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Abstract: Aimed at two typical composite floor systems of through steel bridges in high speed railway, design methods of headed
studs were put forward for different composite members through comparing and analyzing the structure, mechanical characteristics
and transmission routes of deck loads. The simplified calculation models were brought out for the stud design of the longitudinal
girders and transverse girders in the composite floor system of Nanjing Dashengguan Yangtze River Bridge (NDB). Studs were
designed and arranged by taking the middle panel of 336 m main span for example. The results show that under deck loads, the
longitudinal girders in the composite floor system of through steel bridges are in tension-bending state, longitudinal shear force on
the interface is caused by both longitudinal force of “The first mechanical system” and vertical bending of “The second mechanical
system”, and studs can be arranged with equal space in terms of the shear force in range of 0.2d (where d is the panel length) on the
top ends. Transverse girders in steel longitudinal and transverse girders-concrete slab composite deck are in compound-bending state,
and out-of-plane bending has to be taken into account in the stud design. In orthotropic integral steel deck-concrete slab composite
deck, out-of-plane bending of transverse girders is very small so that it can be neglected, and studs on the orthotropic integral steel
deck can be arranged according to the structural requirements. The above design methods and simplified calculation models have

been applied in the stud design of NDB.
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1 Introduction

With the advantages rigidity, low
construction height, good vibration
absorption and good driving comfort, through steel
bridges with composite deck have got wide applications
in high speed railway worldwide [1-2]. In composite
decks, concrete ballast slab is composited with steel
bridge floor system by headed studs. Though there are
new kinds of shear connectors, say, PBL [3—4], the
headed studs are still the most widely used ones because
of non-directional stress and convenient construction.
Especially, in railway composite bridges, the studs are
universally preferred.

For high speed railway through steel bridges, the
structural forms of composite deck are various. There are
four main structural forms: 1) Concrete slab composited
with both steel floor system and bottom chords of the
main trusses; 2) Concrete slab composited with bottom
chords only at node areas; 3) Steel longitudinal and
transverse girders-concrete ballast slab composite deck;
4) Orthotropic integral steel deck-concrete ballast slab
composite deck [2]. In the latest decade, for most of the
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low noises,

railway through steel bridges built, abuliding and
designing, type 3) and type 4) are the two main types of
composite deck adopted. There is no lack of super
bridges, for example, Qresund Bridge (Denmark), Garde-
Adhémar Bridge (France TGV), Wuhan Tianxingzhou
Yangtze River Bridge of WuGuang passenger special line
(China) and Nanjing Dashengguan Yangtze River Bridge
(NDB) of Beijing—Shanghai high speed railway (China)
[1-2, 5-7].

With the action of deck loads, the deformation of
through steel bridges includes two parts: one is the whole
deformation of main trusses, and the other is the
deformation of composite floor system relative to main
trusses [8—10]. The whole deformation of main trusses is
mainly vertical bending, which makes most areas of the
bottom chords in tension while bottom chords near
middle supports (continuous steel truss) in compression.
The bottom chords in tension will be stretched and those
in compression will be shortened. All of the effects
caused by the whole deformation of bridges are named
“The first mechanical system action”. The effects caused
by the deformation of composite floor system relative to
main trusses, including vertical bending deformation of
bottom chords relative to chord nodes on main trusses,
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transverse girder relative to bottom chords or chord
nodes and longitudinal girders relative to transverse
girders, are named “The second mechanical system
action”. And the vertical bending of concrete slab
relative to steel transverse girders and longitudinal
girders is the so-called “The third mechanical system
action”.

Adopting different forms of composite deck in
through steel bridge, the components of the floor system
will participate the above three mechanical systems at
different levels, which leads to different deformations
and stress states for different composite members. Even
for the same type of composite deck, different composite
members show quite difference in stress state and most
of them are in complex stress status. The conventional
design methods of studs are not fully applicable any more.

Aimed at steel longitudinal and transverse girders-
concrete slab composite deck and orthotropic integral
steel deck-concrete slab composite deck, the deformation
and stress state of different composite members are
analyzed in the presented work. For each type of
composite deck, the design methods of studs are
proposed when concrete slab is composited with steel
longitudinal ~ girder, steel girder and
orthotropic steel deck, respectively. The effectiveness of
the method is demonstrated through the application on
engineering examples.

transverse

2 Structural and mechanical characteristics
of different types of composite deck

2.1 Steel longitudinal and transverse girders-concrete
slab composite deck

The structure of steel longitudinal and transverse
girders-concrete slab composite deck is simple. Usually,
the transverse girders are arranged only at the main truss
nodes, named node transverse girders. The concrete slab
is narrower than the main truss center distance, which
is composited with steel longitudinal girders and
transverse girders, but not with the main trusses. The
deck loads are transmitted first to the node transverse
girders through the concrete slab and steel longitudinal
girders, then from the node transverse girders to the
bottom chord nodes of the main trusses. Tianxingzhou
Combined Yangtze River Bridge and Tingsi River 140 m
through steel box tied arch Bridge in WuGuang
passenger special line both adopt this kind of composite
deck structure [1, 5].

With the action of deck loads, the main trusses
generally only bear axial force caused by “The first
mechanical system action”, which produces longitudinal
strain in the bottom chords of main truss and steel
longitudinal girders in the floor system. Such a
longitudinal strain causes the out-of-plane bending of the
transverse girders. Meanwhile, the transverse girders also

produce vertical bending relative to the main truss nodes
because of “The second mechanical system action”. That
is to say, the transverse girders of the steel longitudinal
and transverse girders-concrete slab composite deck are
in compound bending state. The larger the bridge span is,
the more serious the out-of-plane bending of the
transverse girders will be, and the more disadvantage the
mechanical state of the transverse girders will have.
Therefore, solving the out-of-plane bending of transverse
girders is the key point in the design of steel longitudinal
and transverse girders-concrete slab composite deck. The
steel longitudinal girders mainly bear longitudinal force
and vertical bending. The former is shared from the
action of “The first mechanical system action”, and the
latter is caused by the deck loads. The concrete slab
shows little participation in “The first mechanical system
action” because it is not composited with the bottom
chords of main trusses.

2.2 Orthotropic integral steel deck-concrete slab
composite deck

The orthotropic integral steel deck has merit of
good integrity, in which the steel deck is welded with
bottom chords of main trusses. The support system of the
steel deck can be either longitudinal and transverse
girder system or dense transverse girder system with
many slender panel transverse girders besides node
transverse girders. Because of more reasonable
mechanical behavior, the dense transverse girder system
has got more application [9—10]. The concrete slab is
mainly used to carry ballast, which is composited with
integral steel floor system not with the main trusses. The
orthotropic integral steel deck-concrete slab composite
deck is applied in Qresund Railcum-Road Bridge, NDB
and Zhengzhou Yellow River Railcum-Road Bridge [1, 8,
11-12].

In the orthotropic integral steel deck structure, the
integral steel deck and its support system both participate
in the whole deformation of the main trusses. The deck
loads are transmitted to the main truss nodes mainly
through two routes [12]:

Rout I (Ry):

Steel deck
Longitudinal rib
Longitudinal girder

Node
transverse
girder

Nodes on Transverse

bottom chord
Rout II (Ry):

Steel deck

Transverse_ Bottom
Panel transverse girder

chords

Nodes on _Longitudinal |
bottom chord

According to R,, in the transversal transmission of
deck loads, vertical bending of node transverse is
decreased with the participation of steel deck and panel
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transverse girders. On the other side, because of good
integrity of the composite deck, the out-of-plane bending
of transverse girders caused by “The first mechanical
system action” is also reduced greatly. Compared with
the steel longitudinal and transverse girders-concrete slab
composite deck, stress state of transverse girders in the
orthotropic integral steel deck-concrete slab composite
deck has been improved greatly and become more
reasonable.

In particular, the loads transmitted transversally
through the steel deck and panel transverse girders
produce vertical bending on the main truss bottom
chords. Namely, the bottom chords bear the combined
action of axial force and vertical bending, the stress state
of which has more disadvantage than that of the steel
longitudinal and girders-concrete  slab
composite deck. Therefore, the main truss bottom chords
of the orthotropic integral steel deck-concrete slab
composite deck are usually designed with strong section.

Because of the densely arranged longitudinal and
transverse girders in the steel floor system, the distance
between the girders on the steel deck is quite small,
either longitudinally or transversally. Thus, the steel deck
takes little part in “The second mechanical system
action” and “The third mechanical system action”.

transverse

3 Stud design methods for steel longitudinal
and transverse girders-concrete slab
composite deck

3.1 Stud design methods for longitudinal girder
According to the above analysis of the steel
longitudinal ~ and girder-concrete  slab
composite deck, it should be recognized that there exists
longitudinal shear force Q) between the steel longitudinal
girder and the concrete slab with the action of deck loads:

O=0nt+0n (1

where Q) is the shear force between the steel
longitudinal girder and the concrete slab caused by
longitudinal force N; of composite floor system shared
from “The first mechanical system action”, which is
transmitted from the steel longitudinal girder to the
concrete slab completely by the studs on the interface;
QOp is the shear force between the steel longitudinal
girder and the concrete slab caused by “The second
mechanical system action” under vertical deck loads.
3.1.1 Calculation of Qy; and stud arrangement

For the steel longitudinal and transverse girder-
concrete slab composite deck, the longitudinal girder can
be regarded as being simply supported on the transverse
girder approximately. In the range of panel length d,
axial force N} borne by the steel longitudinal girder
would remain uniform along the length of girder.

transverse

However, influenced by the boundary condition of the
girder end, NV, presents the obvious curve in the range of
0.2d near the girder ends [13], then becomes evenly
distributed with the transition to the middle part (see
Fig.1).
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Fig.1 Distribution of Qy; on interface of steel girder and slab in

range of d

The change rate of N, in range of 0.2d near each
girder end, dV/dx, is reflected as the longitudinal shear
force, Oy, on the interface of concrete slab and steel
girder, which is borne by the studs in the 0.2d sector.
Therefore, in the range of 0.2d near each girder end, the
shear force of a single stud gy, is

gy =2 @)

my

In Eq.(2), ny; is the sum of studs arranged on the top
flange of longitudinal girder in 0.2d sector. In the middle
sector, O, is zero, and the studs should be arranged in
accordance with requirements.
3.1.2 Calculation of O, and stud arrangement

The distribution of Oy, on the interface is similar to
that of the vertical shear force of longitudinal girder (see
Fig.2). In the range of d, the shear force of a single stud
on the interface should be calculated in subsection in
accordance with the distribution of Qp,. According to the
shear force reciprocal theorem, there is
Op = QV_SIZ[

7 3)

where Q, is the vertical shear force of the steel
longitudinal girder-concrete slab composite girder, and
takes the maximum value of each subsection; Sj is the
area moment of the transformed concrete area (transform
to steel ) to the neutral axis of the composite girder; /, is
the moment of inertial of the transformed composite
girder; /; is the length of each shear force sector, which

-
|
|
1

i O
Fig.2 Distribution of Oy, on interface of steel girder and slab in
range of d
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should not be less than 0.1d near the girder ends [14—15].
In the range of /;, studs can be arranged with equal
distance. The shear force of a single stud is

q2 = & “4)

LV
where ny is the sum of studs arranged in the length of /..
For studs on either end of the longitudinal girder in
the panel, there is

q=qutq1<[q]
or
Aq 1 =Ag+Aqp<[Aq] Q)

where [q] is the designed bearing capacity of a single
stud; [Aq] is the designed fatigue bearing capacity of a
single stud; Aq, is the shear force amplitude of a single
stud on the interface of either end of the longitudinal
girder under live load.

3.2 Studs design methods for transverse girder

Because the transverse girders of steel longitudinal
and transverse girders-concrete slab composite deck are
in compound bending state, there exist both longitudinal
shear force Oy and transversal shear force Oy, on the
interface of concrete slab and steel transverse girder.
Thereinto, Oy, is caused by the out-of-plane bending of
the transverse girder with “The first mechanical system
action”, and Oy, is caused by the vertical bending of the
transverse girder with “The second mechanical system
action”. With the co-action of Qn and O, the
calculation of the shear forces of a single stud on the
interface g, and gy, is similar to that of g, namely, the
sectional calculation is done in accordance with the
distribution of Qy; and Qp,. Due to the orthogonality of
Oh1 and Oy, in the horizontal plane, there is

an =+ (qn)” +(gn)* <[q]

or

Ady =(Agw)* +(Agyy)? <[Aq] (©)

4 Stud design methods for orthotropic
integral steel deck-concrete slab composite
deck

The stud design methods for the orthotropic integral
steel deck-concrete slab composite deck are as follows.

1) With the action of deck loads, the steel
longitudinal girders suffer the coactions of longitudinal
force and vertical bending. The former is caused by “The
first mechanical system action” and the latter is caused
by the deck loads. Therefore, design and calculation of
studs on the interface are similar with the methods
presented in Section 3.1.

2) Due to the great improvement of the out-of-plane
deformation, the transverse girders mainly suffer vertical
bending under the deck loads while the out-of-plane
bending can be neglected, especially for the orthotropic
integral steel deck-concrete slab composite deck with
dense transverse girders arranged [12]. Consequently, the
design and calculation of studs on the interface of the
steel transverse girder and concrete slab are similar to the
methods presented in Section 3.1.2.

3) The studs on the orthotropic integral steel deck
can be arranged according to the requirements.

5 Design and calculation of studs on
composite deck of NDB

5.1 Overview of bridge

Nanjing Dashengguan Yangtze River Bridge (NDB)
in Beijing—Shanghai high-speed railway is a continuous
through steel truss (arch) bridge with three main trusses
(arches) and six rail lines. The main bridge is a six-span
continuous steel truss (arch) structure of (108+192+336+
336+192+108) m, and the side bridges in shallow waters
are two continuous steel truss structures with a span of
(2x84) m [11-12]. The width of the deck is (5.2+15+15+
5.2) m, with two lines of I-type railway in width of 15 m
on the upstream side, two lines of high speed railway in
width of 15 m on the downstream side, and urban light
rail on each 5.2 m wide side. The design speed of high
speed railway is 300 km/h.

The orthotropic integral steel deck-concrete slab
composite deck supported by densely arranged
transverse girder system was adopted by NDB. The
orthotropic steel deck was welded with the main truss
bottom chords. Along the bridge, one node transverse
girder and three panel transverse girders were set in each
panel. Multiple U-type ribs were designed on the steel
deck transversally. There were two converse T-type
longitudinal girders under every railway line (see Fig.3).
C40 cast-in-place concrete ballast slab was set on the
orthotropic steel deck, which was composited with steel
deck, longitudinal girders and transverse girders by studs
(@19 mm x 100 mm) (see Fig.4).

Fig.3 Main truss and bridge deck of Nanjing Dashengguan
Yangtze River Bridge
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Fig.4 Standard cross section of ballast bed of Nanjing Dashengguan Yangtze River Bridge (Unit: cm)

5.2 Main points of studs design and calculation
5.2.1 Calculation of Qy; on longitudinal girder

Under “The first mechanical system action”, the
total axial force of floor system and bottom chords is

illustrated in Fig.6. The corresponding shear force
distribution can be got in terms of calculation methods of
general composite girder, as shown in Fig.6.

Longitudinal
N=Ny,+N;¢ Side main truss girder
Node
where N, is the axial force of bottom chords, and N; is transverse a b
. girder
the axial force of floor system shared.
An equivalent steel floor system consists of steel Node
S ) o ) transverse
longitudinal girders, longitudinal U-type ribs, steel deck girder
and transformed concrete slab (transform concrete slab P?"f' . - -
) ) ) ) transverse Middle main|truss
into steel according to the elastic modulus ratio of steel girder |

to concrete). Calculate Ny according to Ref[12], and
distribute it to the transformed concrete slab and steel
floor system in accordance with area ratio, then there is

Fig.5 Single panel of Nanjing Dashenguan Yangtze River
Bridge (double railway lines)

Ny = Nj +N¢ ard

£ = Np T Vg

e ST,
s % AN L
A 4 i di4 f
Oy = N¢ @

Q\

where N} is the longitudinal force shared by the steel |

floor system, Ny is the longitudinal force shared by the a b

concrete ballast slab, 4° is the area of the transformed NQ

concrete slab (into steel), and 4° is the area of the steel (b) '

floor system.
5.2.2 Simplified calculation model of Oy, on longitudinal

girder

Op is caused by the vertical shear force of the
longitudinal girders with the action of deck loads, which
can be calculated by the following simplified model.

Take a panel from one side of two railway lines for
example (see Fig.5). If the total deck load in a single
panel is g, allocate g, equally to the four longitudinal
girders, then each longitudinal girder bears deck load of
qy/4 distributed uniformly. In calculation, the longitudinal
girder of d/4 long between two adjacent transverse
girders is regarded as simple supported girder, and the
concrete slab is divided to four longitudinal girders
transversely equally. The steel deck is neglected, then a
simplified calculation model of longitudinal girder is

Fig.6 Simplified calculation model of longitudinal beam:
(a) Simplified longitudinal girder; (b) Shear force distribution

According to Fig.6, the longitudinal shear force O,
on the interface of segment /; is

]
Op =1l = O
1

(®)

where 7 is the shear stress of shear force segments; /; is
the length of shear force segment; O, is the vertical shear
force of the simplified longitudinal girder, and takes the
maximum value of each segment; S is the area moment
of the transformed concrete slab to the neutral axis of the
simplified longitudinal girder; /; is the transformed
inertial moment of the simplified longitudinal girder.

5.2.3 Simplified calculation model of Qy; on transverse

girder
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Transversal shear force Oy exists on the interface of
concrete slab and steel transverse girder because of the
vertical bending under the deck loads. Taking the panel
in Fig.5 for example, each transverse girder, at node or
between nodes, can be regarded as being simply
supported on the two main trusses. According to the ratio
of 1:1, the concrete slab is divided equally to the two
adjacent transverse girders, then the simplified
calculation model of studs on the transverse girder is
similar to that illustrated in Fig.6.

The mechanical performance analysis of the whole
bridge [12] has demonstrated that every node transverse
girder suffers 0.4¢g,, which is transmitted from the
longitudinal girders in the neighbor two panels. Every
panel transverse girder suffers 0.2¢,, which is transmitted
from each panel transverse girder to the longitudinal
girders. Then, Oy can be calculated as same as Q..

5.2.4 Design capacity and requirements of studs

Take the revising of “Design Rules of Railway
Composite Bridge” (China), Ref.[12] and relevant
research achievement [13—16] can be used as the
reference of stud design bearing capacity. According to
Ref[12], for @19 mm stud in compressed concrete,
designed bearing capacity is [¢g]=34 kN, and designed
fatigue bearing capacity is [Ag]=17 kN; corresponding
values of [¢] and [Aq] should be multiplied by a discount
of 0.85 for @19 mm stud in tensile concrete.

The requirements of the studs arrangement can also
take the relevant rules in Refs.[12, 16—17].

5.3 Studs design and arrangement of NDB

The deck loads of NDB are as follows.

1) Second stage dead load (D,): includes the self
weight of ballast, concrete ballast slab and rails,
distributed uniformly in the range of concrete ballast slab,
D,=396 kN/m;

2) Live load (L): 80 kN/m for a single I-type
railway line, 64 kN/m for a single high speed railway,
taking a discount of 0.75 for full bridge distribution of
four lines; 28.5 kN/m for a sing light rail, no discount,
full bridge distribution of two lines.

According to the methods put forward, taking a
middle panel in 336 m arch truss span of NDB for
example, the arrangement of the studs on steel
longitudinal girders and transverse girders can be got
through the calculation with the action of D, and L,
respectively. For the sake of safety, check calculation of
stud fatigue capacity is carried out in accordance with the
arrangement. The results show that the shear force per
stud is less than the designed fatigue capacity with
enough safety reserved, including studs on panel
transverse girders, node transverse girder and
longitudinal girders, as listed in Table 1.

According to the calculation results, the studs of
NDB are arranged with a spacing of 40 cmx40 cm on the
steel deck, the transversal spacing is shortened to 20 cm
underneath the ballast barricade, and the longitudinal
spacing is reduced to 25 cm at the end of the longitudinal
girders. The sum of studs used for NDB is 230 703, as
listed in Table 2.

Table 1 Fatigue calculation results of @19 mm studs on steel longitudinal beams and transverse beams of middle panel of 336 arch

truss span of Nanjing Dashengguan Yangtze River Bridge

Second stage dead load” Live load Fatigue check calculation
Location Causes of
shear force Shear force of
O/kN & O/N " single stud [Ad]
First mechaplcal 447 13 374 2% 14 (1.4+1.8)<
Longitudinal system action [Ag]=17
girder +1.8)<
Vertical shear force 112 3 195 6 1.8 (1.4 17‘8)—
[Aq=17
Node transverse .
. Vertical shear force 2350 69 1750 51 11.7 11.7<[Aq]=17
girder
Panel transverse Vertical shear force 1560 46 1160 34 14.9 14.9<[Aq]=17

girder

Note: Ratio of elastic module of steel to concrete is 15 under second stage dead load and 6 under live load; *—Disregard self weight of concrete slab

Table 2 Sum of @19 studs of Nanjing Dashengguan Yangtze River Bridge

Item Main bridge Side bridge A Side bridge B
Side of high speed railway 89 896 13 653 13 940
Side of I-type railway lines 86 697 13122 13 395

Sum 176 593 26 775 27 335




952

J. Cent. South Univ. Technol. (2011) 18: 946-952

6 Conclusions

1) Under deck loads, the longitudinal girders in the
composite floor system of through steel bridges are in
tension-bending state with the combined action of
longitudinal force and vertical bending. The former is
caused by ‘The first mechanical system action’, and the
latter is caused by vertical deck loads. The longitudinal
shear force on the interface of steel longitudinal girder
and concrete slab is caused by the co-action of the above
mentioned two parts. In the range of 0.2d segment on
each end of the panel, the studs can be arranged
uniformly according to the longitudinal shear force.

2) The transverse girders in the steel longitudinal
and transverse girders-concrete slab composite deck are
in compound bending state. The out-of-plane bending of
transverse girders has to be taken into account in bridge
design. Under deck loads, the shear force on the interface
of the concrete slab and steel transverse girder consists of
two parts: one is the transversal shear force caused by the
vertical bending, and the other is longitudinal shear force
caused by the out-of-plane bending.

3) The out-of-bending of the transverse girders in
the orthotropic deck-concrete  slab
composite deck is small enough to be neglected. Thus,
the stud design of transverse girders only needs to take
the shear force caused by the vertical bending into

integral steel

account. Due to the dense arrangement of longitudinal
and transverse girders on the steel floor system, the
distance between the girders is quite small so that the
steel deck participates little in “The second mechanical

system action” and “The third mechanical system action”.

Therefore, the studs on the orthotropic integral steel deck
can be arranged according to the requirements.

4) On the basis of the above methods, combined
with the structural characteristics of the composite deck
of NDB, simplified stud calculation models are proposed
for the longitudinal girders and transverse girders,
respectively. The results of the example show that, by
arranging the studs in accordance with the methods put
forward, the shear force of a single stud is quite less than

the design bearing capacity with a certain safety reserved.

The proposed method is simple and applicable, which
has been successfully applied in real bridges.
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