

	W3
= – 0.5 [b' · (k + 0.60) · L · c ]
	– [b'/3 + b]

	W4
= – [ 0.5 (B – 1.00) · 0.10 · L · c ]
	– [ 2/3 (B –1.00) + b' + b ]

	Wtot
= W

consider (–)
	consider (–)

	Load on Top (kN):
	

	A
= (refer to 6.2.4)
	a

	Earth Pressure (kN):
	

	– back: Eah (back) = ½ ah [2 , ] (ha2 – ha12) · L · 2
	yEah – H1 + H2 + k + 0.50
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   Eav (back)= Eah · tan eq \b(\f(2,3) F2) 
	B

	Loads (kN):
	

	
Tf h
=
Tf · cosf
	H2 + k

	
Tf v
= Tf · sinf
	b


MF
= sum of all statical moments in F
kNm

–
Vertical component of R

RH
=  sum of all horizontal forces
=  Eah + Tf h
kN

RV
=  sum of all vertical forces
=  EW + A + Eav – Tf v
kN

–
Location of R
B*/2
=  
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2.
Select the possible predominant failure mode and proceed according to Chapter 6.
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8.7.7
Compilation of Final Data

Bridge No. & Name………………………….. 
Date……………
Designed by………………… 

A) and B) Initial Data (refer to 8.7.5)

C)
Main Calculation

1)
Load on top of foundation

–
Total load
A
= .....................................
kN

–
Front to C.G. distance
a
= .....................................
m

2)
Soil / rock heights

–
Active earth pressure height
ha
= .....................................
m

                         –      Active earth pressure height from 


       top of the foundation block
  ha1
= .........................................
m

–
Rock height at back
hra
= .....................................
m

–
Embedded depth
t
= .....................................
m 
Depth of additional soil (if on soil)
t’
= .....................................
m

3)
Soil parameters

–
Front slope of soil

(top of dry stone pitching)
1
= .....................................
deg

–
Slope of soil baseline
B
= .....................................
deg

–
Length of influence
L*infl
= 
m

–
Back slope of soil
(
= .....................................
deg

4)
Foundation dimensions

–
Back height
H1
= .....................................
m

–
Front height
H2
= .....................................
m

–
Width
B
= .....................................
m

–
Length
L
= .....................................
m

–
Base inclination
(
= .....................................
deg

–
Distance to resultant force
B*/2 
= .....................................
m

and
L*/2
= .....................................
m

5)
Safety factors

–
Sliding
FSL
= .....................................

–
Bearing capacity
FBC
= .....................................

–
Toppling
FT
= .....................................

–
Slope stability
FS
= .....................................

6)
Anchorage rods

Not provided

D)
Additional Anchorage Rods

(from geological report)
E)
Data to be Transferred to the General Arrangement
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8.7.8
Related Standard Design Drawings

	Drawing Number
	Drawing Title

	48A

	Main Cable Anchorage for 4 main cables (capacity : 780 kN)

	
48A/1
	Main Cable Foundation for 4 main cables, c/c1 = 3.50m

	          48A/2
	1Main Cable Deadman Foundation for 4 main cables, c/c1 = 3.50m

	48B

	Main Cable Anchorage for 4 main cables (capacity : 1220 kN)

	
48B/1
	Main Cable Foundation for 4 main cables, c/c1 = 3.50m

	          48B/2
	1Main Cable Deadman Foundation for 4 main cables, c/c1 = 3.50m

	49

	Main Cable Anchorage for 4 main cables (capacity : 1220 kN)

	
49/1
	Main Cable Foundation for 4 main cables, c/c1 = 4.00m

	
49/2
	1Main Cable Deadman Foundation for 4 main cables, c/c1 = 4.00m

	50
	Main Cable Anchorage for 6 main cables (capacity : 1830 kN)

	
50/1
	Main Cable Foundation for 6 main cables, c/c1 =. 4.00m

	
50/2
	1Main Cable Deadman Foundation for 6 main cables, c/c1 =. 4.00m

	51
	Main Cable Anchorage for 8 main cables (capacity :2440 kN)

	
51/1
	Main Cable Foundation for 8 main cables, c/c1 = 4.00m

	
51/2
	1Main Cable Deadman Foundation for 8 main cables, c/c1 = 4.00m

	Drawing Numbers:
....
  =  Working and assembly drawing

.... /1
= Structural drawing : Foundation on Soil or on Rock


Table 8.7.2: Main Cable Anchorage Foundation for Suspension Bridges
1 Refer to 10.4.
8.8
Determination of Suspender Length

8.8.1
Introduction

The scope of this section is to determine the lengths of the suspenders based on the dead load case and to calculate all other data required for manufacturing suspenders in the workshop.

The results of the calculations have to be transferred to the appropriate working and assembly drawing "Suspenders". 

For calculation of the suspender lengths, it is assumed that the main cables and the spanning cables are of parabolic form. The laterally inclined position of the suspenders need not to be taken into consideration and the calculations are made on the basis of the bridge at dead load.

Under these assumptions, the calculated distances are sufficiently accurate, so that probable deviations from the effective values remain within the adjustable length of the turnbuckles.

8.8.2
Related Symbols

N
Total number of required suspenders (for one bridge)
/

S
Total surface of suspender rods
m2
Sn
Surface of suspender rods for suspender No. n
m2
W
Total weight of suspender rods
kg

Wn
Weight of suspender rods for suspender No. n
kg

c/cn
Distance from center of main cables to center of spanning cables for

suspender No. n
m

jn
Required number of standard pieces for suspender No. n
/

ln
Total suspender length for suspender No.n (refer to suspender layout)
m

lr
Length of extra piece
m

lrc
Cutting length of extra piece
m

ls
Length of standard piece
m

lsc
Cutting length of standard piece
m

n
Running suspender number
/

nmax
Maximum n
/

Xn
Distance of suspender No. n from the bridge center
m

8.8.3
Layout and Section
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8.8.4
Calculation Procedure

A)
Compile the Initial Layout Data ( l, fd, cd )

B) Main Calculation
Suspenders diameter:

At 1/3rd of bridge span at mid span:  ( 16mm

Remaining span of the bridge:          ( 12mm

Calculate suspender number n = 1 at mid‑span to nmax continuously:

1. Center distance of cables

c/cn   =   eq \f(4 (fd + cd),l2)  · Xn2 + 1.30
m

with: Xn
    = 1.20 ( n – 1)
m

nMax    =   eq \f(l – 4. 60,2.40)  + 1
/


[image: image32.wmf]1

7.2

  

INTEGER

  

  

n

16

+

=

l


/


[image: image33.wmf]16

max

12

n

 

-

 

n

  

  

n

=


/

–
Total suspender length:

ln        =  c/cn – 542
mm

· Number j of standard pieces with standard length ls = 1650 mm, lsc = 1830 mm 
for (12mm suspender and lsc = 2080mm for (16mm suspenders 
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–
Length of extra piece, 350 lr   1999 ( = 1649 + 350 ) mm:

lr      =   ln – 1650 jn
mm

–
Cutting length of extra piece:

 lrc    =  lr + 180 for (12mm suspenders
mm

    =  lr + 240 for ( 16mm suspenders
mm
· Weight and surface of suspender rods( lrc in mm ):

Wn       =  1.625 jn + 0.888 · 10–3 lrc    for ( 12mm suspenders
kg
Wn       =   3.286 jn + 1.58 · 10–3 lrc    for ( 16mm suspenders
kg
Sn         =  0.069 jn + 0.0377 · 10–3 lrc for ( 12mm suspenders
m2

Sn         =  0.104 jn + 0.050 · 10–3 lrc for ( 16mm suspenders
m2

2.
Calculate total number of suspenders, total weight, and total surface of

suspender rods:

N
=    eq \f(l – 3.40,0.60) 
/

W
=   2 W1 + 4 ·   eq \i\su(n = 2,n = max,
Wn) 

kg

S
=   2 S1 + 4 ·   eq \i\su(n = 2,n = max,
Sn) 

m2

8.8.5
Data to Be Transferred to the Standard Design Drawing


"Suspenders"
1
To the suspender list for each suspender:

–
Suspender number
n

–
Center distance of cables
c/cn
–
Total suspender length
ln
–
Length of extra piece
lr
–
Cutting length of extra piece
lrc
–
Number of standard pieces
ln
–
Total weight of suspender rods
W
–
Total surface of suspender rods
S
–
Total number of suspenders
N
–
Diameter of suspenders
(
2.
To the steel part list:

–
Total weight of suspenders including clamps and turnbuckles

–
Total surface of suspenders including clamps and turnbuckles

8.8.6
Related Standard Design Drawings

	Drawing Number
	Drawing Title

	32
	Suspenders for 4 main cables

	33
	Suspenders for 6 main cables

	34
	Suspenders for 8 main cables


Table 8.8.1: Standard Design Drawings: Suspenders

8.9
Design of Stabilizing Measures

8.9.1
Stabilizing the Cable Structure

Suspension bridges are very sensitive to longitudinal vibrations, because of a lack of shear stiffness between the main and spanning cables. In any case the serviceability is affected when the bridge oscillates. Changes in wind loadings or in the number of people crossing the bridge at equal pace increase the longitudinal oscillation which may even increase to the extent that it finally destroys the bridge.

The use of stabilizing cables (Ø = 13 mm) gives the bridge additional stiffness and prevents the structure from having heavy longitudinal oscillation. A minimum amount of cables on each main cable side is defined according to the tower height respectively.

–
ht    12.90 m: no stabilizing cables necessary

–
ht  = 12.92 up to 22.23 m: two so‑called "Stabilizing Cables" on each tower side are necessary

–
ht    22.73 m:

–
two "Stabilizing Cables" on each tower side and 

–
additional "Diagonal Stabilizers” on the total length of the bridge are necessary.

All stabilizing cables have to be pre‑tensioned with the help of turnbuckles. The pre‑tensioning is necessary in order to make sure that they are working in any case and all the time. Loose cables might even produce a negative impact in the cable structure because of a sudden, high local force.

A )
Stabilizing Cables

The total of 8 cables per bridge are fixed with clamps to the main cables and with turnbuckles and hook anchorage rods to the walkway / tower foundations.

The arrangement of stabilizing cables for bridges with tower height, ht  (  12.92m up to 22.23m, is given below. Determine, d1  d2, in such a way that,  = 35º to 45º, and the cable clamps come to lie in the middle of the free space between the clamps for suspenders.
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B)
Diagonal Stabilizers

Diagonal stabilizers must be provided for bridges with tower height, ht    22.73 m. Diagonal stabilizers are used in combination with stabilizing cables. The cables are fixed with clamps to the main cables and with turnbuckles and clamps to the spanning cables.

The arrangement of stabilizing cables and diagonal stabilizers for bridges with tower height, 

ht    22.73 m is given below.
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The clamps for the diagonal stabilizers should be placed in the middle of the free space of the suspenders or cross‑beams. Exception: the clamp at the bridge center is placed either close to the clamp for the suspender or close to the cross‑beam at center.

The spacings (inclination) of the cable beginning from the bridge center should be as follows:

–
Cables inclined towards the tower:
–
if first at center
: spacing
=
3.00 m (fix)

–
near the center
: spacing
=
2.40 m (5 times, fix)

–
afterwards
: spacing
=
3.60 m always

–
Cable inclination towards the center:

–
 if first at center
: spacing
=
3.00 m (fix)

–
near the center
: spacing S1
=
2.40 m (5 times, fix)

–
afterwards
: spacing S2
=
3.60 m (5 times, fix)

: spacing S3
=
4.80 m (5 times, up to l 210 m)

: spacing S4
=
6.00 m (for l > 210 m)

–
last near tower
: spacing So
=
variable (5.3, 6.5 or 7.7),

but > than the nearest S3 (or S4)

Determination of the spacings:

1.
Measure the fixed length from the bridge center:    3.0 + 10 ( 2.4 + 10 ( 3.6 =  63.00 m


(if l > 210 m:  63 + 5 ( 3.6 + 5 ( 4.8  =  105.00 m).

2.
Add as many times either  3.60 + S3 =  8.40 m  or  3.6 + S4 =  9.60 m until it is close to the tower location.

3.
Check and arrange the spacing So and may be the nearest spacing S3 (or S4) in such a way that the next spacing is less or equal to the previous. 

4. 
Draw the cables starting with the cable near the tower. ‑ At center, the cable clamp may be either positioned on the main or on the spanning cables.

Determine the location of stabilizing cables as prescribed in 8.9.1 A. Place the clamps in empty free spaces between suspenders.

8.9.2
Lateral Stabilization of the Tower

Tower sidestay cables (Ø = 26 mm) are provided for bridges with a tower height of ht  25.23 m in order to take over sudden high wind loads (refer to 8.5).

The sidestay cables are connected to the tower at the saddles and either anchored to separate foundations or in combination with windguy cables to the windguy cable foundations. 
(Refer to 9.6.9.) 

The dimensions of the standard sidestay anchorage foundation are fixed and designed for a maximum cable tension of 130 kN.

Connection Detail at the Tower Saddle
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8.9.3
Data to be Transferred to the General Arrangement

To the cable list:
Identification, single and total lengths and weights of sidestay cables, and of stabilizing cables.

A)
Stabilizing Cables and Diagonal Stabilizers

Identification and length of each cable.
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B)
Sidestay Cables
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Draw separate section of each sidestay cable anchorage foundation.

[image: image65.png]stay chain
anchorage in
main cable
anchorage
foundation

30°- 450

— tower-stay chains

tower-stay

chain anchorage
foundation





8.9.4
Related Standard Design Drawings

	Drawing Number
	Drawing Title

	20A
	Diagonal stabilizer for 4 main cables

	20
	Diagonal stabilizer for 6 main cables

	21
	Diagonal stabilizer for 8 main cables

	22
	Stabilizing cable clamp for 4 main cables

	23
	Stabilizing cable clamp for 6 main cables

	24
	Stabilizing cable clamp for 8 main cables

	40

40/1
	Sidestay cable anchorage, working and assembly drawing

Sidestay cable foundation, structural drawing


Table 8.9.1: Standard Design Drawings: Stabilizing Measures

8.10
Tower Erection

It is most important that during erection towers are property secured against falling over. Therefore, a temporary tower‑stay system has been developed. Tower‑stay cables are anchored at the back of the tower to the main cable foundation or to separate tower‑stay foundations and at the front to separate tower-stay foundations or, for short span bridges, to the walkway / tower foundation on the opposite river bank. The tower‑stay system must stay in use until the following conditions are fulfilled:

–
the main cables must be clamped at all tower saddles.

–
the suspenders must be connected to both the main and the spanning cables.

For details refer to standard design drawings and Volume D: Execution of Construction Works.

8.10.1
Layout for Erected Tower

A) For Tower Height, ht < 27.73
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–
General Case
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–
For Short Span Bridges
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B)
For Tower Height, ht  27.73 m

8.10.2
Data to be Transferred to the General Arrangement

Where separate tower‑stay cable foundations are required, they should be drawn in on the side elevation on the General Arrangement.


8.10.3
Related Standard Design Drawings

	Drawing Number
	Drawing Title

	52
	Tower‑stay cable, working and assembly drawing 

(including instructions for tower erection)



	52/1
	Tower‑stay cable foundation, one double cable on one side. 

Structural drawing

	52/2
	Tower‑stay cable foundation, two double cable on one side. 

Structural Drawing

	52/3
	Tower‑stay cable foundation, two double cable, one on each side. Structural Drawing


Table 8.10.1:  Standard Design Drawings: Tower Erection

Design of suspenders, stabilizing measures and tower erection





Design of foundation





Prepare cost estimate and tender documents








Calculate the quantities





Compile and fill in the Standard Design Drawings





OK





Transfer data to the General Arrangement








Final check of result





Not OK (








Design of adjacent structure





Design of windguy arrangement





Design of cable structures (including rough design of windguy arrangement)





Standard Design Drawings (and General arrangement)





Limits and re- commendations from Manual








Topography from survey





Soil parameter from survey & geotechnical investigation
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