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Abstract. A study on economic performances of consecutive multi-span suspension bridges is carried out.
In this part of the study, material amount and structural cost estimation formulas of the bridges is derived
based on the structural ultimate carrying capacity. The bridge cost includes the part of superstructure and the
part of substructure. Three types of bridge foundations, bored piles, concrete caissons and floating
foundations, are considered in substructure. These formulas are to be used for the parametric study of the
bridge cost in order to define its more economical layout under different conditions in the part two of the
study.
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1. Introduction

The construction of bridges crossing straits has been favored by authorities for reducing higher
traffic pressures of air transports and navigations caused by global businesses and communications
increasing for recent years. At last 4 projects have been completed since 1990s: Great Belt Bridges
(Danish) in 1998, Oresund Link (Danish) in 2000, Hangzhou Bay Bridges (China) in 2008 and
Qingdao Bay Bridges (China) in 2011. Besides, some larger projects are to be constructed in
Fehmarn Belt, Taiwan Strait, Qiongzhou Strait and Gibraltar strait, etc., in the near future (Ge and
Xiang 2006, 2008a, b, 2011, Gimsing 2009). In these projects, consecutive multi-span suspension
bridge is recognized as a valid alternative to the ultra-long span length bridges only having one
main span, e.g., typical suspension bridges and cable-stayed bridges, or these bridges in series
(Starossek 1996, Virlogeux 1999, Buckland and Matson 2006, Clemente et al. 2000, Kitagawa et
al. 2001, Svensson 2007, Tang 2007, Sun et al. 2010, Yoshimura and Kawahara 2010, Zhang et al.
2011a, b, Zhang and Xiao 2011c).

There are some studies focusing on multi-span suspension bridges to be conducted for many
years, such as: the deflection theory of multi-span suspension bridges considering the deflection of
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towers (Sato 1971); the analytical method used to calculate the structural natural frequency and the
mode shape as well as the dynamic response (Hayashikawa and Watanabe 1982); the static
stability (Nazir 1986); the analysis of multi-span suspension bridges with very long span up to
2000m (Fosberp 2001, Yoshida ez al. 2004); the analysis for double main bridges constructed or at
design stage such as the Jiangsu Taizhou Bridge over Yangtze River with double main-span of
2x1080m completed in 2012, the Anhui Maanshan Bridge over Yangze River in China and the
New Millennium Grand Bridge in Korea (Choi et al. 2010, Daniel et al. 2010, Forsberg 2001, Ge
and Xiang 2006, 2008a, b, 2011, Jung et al. 2010, Luo et al. 2011); the aerodynamic flutter
analysis of a new suspension bridge with double main spans (Zhang et a/. 2011); and the simple
analytical formulas calculating suspension bridges with double main cables in the vertical plan
(Zhang et al. 2012), etc. Besides, the simple analytical formulas and parametric analysis for
multi-span suspension bridges have been developed and completed in other studies of the author
for investigating its mechanical performance.

Another key factor constructing a multi-span suspension bridge to cross a strait, however, is
how to define a reasonable layout for obtaining the best economic performance besides the best
mechanical performance. This is because that the quantities of strait crossing constructions are
very huge. Unfortunately, there are few studies focusing on it expect for the work only to assess
material requirements of superstructure of traditional cable-stayed bridges and suspension bridges
by Gimsing (2012) and Lewis (2012). Thus, some researches about the economic performance of
multi-span suspension bridges are carried out in this study. In this part, the estimation formulas of
the bridge cost and material amount are derived based on the structural ultimate carrying capacity.
The bridge cost includes two parts: one part of superstructure and the other part of substructure.
Three types of bridge foundations, bored piles, concrete caissons and floating foundation, are
considered in substructure.

2. Superstructure cost
2.1 Assumption and decomposition of bridge

The fundamental approach for the study is as follows:

» Only the self-weight and a uniformly distributed live load are taken into account in the
calculation of the axial force.

» The material amount of each part is decided by the setting of the stress equaling the material
strength.

* The possible bending moment is taken into account in the material strength.

* And the calculation of structural force does not consider the structural seconder order effects.

A multi-span consecutive suspension bridge could be divided into five parts: suspension
systems consisting of main cables and suspenders, girders, towers, anchorages and foundations.
The four formers are superstructure, and the last one is substructure.

The composition of multi-span suspension bridges is similar as typical suspension bridges
except for the tower compositions: the tower system consists of main-span towers and side-span
towers in multi-span suspension bridges but only consists of two side-span towers in typical
suspension bridges. Figs. 1(a)-(c) offer the compositions of a multi-span suspension bridge having
more than two main spans, a multi-span suspension bridge having two main spans and a typical
suspension bridge, respectively.
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Fig. 1 Compositions of suspension bridges

Fig. 2 Suspension system

The cost of a suspension bridge could be expressed as follows

c=C,+C,+C,+C, +C, 1)

sus tow base

where C is the cost of a suspension bridge; C;, is the cost of suspension systems; C,,,, is the cost of
towers; C,. is the cost of anchorages; Cj. is the cost of foundations; and Cy;, is the cost of girders.

2.2 Bridge suspension system

The cost of the suspension system at one main span is simplified as Fig. 2 where [,, is the span
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Fig. 3 Sketch of suspender carrying load

length, f,, is the cable sag, /., is the mid-span suspender length, 4, is the distance between two
adjacent suspenders, #; is the tower height, and 7, is the tower height above the pavement.

Two subjects need to be calculated in this system: the one is the material consumption of the
suspenders, the other one is the material consumption of the main cable. As for a suspender, it
carries the live load p, the girder weight g, and the uniformly distributed suspender weight g, in the
region of 4, just as shown in Fig. 3. If the tensile strength and crossing-section area of the
suspender is g, and A4, respectively, a mechanical balance in the suspender crossing-section can be
established by Eqg. (2).

o4, =(g +g+p)A 2
The material consumption of the suspender is obtained based on Eq. (2), which is expressed as

+g,+p)A
qrm = Arlryr = (&A‘g;—P»’[ryr (3)

r

where g,,, is the material consumption of the suspender, /. is the suspender length and y, is the
suspender unit weight.

The material consumption of the suspenders at this span is calculated by summing up the
material consumption of each suspender calculated by Eq. (3), which is expressed in Eq. (4).

n n n + + A
Qrm = qum = ZArlryr = zwhk (4)
r=1 r=1

r=1 (o)

r

where 7 is the number of the suspenders at this span.

However, it is a complex and troublesome task to calculate Q,, by Eq. (4) because that the
number of the suspenders and the length of each suspender need to be calculated. Therefore, the
discrete distributed suspenders are equivalent to a continuous suspender membrane (Gimsing
2012), and Eqg. (4) is converted to a continuous integral expressed in Eq. (5).

lm
0, =2[EFETL), g 5)

o

r

where [, is the suspender membrane length that is a function related to the cable profile and the
suspender position. By assuming a parabola profile of the cable, /. is expressed as

R (6)
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By substituting Eq. (6) into Eq. (5), the material consumption of the suspenders in the main
span is obtained, as follows

0., =7(g+pr+g )(l,m + fé”jlm / o, (7)

The uniformly distributed suspender weight g, needs to be calculated for solving Eq. (7).
Assuming the average length of the suspenders is /., the uniformly distributed suspender weight g,
is expressed as Eq. (8).

gr = Ar)/rlra /ﬂ‘r
8
lm :£+lrm ( )
3

Substituting Eq. (8) into Eq. (2), the crossing section and the uniformly distributed weight of
the suspenders is obtained, just as shown in Eq. (9).

1
g = 1 L (g, +p)(§fm +l,.mj
o, _[3j;n +1rmj7r
; 9)
4, = T (g,+p)
o, —(3fm +1,-m)7’,-

The crossing section area of the main span cable also can be calculated based on the
mechanical balance expressed in Eq. (10), which is shown in Eq. (11).

A7)0
Hm _ (p+gr +4§}+ mc]/c‘) m (10)

where H,, and A,. is the horizontal force and the cross section area of the main-span cable
respectively; o, is the cable tensile strength; and y. is the cable volume weight.

Besides Eq. (10), H,, also equals ThaxCOSamax- Tmax @Nd amax IS the cable’s force and dip angle at
the tower top respectively. Tma could be recognized as A4, 0., and am.xequals arctan (4f,/1,). By
taking H,,=Tmax"COS @max iNt0 Eq. (10), A4, is obtained as follows

:(gb—l-p—i-g,_)lm,/l; +16fm2 (11)

80, f, ~ 7L, I +161;

mc

The material consumption of the main-span cable is obtained by multiplying its cross section
area, curve length and volume weight, as follows

ch = mc )/L‘ Sﬂl(.‘ (12)

where S, is the curve length of the main-span cable expressed in Eq. (13).
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In 4f”‘+{1+16£f'") }
% [ I

_li Q 2 m
Sne = [1+16(1m” + a7 (13)

As for the material consumption of side-span suspenders and side-span cables, it is still
calculated by this method. A side-span suspender length is expressed in Eq. (14)

1 =4f, [lij NURLA) _14/{“)x

‘Y (14)

K

l 2
Ja =(1—J S
where £, is the side-span cable sag; I is the side span length; x is the distance from the suspender to

the anchor point of the side-span cable; and 4, is the tower height above the pavement. The
material consumption of side-span suspenders is

0. - Zjﬁwﬂydx =w% (hbls _%falSJ

0 o o
g, :(}Z’—gf,,J(gb +p)7,./{0r —[};’—gfaj%}

where Q,, is the material consumption of side-span suspenders, g, is the unit weight of side-span
suspenders, and /; is a side span length.
The material consumption of side-span main cables is expressed in Eq. (16)

(15)

QSC = 27(TAI)1L‘SSC

/ a++a?+1
S, =— ava® +1-bybh? +1+In——= (16)
‘ 4nY{ b+~/b? +1}

n =41/l a=(h+41,)/L b= (h=4f, )L,

where Q,. is the material consumption of side-span main cables and S;. is the curve length of the
cable at a side span.

Assuming the unit cost of suspenders and main cables is z. and g, respectively, and the cost of
suspension systems could be obtained

Csus = nmc/’lchc + nmcll’lrQrm + ILIL‘QSL‘ + /’lrQrS (17)

where n,, is the number of main spans.
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Fig. 4 Loading state of bridge tower

2.3 Bridge tower and girder

Fig. 4 offers the loading state of a bridge tower, in which N, and N, is the compression on the
tower top and bottom respectively, /4, is the tower height below the pavement, ¢ is the distance
from the pylon top to the calculated section, Ny(¢&) is the compression on the calculated section, and
O, is the material consumption of the tower.

A mechanical balance equation is established based on Fig. 4, as follows

{N, (&) +4,(&)y,dE =N, (&)+dN, (&)

(18)
4,(£)=N,()/e,

where 4,(¢) is the cross section area of the calculated section and y, is the tower volume weight.

The compression on the calculated section N, (¢) can be obtain by solving Eq. (18), which is

expressed in Eg. (19).

N,(&)=N, exp(ﬁ gj (19)

t

where o, is the compressive strength of the tower. The cross section area A4, (¢) is obtained by
substituting Eq. (19) into Eq. (18). The material consumption of the tower is computed by
integrating 4, (&) within the tower height, which is expressed in Eg. (20).

Qt :_l.hl Nt(é:)gdé::]vtl{exp[ght}_l} (20)

0
t t

As for a main-span tower, N, is two times as the vertical component of a main-span cable force,
which is expressed in Eq. (21). But as for a side-span tower, N, is the sum of a side-span cable
force vertical component and a main-span cable force vertical component, which is expressed in
Eqg. (22).

g ul (21)
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N,=H, (4% /AL ’;4f“ J 2)

m

The material consumption of a main-span tower and a side-span tower could be obtained by
substituting Egs. (21) and (22) into Eq. (20), respectively, as follows

0 = SHE’—f'"{exp {ﬁh, } —1}
O

m t

0,=H, [ﬂ-i-—hb +4/, ]{exp{ﬁht}l}
/ / o

m s t

(23)

where Q,,, and @, is the material consumption of the main-span tower and the side-span tower,
respectively.
Then, the cost of suspension bridge towers is obtained, being shown in Eq. (24).

me = Zlul st +(nmc _1) luszt (24)

where g is the unit cost of the towers.
The material consumption of bridge girders is the product of the length and the unit weight of
the girders, just as shown in Eq. (25)

Qgir =Lg, (25)

where Q,;. is the material consumption of bridge girders, and L is the length of the girders.
The cost of girders is expressed as follows

Cgir = /’lg Qgir (26)

where 4, is the unit cost of the girders.
2.4 Bridge anchorage

Anchorage, which is shown in Fig. 5(a), is used to balance the cable force in suspension
bridges. The equation of the relationship between an anchorage material consumption and cable
forces could be established according to the rules regarding anti-slide stability in Chinese code of
JTG D63-2007.

(QS(I - V;(' ) ILI arc
H

m

=2 @7)

where V.. is the vertical component of the cable force at a side span, Q,, is the material
consumption of an anchorage, and u,,. is the friction coefficient between the anchorage and the
ground. Q,, is expressed as

Q.Y{l = 2Hm /ﬂLlI‘C + VS(’ (28)
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V.=H, tana 29
tana =(h, +4f,)/1, (29)

After taking Eq. (29) into Eq. (28), Oy, could be obtained
0.=H,(2/u,. +tana) (30)

However, there is another anchorage generally built in water, called “shared anchorage”, which
is shared by two adjacent typical suspension bridges in the case of several typical suspension
bridges connected in series. As for a shared anchorage, it could be simplified to a composition
consisting of two parts: the part above water, and the part below water. The part above water
carries the cable force from the side-span cable of two adjacent suspension bridges, just as shown
in Fig. 5(b).

The material consumption of this part could be obtained according the method of calculating
O.., but in which H,, and V. is replaced by the horizontal component of a side-span cable force
induced by live load and replaced by two times vertical component of a side-span cable force
induced by total load respectively. It is because that the dead load-induced force of cables at two
adjacent side spans have been balanced each other in the horizontal direction. The material
consumption of this part is expressed as

H
Qmal = 2 . + Vsc
luarc

2
Vo-H tna,H, =2
"8y,

where 0,1 IS the material consumption of the part above water.

For the part of the anchorage below water, it supports the anchorage above-water and carries
the weight of itself as the bridge foundation in the form of a concrete caisson generally. That
shows the loading condition as similar as the bridge tower, which cOould be simplified as Fig. 6.

(31)
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Fig. 6 Loading condition of shared anchorage below-water part

The material consumption of this part Q,... could be obtained by referring to Eq. (20). But, it is
noted that the minimum area of the part top, 4., is decided by N./o., and it makes the
compression, N,(¢), not necessarily equal the product of the section area and the material strength
when to calculate the compression by Eqgs. (18) and (19) in the part. Thus, an assumption of
Aui(H)=Anai(§)-(An-A,1) is proposed, in which Ay,(¢), equaling Ay-exp(y.2xlo.), is the section area
to meet the compression N,(¢); Ay, equaling N1/ o,,, is the section area of the part top to meet the
compression N,;.

After taking N,(¢) calculated by the assumption into Eq. (20), the material amount of the part is
obtained, just as shown in Eq. (32).

QmaZ = Nal {exp |:M(hw + hsa )i| _l}+ N‘ll yaZ (hw + hxo ) - Nal yaZ (hw + hso) (32)
O-aZ O-al a2

where N, is the compression from the above-water part, equaling Q,..1; 7.2 is the caisson volume
weight; g, is the compressive strength of the anchorage above water; g, is the compressive
strength of the caisson; 4, is water depth; and #,, is the thickness of soil layer. The floatage of
water and the frictional resistance of soil for the caisson are not considered for simplicity in this
calculation.

Then, the cost of the shared anchorage could be obtained by adding up the cost of the two parts,
just as shown in Eqg. (33).

Cma = Cmul + CmuZ = /’lmalQmal + ﬂmaZQmaZ (33)

where C,, is the cost of the shared anchorage, .1 is the unit cost of constructing the part above
water, and u,..» is the unit cost of constructing the part below water.
The cost of bridge anchorages could be expressed as:

Carc = zﬂSﬂQS(l +(nmc _1) Cma (34)

where g, is the unit cost of the side-span anchorages.
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Fig. 7 Sketch of the bored pile

3. Substructure cost

The material consumption calculation of substructure cost is so difficult, not only because of
various foundation types, but also because of various seabed geological conditions. Thus, a
simplified geological condition consisting of soil and bedrock is applied, just as shown in Fig. 6.
The soil is assumed to be composed of single soil stratum having the side friction=g and the
bearing capacity =¢,,, and the bedrock is assumed to have enough compressive strength to resist
the compression from bridge foundations. Besides, three foundations are selected as the design of
substructure. These foundations are bored pile, concrete caisson, and floating system called
“floating foundation” which consists of floating box, cable and suction anchor.

3.1 Bored piles

It generally consists of three parts: the pile cap, the pile in water and the pile in soil. Fig. 7
offers the sketch of a bored pile, in which N, is the compression from bridge superstructure, a, and
h, is the width and thickness of the pile cap, 4, and A, is the length of the pile in water and in
soil respectively, &, is the total length of the pile, 4, is water depth, and #,, is the thickness of soil.

Actually, it is so difficult to define the size of the pile cap accurately not only for its loading
status but also for the need of the defining structural requirement by code. Thus, there is an
assumption proposed for simplicity that the section area and the thickness of the pile cap is
proportion to the contact area between the pile cap and the tower , just as shown in Eq. (35)

{Abp = CbpaATZ (35)
hp = ChphAtZ

where 4,, is the section area of the pile cap; 4, is the contact area between the pile cap and the
tower; Cy,, and Cy,, is the coefficient of the pile cap section area and thickness respectively, which
could be estimated according to engineering cases. Sutong Bridge is referred, in which C,,, is
about 11 and G, is about 0.8.
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By assuming a cube shaped pile cap, the material consumption of the pile cap is expressed as
follows
pr = Abphp = Cbpa Cbph e bp At22 (36)
where Oy, is the material consumption of the pile cap; and y;, is the volume-weight of the pile cap.
Ap, is defined generally according to the force from the tower for simplicity, which is expressed
as
Azz = N:z/o-z (37)
A pile having 2.8m diameter is applied referring to Sutong Bridge. Thus, the number of piles in
the bored pile is obtained as shown in Eq. (38)
N,
_NotQy (38)

n
bp
Abpi O-bpi

where Typi is the compressive strength of piles; and 4,,; is the section area of the pile, which equals
1.96zm".

The length of a bored pile is composed of two parts: one equaling water depth is the part in
water; another is the part in soil. Fig. 8 describes the forces acting on the pile in soil, in which N,
is the combination of the pile weight and the force from the pile cap, N, is the side friction of soil
along the pile shaft, and N,, is the end bearing of the pile.

Based on the mechanical balance, Eq. (39) is established

N = Nvf’ + Nrp (39)

bpi
where N,,;, Nyyand N, is calculated by the equation as follows

Nbpi = Abpio-bpi + Abp[}/bpihsp ! hsp = hspw + h:ps
NVf =D '”q.&‘kh Nrp = A/J/)[qxr

sps !

(40)

spi



Study on economic performances of multi-span suspension bridges part 1 277

where Dy, is the diameter of the pile. The length of the pile in soil could be calculated based on
Eq. (39) and Eq. (40), which is expressed in Eq. (41).

_ Abpi (O-bpi + e bpi hSPW —4y ) (41)

sps
Dbpiﬂ-qsk - Abpiybpi

It is important to note, however, that the result from Eq. (41) is correct only when it is smaller
than the thickness of soil, if not, it should be the thickness of soil %,,. The material consumption of
the pile is expressed as

pri = Abpiybpihsp (42)

Then, the material consumption of the bored pile is obtained by adding up the material
consumption of the pile cap and the piles, as follows

prb = pr +n,, pri (43)

The cost of the bored pile and the cost of the substructure adopting bored piles are expressed in
Eqgs. (44) and (45), respectively

Cbpb = /’lbp pr + /’Ibpi nbp pri (44)

C

base

= nba.\'e Cbpb (45)

where 1, is the unit cost of the pile caps, 1, is the unit cost of the bored piles, and 7, is the
number of bridge foundations.

3.2 Concrete caissons

Fig. 9 offers the sketch of a concrete caisson. The material consumption of the concrete caisson
could be calculated by referring to Eq. (32)

O-C(l ca

Q(:a = Atrut O-az {exp |:& (hw + hsa ):| _1} - Acat yca (hw + hsa ) + Nbs 7/“‘1 (hw + hsa ) (46)

where Q.. is the material consumption of the concrete caisson, 4., is the section area on the
caisson top, and N, is the compression from the tower pedestal. N, is shown in Eq. (47)

N, =N,+N, (47)

where N, is the compression from the tower calculated by Eq. (19); and N,, is the tower pedestal
weight Q,,.
The size of 4., is assumed to be proportion to the section area of the pedestal according to the
pile cap calculation expressed in Eqg. (35), as follows
Acaz = ch Azpb (48)
where A4,,, is the section area on the tower pedestal bottom; C,,, is the ratio coefficient of the two
section areas that is about equal to 2.48 referring to Great Belt East Bridge.
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Fig. 9 Sketch of the caisson

As for the tower pedestal, it is designed mainly based on the condition of the tower bottom such
as its section area and the distance between tower legs. Similarly, Great Belt East Bridge is
referred for defining the section area of the pedestal. The section area is expressed as follows

Atpt = Cfpt At2
Alpb = ClpbAlZ (49)
htp = Ctph At2

where 4,,, is the section area on the tower pedestal top; 4, is the height of the tower pedestal; 4, is
the section area on the tower bottom; C,,, C,; and C,, is the ratio coefficient of the pedestal top
section area, the pedestal bottom section area and the pedestal height to the tower bottom section
area, which equals 4.92, 6.332 and 0.141. The material consumption of the tower pedestal is
expressed as

A +4
0, =22y (50)

p 2 il ip

N., could be obtained by substituting Eq. (50) into Eq. (47). Then, the material consumption of
the concrete caisson base is expressed as follows

Qccb = Qtp + Qca (51)

The cost of the concrete caisson and the cost of the substructure adopting caissons are shown in
Egs. (52) and (53), respectively

Cccb = /’ltp Qtp + /Jca Qca (52)

C

base nbase

C

cch

(53)

where 1, is the unit cost of the tower pedestal, and g, is the unit cost of the caisson.
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3.3 Floating foundation

The conception of floating foundations has been applied to develop the tension leg platform
called “TLP” and the spar platform called “SP”, which is originally proposed by Marsh in1954 and
Horton in 1987 (Jiang 2010) for deeper water petroleum productions respectively. Jiang proposes a
floating foundation appropriate for bridges based on TLP and SP in 2010 (Jiang 2010). The
structural details of a floating foundation are shown in Fig. 10, which consists of the floating box,
the cables and the suction anchors. In Fig. 10, 4 is the height of the floating box; 4., is the length
of the cable connecting the floating box and the suction anchor; and 4, is the height of the suction
anchor.
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In this system the force from the superstructure transfers to the floating box, being balanced by
the floatage of the floating box. The floating box carries the tension of the cables between the
floating box and the suction anchors. The tension of the cables is used to fix the floating box by
connecting with the suction anchors, and it is balanced by the hydrostatic pressure and the soil side
friction acting on the suction anchors.

Fig. 11 shows the condition of the force acting on the floating foundation, in which W} is the
weight of the floating box, N, is the force from the tower, N, is the cable tension, N is the
floatage of the floating box, and N, and N, is the hydrostatic pressure and the soil side friction
acting on the suction anchor respectively.

As for Ny, it could be calculated by Egs. (47) and (49). As for N, and Ny, they are expressed as

N/I = png/ﬂ (54)

th = pwgthsa (55)
where p,, is the density of water; g is the acceleration of gravity; Ay, is the section area on the
suction anchor top; and ¥ is the volume of the floating box.

The size of this system is difficulty determined not only because of its complexity, but also
more because it is never designed. Thus, only the approximate calculation is carried out. An
assumption that the floatage and the weight of the floating box is proportion to N, is proposed. N,
and Qy is expressed as

N,=C ,

{ V4 Nfi~ " bs (56)

Qﬂ = CWﬂNbs

where Cy; and Cyy is the ratio coefficient of the floating box floatage and weight to N,
respectively. They could be obtained by referring to the study of Jiang (2010), which is 2.11 and
0.692 respectively. Eq. (57) is established based on the mechanical balance of the floating box, as
follows

Q_ﬂ +4N

cab +Nbx = Nﬂ (57)
Based on Eq. (57), the tension of each cable is obtained, as follows

N, =%(CN -1-G,,) (58)

cab

Then, the material consumption of each cable is expressed as

N,
Q('ab = = 7cabhca (59)

cab

where Q.. is the material consumption of the cable, o..; is the tension strength of the cable, and
veas 18 the volume-weight of the cable. As for the suction anchor, a balance equation could be
established by using the same method, as follows

Ncab = N&/ + th (60)
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where N, could be calculated by Eq. (40). Eq. (60) is transformed to Eq. (61) after taking Egs. (40)
and (56) in it.

2

D
ﬂ-qsk hsa + Dsai ”qsk hsa + pwghw -45"”0 7 (61)

Nmb = Dsao
where Dy,, and D;,; is the outside diameter and inside diameter of the suction anchor, respectively.
However, it is difficult to define Dy, Dy, and A, only by Eq. (61). An assumption that the
suction anchor height is proportional to its outside diameter is introduced for solving Eqg. (61), as
follows
D . =D -2t
sai sao sa (62)
h.m = CsahD\'au
where t,, is the wall thickness of the suction anchor, and C,,;, is the ratio coefficient of the suction
anchor height to the outside diameter. Generally, the reasonable range of ¢, and C,,, is from 25mm
to 75mm and from 4 to 12 (Jiang 2010) respectively. ¢, of 50mm and C,,, of 8 are adopted as a
medium value in Eq. (62).
Additionally, D, could be recognized to equal D,,, for a smaller #,,. Thus, A, is obtained after
taking Eq. (62) into Eq. (61), which is expressed as

2
hsa = \/Ncab/[zcsahﬂ.qsk + % pwghwﬂ.] (63)

Nevertheless, the suction anchor height calculated by Eq. (63) is acceptable only when it is
smaller than the thickness of soil; if not, it equals the thickness of soil. D, then need to be
obtained by solving Eg. (61) after taking the soil thickness into this equation, just as shown

_ \/16 (ﬂ.qsk hsa )2 + 4Ncabpwghw7z. - 4”qskhsa
- p.&h,

(64)

sao

Dy, and A, is obtained by taking ¢, and C,, in Eg. (64). And the volume and the material
consumption of the suction anchor are calculated by

D? t,(D,,+D,,)
— sao T t + sa sao sai Via h
sa 4 sa 2 sa (65)
Qsa = V;a}/sa

The cost of the floating foundation is expressed as follows
Cﬂf = /’lﬂQ/l + 4/’lz‘achab + 4/JxaQ.m + /utp Qtp (66)

where 14, is the unit cost of the floating boX, .. is the unit cost of the cables, and s, is the unit
cost of the suction anchors. And the cost of the substructure adopting floating foundations is
calculated by

C

base

= nba.vecﬂ/’ (67)



282 Li-wen Zhang, Ru-cheng Xiao, Bin Sun, Yang Jiang Xue-yi Zhang, Dong-li Zhuang, Yun-gang ZhouandXue Tu

Table 1 Basic parameters

Parameters Contents Values
L Main span length 1000m
I Side span length 200m
I Cable sag 100m
Lom Midspan suspender length 1m
hy Tower height above pavement 101m
hy Tower height below pavement 70m
h, Tower height 171m
2 Unit weight of main cable 2.65%10°N/m
p Live load 3.91x10°N/m
O Water density 1.0x10%kg/m?
g Acceleration of gravity 9.8N/kg
sk Side friction of soil stratum 40kPa
Qs Bearing capacity of soil stratum 1600kPa

Table 2 Material parameters

Parameters Contents Values
Vir Ve \Volume-weight of suspender and main cable 85kN/m’
yZ Volume-weight of bridge tower 26kN/m?
Yz Volume-weight of tower pedestal 26kN/m?
o, Tension strength of suspender 400MPa
o, Tension strength of main cable 668MPa

Compressive strength of bridge tower considering reduction 13.44MPa

i of bending stress

a1 Compressive strength of anchorage 18.4MPa
Va2 Yea Volume-weight of concrete caisson 26kN/m®
Voor Vopi Volume-weight of pile cap and bored pile 26kN/m’

Tbpi Compressive strength of bored pile 13.8MPa
Oy, Ogq Compressive strength of concrete caisson 13.8MPa

4. Defining of basic parameters and coefficients
4.1 Basic parameters

The basic parameters of a general suspension bridge, such as span length, sag ratio and tower
height, are introduced and shown in Table 1. Additionally, all of main spans are assumed to be of
equal parameters, and a soil stratum composed of the clay soil is adopted having plasticity index
from 0.75 to 1.

4.2 Material parameters

Some materials are adopted according to Chinese actual condition: C30 concrete is applied to
construct pile caps, concrete caissons and piles; C40 concrete is applied to construct anchorages;
C50 concrete is applied to construct towers; and high strength steel wire is applied to construct
main cables and suspenders. The details of the material are shown in Table 2, which are collected
from the Chinese code of JTG D62-2004.
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Table 3 Unit cost of materials

Unit cost Contents Values
4
He Unit cost of main cable (including the cost of suspender) 2(3147167221; /E)/t
2 Has been included in the cost of main cable /
Unit cost of side-span anchorage (including the base under 1.2x10°¥/m?
Hsa anchorage) (0.046 ¥ /N)
Unit cost of anchorage shared by adjacent bridge (the part 7.836x10*¥ /m°
Hmal above water) (0.03¥/N)
3 3
Y Unit cost of bridge tower 2?5%28%2;{“1;“
: : 8.727x10°¥ /m®
Hona2y Mea Unit cost of concrete caisson (0.0335¥/N)

1.15522x10*¥ /t

A Unit cost of girder (1.15522Y IN)
2 3
y7. Unit cost of bearing platform 7(%7(};;;);;({;
Table 4 Unit cost of bored pile ()
Water depth (m) 0 3 5 10 20
Cost (¥/m?) 1154 1632.4 1835.5 2132.6 2463.7

4.3 Unit cost

It is difficult to define a universal price of the material since each country has its own specific
national conditions. Thus, the material unit cost is determined mainly according to the Chinese
code of JTG/T M21-2011 and some bridges in China, which are shown in Table 3.

Except for the unit cost as a constant shown in Table 3, the unit cost of piles is a changing value
relevant to water depth, just as shown in Table 4.

In Table 4, only the unit cost in the region of water depth smaller than 20m is provided because
that there is no a project built in water deeper than this depth for the weak stability of long piles.
However, boil piles are still adopted in deeper water after lateral strengthening in order to compare
with other foundations. The unit cost of piles after lateral strengthening is assumed by referring to
the equation proposed by Jiang (2010).

h—-100
100

U(h)= exp[0.889 +O.711}U(20) , h>20m (68)

where U(h) is the unit cost of piles in the case of water depth=#, U(20) is the unit cost in a water
depth of 20m that is offered in Table 4.

4.4 Parameters of floating foundation

It is determined only by referring to the codes of oil drilling platforms codified by API
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Table 5 Parameters about floating foundation

Parameters Contents Values
Veab Volume-weight of cable in floating foundation 85kN/m’
Via \Volume-weight of suction anchor 78kN/m®
Oeap Tension strength of cable in floating foundation 150MPa
4 Unit cost of floating box 1.2x10%¥ /t
Leat Unit cost of cable 3.2x10*¥ /t
Hsa Unit cost of suction anchor 1.0x10*¥ 1t

(American Petroleum Institute) in 1997 and 2000, and by referring to the trial designs by Jiang
(2010) since this foundation has never been constructed. The parameters are shown in Table 5.

5. Conclusions

The cost estimation formulas of multi-span suspension bridges are derived in this study. The
characteristics of the formulas are summarized as:

* The cost calculated by the formulas includes two parts: one part is the cost of superstructure;
and the other part is the cost of substructure.

* Three types of the bridge foundation are considered in the substructure.

* The unit cost of the structural details, which is counted by the statistics of some projects, and
other factors are considered in the formulas as a variable parameter. These could be replaced when
bridge conditions are different.
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