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Abstract

Concrete-filled steel tubes (CFST) have been increasingly applied in long span arch bridges
due to their high compressive strength and efficiency in construction. The objective of this
work is to evaluate the efficiency of using high strength concrete in long span CFST arch
bridges.

Experimental results on the behaviour of CFST elements were collected from literature,
aiming to analyze the behaviour of high strength concrete in CFST solutions. The analysis
of the results was based on the internal mechanical behaviour and failure mechanism of the
concrete core and their effect in the loading capacity of CFST sections.

The analysis has shown that the different behaviour between normal and high strength
concrete results in different effects concerning the confinement level and the loading
capacity of CFST sections. The steel tube changes the cracking process of the concrete core,
contributing to an unfavorable failure mode in case of high strength concrete, which reduces
the efficiency of the combination of the steel tube and the high strength concrete core.

An initial design of a long span railway CFST arch bridge was carried out, considering two
combinations of materials, namely normal and high strength materials. The application of
high strength materials shows the advantages of reducing the structure self-weight and the

materials consumption by about the half when compared to normal strength materials.
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Resumo

Tubos de aco preenchidos com betdo (TAPB) tém sido cada vez mais aplicados em pontes
em arco de grande vao, devido a elevada capacidade de carga e eficiéncia na construcao. O
objetivo desta tese é avaliar a eficiéncia do uso de betdo de alta resisténcia em pontes em
arco TAPB de grande vao.

Com o objetivo de analisar o comportamento de betdao de alta resisténcia em solucoes de
TAPB, foram recolhidos e analisados resultados experimentais da literatura, sobre o
comportamento de elementos da TAPB.

A analise dos resultados baseou-se no comportamento mecanico interno e no mecanismo
de rotura do betdo dentro do tubo, e o seu efeito na capacidade de carga de se¢oes TAPB.
A analise mostrou que o comportamento diferente entre o betdo normal e o de alta
resisténcia resulta em diferentes efeitos quanto ao nivel de confinamento e a capacidade de
carga de seccoes TAPB. O tubo de aco altera o processo de fissuracao do betao, contribuindo
para um modo de rotura desfavoravel no caso de betao de alta resisténcia, o que resulta em
menor eficiéncia da combinacao dos tubos de aco com o nucleo de betao.

Adicionalmente, foi realizada uma anélise preliminar de uma ponte ferroviaria em arco
TAPB de grande vao, considerando duas combinacdes de materiais, nomeadamente
materiais de resisténcia normal e materiais de alta resisténcia. A aplicacao de materiais de
alta resisténcia tem a vantagem de reduzir o peso proprio da estrutura e o consumo de

materiais para metade, quando comparados aos materiais de resisténcia normal.
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Tubos de aco preenchidos com betdo; betdo de alta resisténcia; fissuracao do betdo; pontes

em arco.
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Chapter 1 Introduction

1.1 Introduction

Concrete-filled steel tubes (CFST) have been increasingly used as a structural solution for
arch bridges and as columns in high-rise buildings and underground infrastructures due to
their several advantages such as high compressive strength and efficiency in construction.
The cross-section of concrete-filled steel tube elements is composed of steel tube and
concrete core. The steel gives confinement for the concrete, which increases the load-
bearing capacity and improves the ductility of the concrete core. Additionally, the concrete
core reduces the occurrence of local buckling of the steel tube. The steel tube also acts as a

framework for the concrete, which results in efficiency in construction [1].

In CFST solutions, the steel tubes can be filled with normal strength concrete or high
strength concrete [2]. With the developments in materials technologies, ultra-high-strength
concrete (UHSC) with strength exceeding C100 has been gradually used in CFST solutions
forming ultra-high-strength concrete-filled steel tube (UHSCFST). The application of high
strength materials in CFST structures can increase the bearing capacity of the structural
members, decreasing the consumption of materials, cross-sectional area and structures self-
weight. Thus, their use can be advantageous in the construction of high-rise buildings and
long-span bridges [3]. Moreover, the concrete core can be more dense and uniform in
UHSCFST than the ordinary CFST, due to the finer composition of UHSC making it more
suitable for the filling [4].

However, due to some limitations about the mechanical behaviour of high strength concrete
when applied in CFST solutions, its application in arch bridges is limited. Limited research
has been performed on the use of high strength concrete in CFST solutions. The application
of the current design codes is limited to normal strength concrete. For example, Eurocode
4 is applied to concrete grades up to C60, the Chinese codes up to C80. Only the Australian
code is applied to concrete grades up to C100, which is considered as a high strength
concrete. Therefore, additional research to understand the mechanical behaviour of high
strength concrete-filled steel tube is needed to safely design structures using UHSCFST, as

long-span arch bridges.



1.2 CFST applications

1.2.1 General applications

CFST solutions are used in different structures such as buildings and bridges. The SEG Plaza
in Shenzhen (Figure 1.1 (a)) with 291.6 m height, is one of the earliest application of CFST
members in high-rise building. The applied CFST columns have a circular cross-section,
composed of C60 concrete and S355 steel. In this case, the quantity of the used steel
corresponds to 50% of the needed quantity using simple hollow steel sections [2]. Canton
Tower in Guangzhou (Figure 1.1 (b)) is another example with a main body height of 454 m
and a pinnacle height of 600 m, where $2000mmx50mm CFST columns were used [2]. In
Australia, CFST solutions were applied in several projects including Market City in Sydney,

Casselden Place and the Commonwealth Centre in Melbourne [5]. CFSTs have also been

widely used in Japan as structural solutions such as bridge piers [6].

Figure 1.1 a) SEG Plaza (adapted from [7])  b) Canton tower (adapted from [2])

1.2.2 Application of CFST solutions in bridges

CFST arch bridges have become a good alternative to reinforced concrete arch bridge and
steel arch bridges [8]. CFST use in arch bridges permits to reduce the arch self-weight and
to improve the ductility when compared with reinforced concrete arch bridges. Additionally,

CFST use is more cost-effective compared to steel arch bridges [9].



The first CFST arch bridge was constructed in the 1930s in the USSR, with a 140m span.
Due to limitations in construction methods, no other CFST arch bridges were built for many
years. Despite existing some examples of CFST arch bridges around the world, the number
of these bridges is small compared to other types of bridges. CFST arch bridges are
becoming a very popular solution for use in long-span application owing to their high
compressive strength and efficiency in construction. China has gained a world-leading
position in the development of CFST arch bridges. Due to the mountainous nature of China,
where a lot of rivers rush through deep valleys and ravines, arch bridges are a particularly
suitable solution to span over these areas [10]. The chinese researchers have made a great
development on the mechanism and construction methods of CFST arch bridges. The
improved techniques of concrete pumping and segmental hoisting have expanded the
feasibility of CFST arch bridges.

More than 400 CFST arch bridges have been built in China. According to [11], the first
Hejiang Yangtze River Highway Bridge (Figure 1.2) is a half-through CFST arch bridge
whose main span of 530 m is the longest in CFST arch bridges at present. The arch ribs have
a catenary axis with a 1/4 rise-to-span ratio. The arch ribs are two parallel trusses
(Figure 1.3), each one consists of 4 tubes with 1300 mm diameter and variable thickness
between 22 mm and 34 mm, filled with C60 concrete. The height of the ribs varies between
7 m and 14 m and the width is 4.0 m, with a center to center distance of 25.3 m between the
two ribs. Steel tubes with a diameter of ¢760 mm are used to connect the CFST chords

transversely, and tubes with a diameter of $660 mm connect the chords vertically.

Figure 1.2 The First Hejiang Yangtze River Bridge (adapted from [12])
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Figure 1.3 The Cross section of the main arch in the first Hejiang Yangtze River Highway Bridge [11]

Wushan Yangtze River Bridge (Figure 1.4) in China is a combined highway and railway
bridge with a main span of 460 m [13], the half-through arch consists of two CFST truss ribs
and the height of the rib section is various ranging from 7 m in the crown to 14 m in the
spring, with a center to center distance of 19.7 m between the two ribs. Each rib consists of
four ¢p1220x22mm CFSTs with C60 concrete (Figure 1.5). The arch longitudinal axis is a

catenary curve [14].

Figure 1.4 Wushan Yangtze River Bridge (adapted from [15])
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Cast steel cushion hlock
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Figure 1.5 Sketch of the arch rib in Wuxia Yagntze River Bridge (units in mm)(adapted from [14])



The Liancheng Highway Bridge (Figure 1.6) with a span of 400 m has a unique
configuration, combining arches and stayed-cables to support the deck structure. The two
ribs have a rectangular cross-section with a height of 9 m, with 6 CFSTs in each rib. The

dimensions of the CFSTs are variable between $850mmx28mm and $850mmx20mm [16].
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Figure 1.6 Liancheng Bridge a) Elevation view b) Rib cross section (adapted from [16]) (units in mm)

Zhijing River Bridge with a main span of 430 m (Figure 1.7), is another example of long span
CFST arch bridges in China.

Figure 1.7 Zhijing River Bridge (adapted from [17])

Critical priorities arise in the design of high-speed railway bridges, which become
increasingly longer. Recent examples of long span railway arch bridges are the Yachi River
Bridge [18] (Figure 1.8), with 436 m span, and the Nujiang Railway Bridge Darui [19]
(Figure 1.9), with 490 m span. Both bridges were constructed in China, using steel arches.
In the case of Yachi River Bridge, the flanges are covered by concrete, totally in the upper

flanges and partially in the bottom flanges.



Figure 1.9 Nujiang Railway Bridge Darui [21]

The stiffness requirements for long-span railway bridges are satisfied in "massive" concrete
arches as in Beipanjiang Railway Bridge [22] (Figure 1.10), which is one of the most
important railway bridges in China. In this case, CFST elements were used in the "skeleton"
that supported the construction of the concrete arch and contribute to their section
resistance. According to [13], using CFST elements in the "skeleton" permitted to reduce
about 50% in steel consumption, when compared with a simple steel solution. The stiffened
CFST arch has a catenary axis line. The main span is 445 m and the rise to span ratio is
1/4.45. The arch section height is 9 m and the width is variable between 20 and 28 m
(Figure 1.11). Four CFSTs on each side with a diameter of 750 mm filled with C80 and the

surrounding concrete is C60 [23].



Figure 1.10 Beipanjiang Railway Bridge, with a main span of 445 m [24]
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Figure 1.11 Cross section of the arch of Beipanjiang Bridge a) arch springing b) arch crown (adapted from [23])

(units in cm)
1.2.3 Application of high strength concrete in CFST solutions

High-strength concrete (HSC) and ultra-high-strength concrete (UHSC) have become an
interesting alternative to normal strength concrete due to the high compressive strength,
improving the bearing capacity and reducing the cross-sectional size, materials
consumption and the structural self-weight. However, material brittleness is one of the
disadvantages of high strength concrete. Filling high strength concrete into steel tubes
(UHSCFST) can improve the compressive brittleness of UHSC [4] [25].

Therefore, UHSCFST has been gradually applied in civil engineering. In Japan, Techno
station in Tokyo is one of the application of high strength concrete in CFST solutions [25],
with S780 steel tubes filled with C160 concrete. Another example of UHSCFST application
in Japan is Abeno Harukas, where a S780 steel tube was filled with C150 [25]. High-strength

concrete has been used in some bridges elements, such as piers and arches. In Labajin



Bridge (Figure 1.12), C80 was filled into tubular columns and used in the 182.5 m height
piers. Another application of high strength concrete is in Zhaohua Jialingjiang Bridge
(Figure 1.13), with 364 m span, a C80 concrete was used in the encased CFST elements [26].
C100 concrete was used in CFST elements in Modaoxi Bridge (Figure 1.14) with a main span
of 280 m and in Guanshen Qujiang Bridge with a main span of 320 m [3]. In Beipanjiang
Railway Bridge, referred above, C80 concrete was used in CFST elements of the "skeleton"

that supported the arch construction.

Figure 1.13 Zhaohua Jialingjiang Bridge, main span of 364 m [28]



Figure 1.14 Modaoxi Bridge, main span of 280 m [29]

1.3 Objectives

The present work intends to study and evaluate the efficiency of high strength concrete for

long span CFST arch bridges. The specific aims are as follows:

e Understand and analyze experimental studies performed by different authors on the
behaviour of CFST elements using high strength concrete.

e Initial design of a long span arch bridge, comparing the use of UHSCFST and
ordinary CFST.

e Present a comparative structural analysis between the two solutions, taking into
account geometrical nonlinearities and the effect of the concrete creep on the long-

term deformations and stresses redistribution.



Chapter 2 Literature review

2.1 Description of CFST solutions and techniques

Different cross-sections can be used in CFST members such as square section, rectangular
section and circular section. The circular section theoretically gives the best confinement
for the concrete and local buckling is more expected to happen in square and rectangular
sections [2].

A comparison study has been made by Lin-Hai Han [2] on stub columns with hollow steel,
reinforced concrete and CFST sections, with the same dimensions and the same type of
concrete, with 78 MPa compressive strength. The used steel has a yield strength of 363 MPa.
The measured results showed that the ultimate strength of the CFST column is greater than
the summation of the strength of the steel column and the reinforced concrete column
(Figure 2.1 (a)). The load versus deformation relationship (Figure 2.1 (b)) shows that the

ductility of the column increased significantly when using CFST section.
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Figure 2.1 Axial Compressive Behavior of CFST Column (adapted from [2])

Various types of structural steel can be used in CFST sections including normal carbon
(mild) steel, high-performance fire-resistant steel, high strength steel and stainless steel.
The same for concrete, where normal-weight concrete, normal and high strength concrete
can be used in CFST solutions. Strict attention should be paid to the water to cement ratio
since the excess water cannot be removed from the sealed tube. Hence, the water to cement
ratio should not exceed 0.4 for normal weight concrete [2]. Different combinations of
materials, concerning compressive strength, can be adopted. However, better structural
behaviour is achieved when the strength of the used materials is matched [30]. The most
commonly used steel grades in CFST arch bridges in China are Q235 and Q345 which are
similar to S235 and S355 grades in Eurocode standards [1]. The common concrete grades

of investigated CFST arch bridges in China are shown in Figure 2.2.
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C50(67%)

C40(25%)

Figure 2.2 Typical concrete grades used in CFST arch bridges in china (adapted from [1])

CFST is an ideal composite structure to use in long-span arch bridges, in which the arch ribs
can support large axial pressure [31]. Moreover, the arch steel tube can be filled with
concrete with no need for the formwork, making the erection of long-span arches easier.
Additionally, the use of arches can significantly reduce bending moments. These advantages
enhance the structural efficiency of the CFST arch system [32] [33]. With the developments
of construction technologies and the advanced analysis, engineers have been able to
gradually increase the span of CFST arch bridges. The development of the maximum span

of CFST arch bridges in china is shown in Figure 2.3.
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Figure 2.3 The development of the maximum span in CFST arch bridges in china (adapted from [13])

The structural configuration of CFST arch bridges can be categorized into main five types:
deck arch, half-through true arch, through deck-stiffened arch, through rigid-frame arch
and fly-bird-type arch (Figure 2.4). The axis of the arch should be close to the compression
line to take the advantage of CFST structure. Different configurations are used for the axis
such as catenary and parabola functions. The data about different constructed bridges
indicates that catenary or parabola are used in most through and half-through arches and

catenary configuration is the most adopted for deck arches [1]. Several cross-sectional
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shapes can be used in the CFST arch ribs, including single tube, dumbbell-shaped, trussed
type among others (Figure 2.5). Usually trussed rib is more suitable for long span arches

[10].

P pemm T

tied-gitdr
(a)Deck (true) arch (b)Half-through true arch (c) Through deck-stiffened arch
_ . ) . "\/""-_
pier tied-rod pier 1 ] tied-rod I J,,
(d) Through rigid-framed tied arch (e)Fly-bird-type' arch

Figure 2.4 Main types of CFST bridges (adapted from [1]).

Single tube Dumbbell type Truss type

Figure 2.5 Typical ribs section in CFST arch bridges (adapted from [1])

In the construction of CFST bridges, the steel tube is erected at first, which is the most
important stage in the construction of CFST arch bridges, and then it is filled in with the
pumped concrete [13] [1]. The concrete curing process is simplified inside the steel tube as
the tube prevents moisture from evaporating making suitable humidity conditions and
saving the water curing process [31]. The most common construction methods of CSFT
bridges are cantilever method, swing method and scaffolding method [8]. The cantilever
method is the most adopted for the construction of CFST arch bridges. In this method cables
controlled by jacks are used to guarantee equilibrium and stability during construction,
achieving high precision, the arch is fixed and consolidated segment by segment. This
method has been used to erect hundreds of arch bridges including the First Hejiang Yangtze
River Bridge (with a main span of 530 m) (Figure 1.2) and the Wushan Yangtze River Bridge
(with a main span of 460 m) (Figure 1.4). The swing method includes vertical and horizontal
swing. In the vertical swing method, semi-arch rips are fabricated and then lifted up to the

design level. Examples of CFST arch bridges constructed by this method are Wuzhou

12



Guijiang Bridge and Jing-hang Canal bridges in China. The horizontal swing method is
based on a pushing system using jacks with a high rotation capacity. The Beipanjiang

Railway Bridge (Figure 1.10) is a case where the horizontal swing method was adopted [13]

[34].

Figure 2.6 Erection procedure by cantilever method in Wushan Yangtze River Bridge (adapted from [1])

The concrete should be poured into the steel tube of the arch rib in one time in order to
ensure the integrity of the infilled concrete. For example, according to [14], in Wushan
Yangtze River Bridge, three pouring ports were used at each side of the tube (Figure 2.7).
The concrete pouring starts at arch spring using port no.1 until the slurry gets out of the
slurry outlet of pouring port no.2. The air then is released from the tube using valves at
pouring port no.2 and the concrete is pumped using pouring port no.2. By the same process,
the tube is filled until the top of the arch.

Unit:meter
Slurry outlet at arch top

Arch ring steel pipe

No. 3 Concrete pumping port

No. 2 Concrete pumping port

Detail Drawing of Grouting Port

Slurry cutlet
Stop valve

No. 1 Concrete

pumping port Stop valve

Concrete pumping port Concrete pumping pipe

Arch ring steel pipe

Figure 2.7 Indication sketch of concrete-filled steel pipe grouting of the main arch (adapted from [14])
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2.2 Codes for CFST design

As the application of CFST structures is gradually increasing around the world, several
national standards provide guidelines for the design of this type of structures such as
Eurocode 4 part 1-1 (design of composite steel and concrete structures) [35], American
Institute of Steel Construction (Specification for Structural Steel Buildings) AISC 360-16
[36], Standards Australia (Composite Structures ) AS 2327 [37], Architectural Institute of
Japan (AIJ) (Recommendations for Design and Construction of Concrete Filled Steel
Tubular Structures) [38] and China National standard (Technical code for CFST Arch
Bridges) GB 50923-2013 [39]. However, the chinese code [39] is the only one specified for
CFST arch bridges. In addition to the different design codes, various authors have proposed
models for predicting the ultimate load capacity of CFST elements [40]-[45] among others.
In this section, a summary of design recommendations is presented according to different
design codes and researches, in addition to aspects related to the applicability of these

methods in high-strength materials.

The applicability of the most current codes is limited to normal strength materials.
However, the Australian standard includes high strength concrete up to 100 MPa and high
strength steel up to 690 MPa. Table 2.1 contains the strength limits of concrete and steel in

different design codes.

Table 2.1 Materials strength limits in current design codes

Concrete compressive strength Steel yield stress
Design code
(MPa) (MPa)

EC4[35] 60 460
GB 50923 [39] 70 420
AS 2327 [37] 100 690
AISC 360-16 [36] 69 525
AlJ [38] 90 440

The expression suggested by EC4 [35] to calculate the compressive strength of CFST
sections, for relative slenderness A<0.5 and e/d<o0.1, is defined in equation (2.1), where d is
the diameter of the tube and e is the loading eccentricity. The confinement effect is taken
into account by a coefficient (1) for the concrete where concrete strength is improved, while
the steel strength is reduced by a coefficient (ns) as the hoop stresses decrease the effective
yield strength of the steel. To consider the global buckling effect, a reduction factor y is

multiplied by the strength of the column. This factor is related to the relative slenderness
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and the buckling curve. However, EC4 does not provide a specific approach for columns

with relative slenderness beyond the limit A<0.5.

t fya
Npira = NsAs fya + Ac fea (1 + 1, 5%) (2.1)

cd

With
Ne=N¢o (1 —10e/d) (2.2)
Ns = Nso + (1 - nso)(loe/d) (2-3)
Neo=49—1851+1712>0 (2.4)
Nso=0.25(3 +21) <1 (2.5)
_ N
1= [|-PLRE (2.6)
Ney

Where Ny, gy is the characteristic value of the plastic resistance to compression and N, is
the critical normal force for the relevant buckling mode, calculated with the effective
flexural stiffness defined by expression (2.7). A reduction is considered in the concrete

stiffness due to cracking.
(EDeps = Esls +0.6E 1, (2.7)

The recommendation concerning the steel contribution in the section axial resistance

should satisfy the expression (2.8).

Al g9 (2.8)

02— <
Asfy +Acfck

The diameter to thickness ratio should not exceed the limit defined in (2.9).

2 < 902_35 (2.9)

t fy
In the Australian standard AS 2327 [37], the ultimate strength of CFST elements is given by
expression (2.10). The confinement effect of concrete provided by the steel tube is
considered for circular sections. To account for local buckling effect, a factor (ke) is used,
which corresponds to the ratio between the effective area and the gross area of the steel tube
section. Expression (2.10) is multiplied by a reduction factor (a.), based on member

slenderness, to obtain the strength of a CFST column.
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t fya
Nys = kfnsAs fyd + Ac fea <1 + 1 Efy_d> (2.10)
c

The slenderness ratio should not exceed a limit defined in expression (2.11).

Bf_y < 0_19% (2.11)
t 250 fy

Unlike EC4, AS 2327 does not consider a reduction in the flexural stiffness of concrete.

(El)eff = E;I; +E . (2.12)

In the American standard AISC 360-16 [36], different types of sections are considered, as
defined in Table 2.2.

Table 2.2 Section classification according to AISC 360-16

Section type Compact section Non-compact section Slender-element section
Slenderness
A<, A <A< A, A< 2
A=d/t
Where:
Es
Ay =0.19— (2.13)
fy
Es
Ap = 0.09f— (2.14)
y

For compact circular sections, the ultimate compressive strength is given by expression
(2.15). The steel tube is assumed to yield before buckling. A limitation for the cross-sectional

areas of the steel tube and the concrete core is given in expression (2.16).

N, = N, = A fyq + 0.954, foq (2.15)

As > 0.01(4, + A (2.16)

The ultimate compressive strength of non-compact sections is given in expression (2.17).

The compressive strength is reduced due to considerable volumetric dilation when the
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concrete is subjected to compressive stresses of 0.7 f, and the steel tube is expected to yield

with local buckling.
N, —N
Where:
N, = Asf, + A.0.7f, (2.18)

The ultimate compressive strength for slender circular sections is given in expression (2.19).
A reduction is considered in the concrete strength due to a shortage of confinement effect.

The steel tubes are expected to undergo an elastic local buckling.

Ny = Asfer + A:0.71; (2.19)
With

0.72f,

. A (2.20)
" (Dfy/Est)?

The strength of a CFST column is given as:

Tran Nu 2.21
Ny. = N, (0.658Ncr) for N <225 (2.21)
N
Ny = 0.877N,, for = >2.25 (2.22)
With
- T (EDers (2.23)
cr 2
Le
The effective flexural stiffness is calculated as:
(EDefr = Esls + C3E I, (2.24)
With
A
C3 =0454+3—>— <09 (2.25)

As +A. —

The slenderness limit should satisfy the expression (2.26).
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E
<0312 (2.26)

D
t fy

Architectural Institute of Japan (AIJ) [38] provides a design method for CFST columns in
the standard for composite concrete and steel (SRC). The ultimate compressive strength of

a CFST column is calculated considering three situations as follows:

Nyi = Ny + 1.27N, for %34 (2.27)
! !
MQ=Mﬂ—aanﬂ—M@(g—@ for 4<§S12 (2.28)
l
Nys = Nepo + Ney g for 12<£— (2.29)
Where:

L Effective length of a CFST column

Ultimate strength of a concrete column

[}

S

5. Ultimate strenght of a steel column

=
3
3

Buckling strength of a concrete column

=

«rs: Buckling strength of a steel column

The confinement effect is considered in short columns with circular sections as shown in
equation (2.27). For slender columns, the strength of the section is calculated by summing
the buckling strengths of the steel tube and the infilled concrete columns separately. The
limitation regarding the D/t ratio is given in expression (2.30). The code also suggests a
limit for the maximum effective length Ix of the CFST compression members shown in

expression (2.31).

23500

b_is (2.30)
t F
Where F is a standard strength to determine allowable stresses of steel.
U (2.31)
X <50 3
T

There are no systematic standards for CFST arch bridges' design. Instead, two methods are
adopted for designing such bridges, load and resistance factor (LRFD) method, used for
designing concrete and masonry bridges, which is based on inelastic behaviour, and the
allowable stress design method (ASD), used for designing steel and timber bridges. The
(LRFD) method is adopted for highway bridges and (ASD) method is usually used for
railway bridges [1] [12]. However, the norm GB 50923-2013 (China National Standard-
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Technical Code for CFST Arch Bridges) [39] developed in 2013, is considered to be the most
important design code for CFST arch bridges in china [12]. This code provides
recommendations related to the design and construction of highway CFST arch bridges. The
expression adopted in this code to calculate the ultimate capacity of a single CFST member

with a circular section in axial compression is as follows:

No = k3(1.14 + 1.028) (1 + pc)feaAe (2.32)

Where ¢, is the confinement factor, calculated by expression (2.33), k3 is a conversion

coefficient for design compressive strength and p,. is the steel ratio.

g, = slya (2.33)
Acfea

The expression (2.32) is also applied to dumbbell-shaped and truss CFST stub columns, by
summing the strength of the tubes in the section in addition to the connection steel webs
plates. For members in eccentrically compression, expression (2.32) is used considering a
reduction factor of eccentricity ratio. The expression (2.32) considers a stability factor when
applied to slender CFST columns.

The equivalent beam-column method is adopted to predict the ultimate load-carrying
capacity of CFST arches, where an arch rib is considered as a single beam-column with an
effective length using a reduction factor of 0.36 for fixed arches, 0.54 for two-hinge arches
and 0.58 for three-hinge arches. In bridges with a span no larger than 300m, an empirical
equation may be used to estimate the section height of the arch rib H for uniform cross

sections (2.34). The width may be 0.40H to 0.75H.

2

_ b\ | loa (2.34)
H= kyk, [0.2 (100) o412

Where [, is the arch span, k, is a load level coefficient and k, is a driveway coefficient.
The recommendations regarding the steel tube suggest that the thickness of the tube should
be at least 8mm, the diameter to thickness ratio should be within the limits defined in

expression (2.35) and the steel ratio should be within the limits defined in expression (2.36).

35235 < D < 100235 ( )
—<—< — 2.

Ag
0.04<p= T <0.20 (2.36)

[

The presented formulas defined in the current codes are applied to normal strength
concrete as mentioned above. Thus, beyond the description of the codes above, a survey of

research about the design of CFST sections using high strength concrete is presented. Thai
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et al. [46] presented a reliability study on EC4 [35], AISC 360-16 [36] and AS 2327 [37],
based on 3208 columns' test data including circular stub and long columns, circular beam-
columns as well as stub, slender rectangular columns and rectangular beam-columns, with
a considerable number of columns exceeding the slenderness limits and the strengths of the
materials provided by the design codes. The conclusion of the study is that the limits of
materials strength and slenderness can be extended for higher levels in the three codes. The
AISC 360-16 [36] gives the most conservative approach. Liew et al. [47] carried out
experiments on CFST columns including steel tubes filled with ultra-high-strength concrete
and concluded that EC4 could be used for predicting the ultimate capacity of short columns
filled with UHSC with strength up to 200 MPa, while more investigation is needed for longer
columns. Guler et al. [48] stated that EC4 overestimates the axial compressive strength of
high strength CFST, and therefore cannot be safely applied for CFST with concrete
compressive strength higher than 100 MPa, while AISC 360-16 [36] is too conservative.
Portoles et al. [49] reported that when the column is eccentrically loaded, EC4 [35] can be
used safely for HSC and UHSC, while it is less accurate when the columns are centrically
loaded. Additionally, the buckling curves should be reviewed. Huang et el. [50] performed
comparison between AS 2327 [37], EC4 [35] and AISC 360-16 [36] based on experimental
tests on stub and slender CFST columns with concrete strengths up to 100 MPa. The results
show that the limits of these codes can be safely extended to include high strength concrete.
Chen et al. [4] confirmed that AISC 360-16 [36], EC4 [35] and AIJ [38] provide conservative
prediction methods for UHSCFSTs ultimate capacity, based on experimental tests on
UHSCFST circular and square specimens and comparing their ultimate capacity to the three
codes. According to the results, the EC4 [35] is the most accurate. Xiong et al. [51] reported
that for short CFST columns incorporating high strength and ultra-high strength materials,
the limits in AISC 360-16 [36], EC4 [35] and ALJ [38] could be extended to include concrete
with compressive strength up to 190 MPa. Hoang et al. [52], based on an analytical study,
reported that AISC 360-16 [36] approach is appropriate to estimate the ultimate capacity of
UHSCFSTs when the entire section is loaded while the AIJ [38] gives the best estimation
when the loading is applied on the concrete core. EC4 [35] and AIJ [38] become less
accurate with the increase of D/t ratio while AISC provides good estimations for this case.

EC4 [35] had the best estimations with high confinement index.

A number of authors have proposed models and recommendations for the design of CFST
members incorporating high strength materials. Liew et al. [25] presented a design guide
for CFST members with a concrete compressive strength between 9o MPa and 190 MPa and
steel yield strength not exceeding 550 MPa using a reduction factor of 0.8 for the

compressive strength of concrete and therefore ignoring the confinement effect. A model
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proposed by Chen et al. [4] for circular and square UHSCFST considering the confinement

effect is as follows:

Ny = fyAs + A+ k)fAc (2.37)
with k =0.17—-0.0013D/t /fy/235 for circular sections (2.38)
k =0.3—-0.004B/t /fy/235 for square sections (2.39)

Hoang et al. [52] have proposed a simplified model to predict the ultimate capacity of
circular UHSCFSTs for two cases of loading pattern as shown in expressions (2.40) and
(2.41). The two formulas are valid for concrete compressive strength between 150 MPa and
200 MPa, steel yield strength between 235 MPa and 460 MPa, and confinement index

between 0.1 and 0.7.

Ny = (1 +1.278)Acf Loading on entire section (2.40)

Ny, = (0.8 + 1.85)Acfe Loading on concrete core (2.41)

2.3 Survey of experimental results

In order to come to a better understanding of the mechanical behaviour of CFSTs with high
strength concrete, discussions on different test results are presented in this section, based
on experimental results collected from [3], [4], [58], [25], [30], [51], [53]-[57]. The
parameters used to evaluate the performance of CFSTs are the confinement factor (&) and
strength index (SI). The confinement factor (§) is considered as a key factor affecting the
interaction between the concrete core and the steel tube, and can be defined from equation
(2.42). Strength index (SI) is another relevant parameter used to evaluate the capacity of

CFST sections and can be calculated from equation (2.43).

_ fyAs
feAc
N
Nhollow + chc

¢ (2.42)

SI (2.43)

Where N, is the capacity of CFST section; Nnoow is the capacity of the hollow steel tube
section; fyis the yield strength of steel; f.is the compressive strength of concrete; A and As

are the areas of the concrete core and the steel tube, respectively.
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Figure 2.8 contains the relation between the compressive strength of concrete and strength
index (SI) with different levels of concrete compressive strength. A particular result using

expansive agent is also shown.
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Figure 2.8 Relation between the compressive strength fc and strength index (ST)

Separating the results of normal strength concrete and high strength concrete (f. >100
MPa), the strength index is generally higher when normal strength concrete is used, despite
some dispersion of values above and below 1.2. The strength index is generally below 1.2 for
high strength concrete as shown in Figure 2.10, which demonstrates the relatively reduced
confinement effect of the steel tube. The influence of the expansive agents is evident, in

which the obtained strength index is higher than 1.4.
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Figure 2.9 Relation between concrete compressive strength and strength index (SI) for concrete with

compressive strength lower than 100 MPa
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Figure 2.10 Relation between concrete compressive strength and strength index (SI) for concrete with

compressive strength higher than 100 MPa

The relation between the confinement factor (§) and strength index (SI) is presented in
Figure 2.11, Figure 2.12 and Figure 2.13. The results show that higher confinement effect
implies higher strength index. However, the separation between normal strength concrete
and high strength concrete shows different effects between the two levels of strength. For
normal strength concrete, the strength index tends to increase when the confinement factor

is increased, which does not happen with high strength concrete.

1.8

16 $

1.4 e 9

0.8

0.6

Strength Index (SI)

0.4

0.2

0 0.5 1 1.5 2 2.5

Confinement factor (€)

Figure 2.11 Relation between the strength index and the confinement factor
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Figure 2.12 Relation between the confinement factor and the strength index for concrete with compressive

strength lower than 100 MPa
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Figure 2.13 Relation between the confinement factor and the strength index for concrete with compressive
strength higher than 100 MPa.
The results from [4] for different concrete grades show that the confinement effect is not
clear when steel cross-sectional area is increased (Figure 2.14 and Figure 2.15), which
theoretically corresponds to the increase of the confinement effect. Strength index tends to
decrease with the confinement factor increasing. The reduction is more significant for the
concrete with 113 MPa compressive strength. It is also obvious that the confinement
provided by the steel tube is more significant in normal strength concrete. The two types of

tested high strength concrete differ only in the quantity of used steel fibers. The tested
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normal concrete differs from the high strength concrete by the use of coarse aggregate.

Circular sections are expected to have more confinement effect when compared to square

sections. However, the comparison of Figure 2.14 and Figure 2.15 shows that the difference

is not significant.
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Figure 2.14 Relation between strength index and confinement factor obtained in experimental tests of circular
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Figure 2.15 Relation between strength index and confinement factor obtained in experimental tests of square

sections described in [4] (adapted from [4])

The higher values of strength index as a function of the confinement factor were obtained

in specimens tested with epoxy layers in the ends [56]. In this particular case, in which high

compressive strength concrete was used, the increase of the confinement factor corresponds

to an increase in the strength index as shown in Figure 2.16, then it is possible to suppose

that the ends with epoxy layer had a favorable contribution, by an influence on the failure

mode.
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Figure 2.16 Relation between the confinement factor and the strength from results of [56] using an epoxy layer
in the ends of the tested circular specimens.

The main factors that affect the failure modes of CFST columns are slenderness, concrete

strength and cross-sectional shape [59]. CFST columns with normal concrete often fail due

to radial expansion of the infilled concrete, which results in an outward local buckling.

Contrarily, when the slenderness ratio is higher, CFST columns fail due to buckling or

"shear" [59]—[61].

According to [4], the obtained failure modes for circular UHSCFSTs vary as a function of
the confinement factor. Three types of failure modes were observed: a) shear plane and
crack, b) only shear plane (Figure 2.17), and c) failure with multiple bulges (Figure 2.18).
The change from a) to ¢) is related to the increase of the confinement factor. The same type

of failure with a formation of inclined shear planes was observed in other researches [53]

[59].

Failure of UHSCFST elements in an inclined plane seems to be a relevant observation that
should be carefully analyzed. Typical failure of unconfined high strength brittle materials,
as high strength concrete, does not typically occur in inclined planes, but with a formation
of mini-pillars resultant from the significant progression of some long cracks [62]-[64].
Thus, the change of the concrete failure mode, which determines the CFST failure mode,
seems to be an effect of the external steel tube. That change may have an influence on the

loading capacity and in the efficiency of CFST solutions.

Under compression loads, the concrete core will be cracked. According to [65], the cracked
specimen should be considered as a complex structural system, composed of micro-pillars
between the cracks. Thus, failure in inclined plane, typically referred as shear failure, is in

fact the result of global instability of the system of micro-pillars, as shown in Figure 2.17.
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The result is the inclined failure plane, generally associated with shear, but in fact, shear is
not present in the process. Failure mode (c), associated with higher confinement factor, is
related to the higher capacity of the steel tube to prevent the global instability of the system
of micro-pillars, which permits to concentrate the damage near the faces of the tubes,

resulting in the formation of the bulges (Figure 2.18).

Inclined failure
plane formed by
micropillars
between
microcracks

Figure 2.17 Apparent shear failure by instability of micropillars formed between microcracks (based on

[53],with relation L/D=5).
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Figure 2.18 Schematic mode of failure with formation of bulges due to transversal pressure of the internal

cracked concrete (based on [4], for relation L/D=3).
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2.4 Analysis of CFST mechanical behaviour

2.4.1 General analysis

Analyzing the interaction between the concrete core and the steel tube is a fundamental
issue to understand the mechanical behaviour of CFST elements. According to [42], [66]—
[68], for CFST columns under uniform and concentric load, the steel tube does not provide
confinement on the concrete core in the initial phase of loading. In this phase, the concrete
core and the steel tube bear the load with minimum interaction. When the micro-cracking
of concrete occurs and the lateral expansion of the concrete gradually increases, the
concrete effectively mobilizes the steel tube. The interactive contact between the concrete
and steel develops bond stresses, and hoop tension in the tube, which tends to prevent the
concrete lateral expansion. In this phase, the concrete is considered to be in a tri-axial stress
state and the steel tube is subjected to a bi-axial stress state, and both concrete core and

steel tube bear the load together, as shown in Figure 2.19.
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Figure 2.19 Stress state: (A) axial direction; (B) steel tube and infill concrete; (C) free body diagram (adapted
from [69])
The confinement effect in load capacity increasing depends on some factors such as the
slenderness, concrete type and loading condition. According to [52], confinement effect
decreases with the increase of L/D ratio, in which the column fails by buckling before the
internal destruction of concrete, with lateral expansion, attains a sufficient level to mobilize

the lateral action of the steel tube.

The type of concrete may affect the point at which the confinement starts. This is attributed
to the different behaviour between low and high strength concrete under compressive
loading, in terms of failure mechanism and deformability. According to [70], the concrete
compaction and the corresponding deformability affect its behaviour, this may also have an

influence on the interaction between the concrete infill and the steel tube in CFST solutions.
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According to [60] and [70], the post-peak strength decrease is lower when the confinement
factor increases, which corresponds to higher ductility. Additionally, the post-peak strength
decrease is also lower when using low strength concrete than that of high strength concrete.
CFST columns show elasto-plastic post-peak behaviour, with strain-hardening when the
tubes are filled with normal concrete, and with strain-softening when using high strength

concrete, considering a constant confinement factor [53].

The load transfer between the concrete core and the steel tube depends on the bond strength
between them. According to [71], the bond strength depends on various factors such as
concrete type and cross-sectional size. The bond strength is related to the concrete age and
the roughness of the steel-concrete interface. Rusting of steel in the interfacial contact
enhances the mechanical bonding owing to the existence of micro-irregularities. The bond
strength increases over time, to reach after five years around two and a half times the
strength at the age of one year, based on an experimental study performed by [72].
Additionally, bond strength may decrease with the increase of diameter and diameter-to-

thickness ratio.

As reported by [73], when the load is applied on the concrete core and the steel tube
simultaneously, the bond strength does not affect the behaviour of CFST members.
Contrarily, when the concrete core is loaded only, the bond strength has an influence on the

confinement effect, affecting the mechanical behaviour of CFST member.

High strength concrete exhibits higher shrinkage properties than normal strength concrete,

which may result in weaker bond stresses.

Higher bond stresses are developed in circular high strength CFST than square and
rectangular sections [48]. However, the confinement effect is not significantly higher in

circular sections as expected.

2.4.2 Analysis of the internal mechanical behaviour

In brittle materials such as high strength concrete, the internal process of destruction is a
result of crack formation and its progression, aligned with the principle compressive
stresses [62]. The process of cracking results in a structural system of micro-pillars or mini-
pillars whose collapse corresponds to the failure of the material [64]. Therefore, failure
modes and loading capacity are related to the processes of formation and progression of
cracks.

According to [65], the progression of cracks is related to relative displacement between their
irregular faces, which induces tension forces in the tips and compression forces in the
middle (Figure 2.20). In the case of CFST elements, those compression forces are

transferred to the tube, which works as a brace element. Thus, the effect of the steel tube
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can be understood as passive confinement, more effective in the prevention of progression

of cracks, rather than in preventing their formation.

The difference between confined and unconfined conditions does not have a significant
influence on the stress level related to the crack initiation process [74]. The transversal
confinement is more effective in the prevention of formed crack progression. When
expansive agents are used, the crack initiation is delayed, and consequently the internal

destruction processes, which results in higher values of the strength index.
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Figure 2.20 Increasing of the crack gap due to the relative displacement of the fitted irregular faces (Fc—force
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normal to the irregularities in contact; Ft—tension force at the tips) (adapted from [65])

Roughness and friction of the crack faces can be different if the progression of the crack
occurs through the grains or mainly in their border. Due to the dense and fine composition
of high strength concrete, and the higher matrix strength, the cracks will progress through
the grains, making their faces more smooth. Contrarily, in normal strength concrete, the
cracks are formed mainly in the borders of the grains, making the crack faces more rough.
Thus, the differences of the behaviour between high strength and low strength concrete are
possibly related with the crack length and the level of lateral pressure generated in the
cracks faces, which have an influence on the crack pattern (Figure 2.21), and consequently,
on the failure mode and loading capacity. This fact justifies why failure of CFST elements
using normal strength concrete typically occurs with outward local buckling. The more
irregular faces of the cracks imply more lateral pressure on the steel tube, contributing to

that type of failure.
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Figure 2.21 Crack pattern for different distribution of the compression forces; (a) and (b) High strength brittle
material; (¢) and (d) Low strength brittle material (adapted from [64])

The explanation of failure in inclined planes, mainly when high strength concrete is used, is

not so clear, especially because this type of failure is not typical for brittle high strength

materials, in which the failure results in instability of the formed mini-pillars (Figure 2.22)

[65].
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Figure 2.22 Failure of a granite prism (h/b=4); I — Progression of an axial microcrack; IT — Buckling of the
formed mini-pillar (adapted from [65])
Failure in inclined planes occurs when the internal damage of the material corresponds to
a big number of microcracks, which happens when the progression of cracks is limited

(Figure 2.23).

According to [75], the progression of cracks produces some confinement in the adjacent
zones, preventing the formation of other cracks. If some cracks progress in a significant way,
that confinement effect is more global and the number of cracks is smaller (Figure 2.24).
Otherwise, if the progression of the cracks is limited, the confinement effect is localized and
the number of cracks is higher (Figure 2.23). Thus, failure of CFST elements by instability
in an inclined plane means that the number of cracks is high, but their progression is

limited, possibly due to the effect of the steel tube. The steel tube seems to be efficient to
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prevent the crack progression, but not to avoid the formation of cracks, although they can

occur at relatively higher compressive loadings.
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Figure 2.23 Failure by global deformation and simultaneous instability of micro-pillars forming inclined

“sliding” planes (adapted from [65])
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Figure 2.24 Progression of a long crack inhibiting adjacent cracks (adapted from [65])

According to [64], [75], it is possible to have failure of high strength brittle materials under
compressive loadings lower than the correspondent to failure loads of conventional
compression tests, with failure occurring with the formation of inclined planes of collapse,
even in unconfined condition. Those cases occur when the applied loading is higher than
the limit of formation of new cracks and lower than the limit for significant progression. The
inclined plane forms if the compressive loading is applied very slowly or if it is applied in a
cyclic way. Because failure can occur to applied loads close to 50-60% of the conventional
compressive strength, the higher number of small cracks is a more unfavorable condition
than the formation of a small number of long cracks. Thus, in high compressive strength
concrete, the passive confinement of the steel tube, which permits a big number of cracks

with limited progression, can produce an undesirable effect, affecting the compressive
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strength of the concrete core. In low strength materials, the intrinsic properties of the
material do not permit a significant progression of cracks, being the effects of the referred
special loading conditions less relevant. In this type of materials, the special loading
conditions do not contribute to a change to a less favorable failure mode, as occurs in high

strength concrete.

The statements presented above seem to be the reason why the strength index values are
not so higher than one when high strength concrete is used in CFST elements. Increasing
the confinement factor, which does not correspond to higher active confinement, can imply
more limited crack progression and a higher number of cracks, contributing to a less

favorable mode of failure.

The positive effect of the steel tube is not exactly the confinement of concrete but a bracing
effect on the system of micro-pillars. This may also explain why circular sections do not
demonstrate a significantly higher strength index when comparing to square and
rectangular sections as expected, due to the theoretically higher confinement effect of
circular sections. The theoretically higher confinement of circular sections seems to be
insufficient to prevent the formation of cracks, avoiding only their progression. Thus, the
number of cracks is higher, and the core concrete is globally more damaged than with square
or rectangular tubes. The theoretically lower confinement in square and rectangular
sections permits more progression of cracks, leading to more internal confined zones

(Figure 2.24) and a more intact concrete core.

2.5 Time-dependent behaviour

In the construction of CFST arch bridges, the steel hollow arch is erected first and the
concrete is then filled into the tube. Therefore, the steel tube will support the load prior to
the concrete core, which may initially lead to high stresses in the steel tube and low stresses
in the concrete core. This difference in loading ages has a significant influence on the time-
dependent behaviour of CFST arch bridges [10] [76].

The time-dependent structural behaviour of CFST arches under a sustained loading is
related to creep and shrinkage of the concrete core [10]. The creep and shrinkage of the
concrete core may increase the time-dependent deformations of CFST structures, causing
additional deformations in the arch ribs. Thus, this can be significant in long span CFST
arch bridges, as the demands of the serviceability limit state can be fulfilled in the short-
term, but due to concrete creep and shrinkage, the structure may undergo excessive
deformations under a sustained load, which may violate the requirements of the
serviceability limit states. Additionally, the equilibrium configuration may undergo time-

dependent alterations due to concrete creep. As a result, the CFST arch may experience
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buckling under long term sustained loads, although those loads are lower than the critical

buckling loads, in short term analysis [77].

The concrete creep causes a redistribution of stresses between the concrete core and the
steel tube, increasing the stresses in the steel tube and decreasing them in the concrete core
[76]. The concrete creep develops faster in the early ages of concrete, with the rate
decreasing over time. The creep deformation is linear under a small load. With a large load,
the deformation may become nonlinear. The main factors affecting the creep behavior of
the concrete core in CFST structures are the elastic modulus ratio between the concrete and
steel, grade of concrete, stress level, loading age, steel ratio in the cross-sectional area,
slenderness ratio of the member and load eccentricity [76], [78]. The creep is considered to
be lower in multiaxial stress state than in uniaxial stress. Due to the confinement effect, the
concrete core in CFST members seems to be in a triaxial stress state. Thus, concrete creep
is considered to be smaller in CFST members than in case of plain concrete. However, some
researchers suggest that the concrete core in CFST sections can have confinement effect
only under large compression stresses. Hence, the confinement effect on concrete creep

behaviour is usually ignored [78].

According to [79], the creep of high strength concrete is lower compared to that of normal
strength concrete. The same happens when the concrete is filled into the steel tubes, where
the creep coefficient is generally below in high strength CFST than that of normal strength
CFST [80].

The creep analysis is important for the design and construction of long-span CFST arch
bridges. It is necessary to have an accurate model for predicting the concrete creep effect
over time. Several creep and shrinkage models have been proposed [81]-[84]. However,
these models have been mainly applied to normal strength concrete. Instead, other models
were developed to include the application of high strength concrete, including fib Model
Code for Concrete Structures 2010 [85] and B4 model [86]. Fib Model Code for Concrete
Structures 2010 model, based on the age-adjusted effective modulus method (AAEM), has
been proved to have accurate predictions when applied to long span CFST arches and thus
have been used in several researches [23], [87], [88]. The age-adjusted effective modulus
method (AAEM) as described in FIB 2010 [85], will be used in the present work to predict
the creep behaviour of the concrete. The procedure of the model is described in Appendix
A.
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Chapter 3 Structural analysis of CFST arch
bridge

3.1 Bridge description

The bridge under study is a railway CFST arch bridge with a main span of 400 m and a rise
of 100 m so that rise to span ratio is 1/4 (Figure 3.1). The axis of the arch is a parabolic curve.
The height of the arch section is variable, with 14.88 m in the arch spring and 10.66 m at
the crown. The same occurs in the width, varying between 43.60 m and 13.62 m. The arch
is composed of two ribs connected by steel tubes. The bridge solutions were analyzed for
two types of ribs, namely with two or four tubes (Figure 3.2 and Figure 3.3), with details
described in sections 3.4.1 and 3.5.1.

The bridge deck is a prestressed concrete box section, with 4 m height and 14 m width
(Figure 3.4). The braces are formed with transverse hollow steel tubes (with the diameter
and thickness of 800 mm and 25 mm, respectively) and diagonal members (with hollow

tubes with diameter and thickness of 900 mm and 25 mm, respectively).

Figure 3.1 A profile view of the bridge (units in m)
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3.2 CFST materials properties

According to the objectives of the present work, combinations of high strength and low
strength materials were considered for the CFST sections. An ultra-high-strength concrete
solution (fx=160 MPA) is compared to a normal strength concrete solution (f«x=60 MPa).
According to [3], high strength concrete in CFST sections should be combined with S355
steel or greater grade. According to [2], combining lower strength concrete with lower
strength steel is appropriate in the design of CFST section. Therefore, two combinations of
materials were studied, the first one is a combination of structural steel with a class of S460
for the tube, filled with concrete C60. The second one is a S700 steel tube filled with concrete
C160, since a S700 steel makes the best match to C160 concrete [30].

The concrete properties are described in Table 3.1, where fu is the characteristic value of
compressive strength, f.q is the design value of compressive strength, f.n is the mean value
of compressive strength and E.is the modulus of elasticity.

The modulus of elasticity of concrete was calculated on the basis of FIB 2010 [85] from:

Eq=Eqa (fc—m)l/3 (3.1
ci = Feo ®E\ 7
Where:
Edi is the modulus of elasticity at the concrete age of 28.
fem mean value of compressive strength of concrete

Eco =21.5 103 MPa;

ae taken as 1.

The steel properties are described in Table 3.2, where f, is yield strength of steel, f;qis the
design yield strength and Es is the modulus of elasticity.

Table 3.1 concrete properties

Concrete class fek fed fem Ec Weight density
(MPa) (MPa) (MPa) (GPa) (KN/ms3)
Cé6o 60.00 40.00 68.00 40.73 25.00
C160 160.00 106.67 168.00 55.06 25.00

Table 3.2 Steel properties

fy fya Es Weight density
Steel class (MPa) (MPa) (GPa) (KN/m?3)
S460 460 400 210 77
S700 700 609 210 77
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3.3 Actions

The permanent actions defined for the bridge analysis correspond to the structure self-
weight and a ballast layer with a distributed load equal to 100 kN/m. Live loads were defined
based on EN1991-2 [89], adopting load model LM71 (Figure 3.5), placed in the most

unfavorable positions and considering two tracks loaded simultaneously.

Q vk=250kN 250kN 250kN 250kN

| g =BOKN/m q i =BOKN/m

e Ul -

1.6m | 1.6m
I I

Figure 3.5 Model LM-71 (adapted from [89]).
In addition to the traffic load, a temperature variation corresponding to an overall cooling
of -35°C was considered, taking into consideration that this type of bridge is suitable for
mountainous areas, aiming to simulate a very demanding scenario.
The wind action on the structure was calculated according to EN 1991-1-4 [90]. The
determination of wind forces is described in Appendix B. Table 3.3 shows the values of the

wind forces acting on the deck, columns and on the arch tubes.

Table 3.3 Wind forces on the bridge

Segment Fw (KN/m)
Deck 15.96

Columns 1.60

Arch tube 12.44

The combinations of actions in Ultimate Limit States (ULS) considered the self-weight of
the structure, traffic load, wind action and temperature variation, according to EN1990-
Annex 2 [91]. The combination ULS1 considers all the previous loads. The combination
ULS2 considers dead loads and load model LM71 for traffic loads. The combination ULS3

considers dead loads and load model LM71 for traffic loads in addition to wind action.
-ULS1 (Ultimate Limit States 1)

Sa = YgjsupGrjsup T Y010k1 + Yo,i%0.iTk,i + Yo,i¥0.iFwk (3.2)

Sd = 135 ij,sup + 14‘5 Qk,l + 150 X 06 Tk,i + 150 X 075 FW,k (33)

-ULS2 (Ultimate Limit States 2)
Sa = YGj,squkj,sup + YQ,le,l (3.4)
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Sa = 1.35 Gyjsup + 1.45 Qi1 (3.5)

-ULS3 (Ultimate Limit States 3)

Sa = YjsupGrjsup + Y0,1Qk1 + Yo,i%0.:Fwk (3.6)
Sq = 1.35 Gyjsup + 145 Qi1 + 1.50 X 0.75 F,, (3.7)
With:
Gyjsop Dead load
Qx:  Load model LM71
T Temperature variation
Fwx  Wind action
YPoi  Recommended values of factors for railway bridges

% Recommended design values

Regarding Service Limits States (SLS), three combinations were considered. The
combinations SLS 1 and SLS 2 with load model LM71 and temperature variation,
considering only one loaded track for the verification of deformations, according to [91].
The combination SLS 3 aims to verify the stresses in the steel tubes and considers dead

loads, load model LM71 with two loaded tracks, and temperature variation.
SLS 1 (serviceability Limit State 1)

Sa = Qk1 +0.6T, (3-8)
SLS 2 (serviceability Limit State 2)

Sa = 0.6 Qi1 + T, (3.9)

SLS 3 (serviceability Limit State 3)

Sa = Grjsup + Q1+ Ty, (3.10)
With:
Gyjsop Dead load
Qx: Load model LM71
T Temperature variation

3.4 Two-tubes rib section

3.4.1 Solution description

In this section the solution of two tubes rib section (Figure 3.2) is analyzed. The cross section
of the CFST tubes was defined according to recommendations for the confinement factor
(3.11) and the steel ratio (3.12). According to [3] and [32], the confining effect, which

improves compressive strength and ductility, is achieved with steel ratio p between 8% and
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20% for CFST sections and at least 20% for UHSCFST sections. The confinement factor

should not be lower than 0.60 [12].

A
§= %}Z (3.11)
AS
P=a. (3.12)

Where:
13 Confinement factor of CFST.
p Sectional steel ratio of CFST.
As Sectional area of the steel tube.
A Sectional area of the concrete core.

According to EN 1994-1-1 [35], to avoid local buckling, the value of d/t for circular hollow
steel sections should not exceed a maximum value given as :
235
max (d/t) = 90— (3.13)
fy
In the solution with the combination of normal strength materials, a CFST section with C60
concrete and S460 steel was used with $2400mmx77mm. In the solution with high strength
materials, a section with ¢p1750mmx77mm was used, combining C160 concrete and S700

steel. Table 3.4 and Table 3.5 contain the relevant parameters of the adopted CFST sections.

Table 3.4 CFST sections properties.

Soluti d t Ac As Inertiac Inertia,s

ottion (cm) (cm) (cm?) (cm?) (cm4) (cm#)
C60/S460 240.00  7.70 39619.54 5619.40 124913364.59 37946798.57
C160/S700 175.00 7.70 20005.79 4047.03 31849414.05 14189184.35

Table 3.5 d/t relation and steel percentage in CFST sections
Solution d/t max (d/t) p (%) 3
C60/S460 31.17 45.98 0.14 1.42
C160/S700 22,73 30.21 0.20 1.15
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To calculate the bearing capacity of CFST section, the superposition principle was adopted,
by adding the bearing capacity of the steel tube and the concrete core, without considering

a confining effect.

Npq = Acfea + Asfya (3.14)
Where:
Ac Sectional area of concrete core.
A Sectional area of steel tube.
fea Design value of the compressive strength of concrete

fya Design value of the yield strength of steel

According to [35], in steel and concrete composite sections, the steel contribution ratio
should satisfy the condition 0.2 < § < 0.9, where & is defined in (3.15). Table 3.6 contains

the axial resistance of the section and the steel contribution ratio.

Asf,
yd
o=—— (3.15)
Nrq
Table 3.6 The axial resistance of the section and the steel contribution ratio
. NRd As fyd
Solution (MN) (MN) S
C60/S460 383.25 224.78 0.59
C160/S700 459.74 246.34 0.54

3.4.2 Construction phase

The analysis of the construction phase considers only a steel arch, loaded with fresh
concrete, ignoring its stiffness. Being a simplified analysis, it does not take into account
pouring process sequences, which corresponds to considering all the arch loaded by fresh

concrete.

The combination of actions for this phase (3.16) was defined according to [91], taking into

consideration the self-weight, wind action and temperature variation.

Sq = 1.05 Gyj sup + 1.50 X 0.60 Tyo; + 1.50 X 0.75 Fy (3.16)
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3.4.2.1 Structural analysis

The steel arch was analyzed using Autodesk Robot Structural Analysis 2019 [92], with a

three-dimensional bar model (Figure 3.6), with fixed translations in the arch supports.

Figure 3.6 Three-dimensional bar model of the steel arch

Linear static analysis was performed. Additionally, a geometrically nonlinear analysis was
performed considering different global and local imperfections. The imperfections were
modeled based on the buckling mode shapes, namely an out-of-plane local imperfection
near the arch base with a value equal to L/350 (Figure 3.7). Additionally, a global
imperfection was considered (Figure 3.8) with a value equal to L1/300, with L1=v20L,
according to EN1993-1-1 [93] and EN1993-2 [94].

Figure 3.7 Local buckling shape of the arch
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Figure 3.8 Global buckling shape of the arch

Table 3.7 Local and global initial imperfection values eo for the steel arch.

Imperfection eo

(m)
Global 0.30

Local 0.08

The maximum axial forces in the arch occur in the cross sections in arch springing. The

maximum axial forces resulting from the combination (3.16) are presented in Table 3.8.

Table 3.8 Maximum axial forces in the steel tube in (MN)

Solution Linear analysis Nonlinear analysis
C60/5460 85.412 85.617
C160/S700 60.091 60.287

3.4.2.1.1 Stability structural analysis

The critical buckling distributed load on the arch was obtained by a linear buckling analysis,
with the results described in Table 3.9, for the first buckling mode (Figure 3.9 and
Figure 3.10). For the C60/S460 combination, the buckling mode is global. Contrarily, for
the C160/S700, the buckling mode is local, near to the base of the arch.
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Figure 3.9 First buckling mode of the arch C60/S460 (construction phase)

Figure 3.10 First buckling mode of the arch C160/S700 (construction phase)

Table 3.9 The critical distributed load on the arch associated with the first buckling mode (construction

phase).
Solution (K1i117m)
C60/S460 2627.02
C160/S700 1141.82

Table 3.10 contains the critical axial force N, the slenderness A as well as the buckling
length L. associated with the first buckling mode of the steel arch, for two conditioning bars

with the maximum axial force and the minimum critical force, located in arch springing.
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Table 3.10 Critical axial force Ner, the slenderness A and buckling length Le: associated with the first buckling

mode of the arch (construction phase).

. Ncr Lcr,y Lcr,z
Solution (MN) Ny Y (m) (m)
474.82 49.53 49.53 40.70 40.70
C60/S460
1036.15 33.53 33.53 27.55 27.55
192.28 66.05 66.05 39.11 39.11
C160/S700
456.52 42.86 42.86 25.38 25.38

3.4.2.2 Resistance check of steel tubes

According to [93], the following condition should be satisfied for members in compression:

Ngq
NS 1,0 (3.17)
b,Rd

The buckling resistance of the steel tube section was calculated by the following expression:
Npra = XAsfya (3.18)
Where Y is the reduction factor for the relevant buckling mode, it is determined as follows:
1

TorJerm

The relative slenderness A was calculated as:

T= |[B_lal  wig ﬂ[zﬂ\/fz (3.20)
y

Ner i A

with ¥<1 ¢=051+a(2-02)+2*] (3.19)

Where:
Ler is the buckling length in the buckling plane considered

Ner is the elastic critical force for the relevant buckling mode

i is the radius of gyration about the relevant axis and is given as i = \E
a is an imperfection factor for buckling curves. (a =0.13 for hollow steel sections

which corresponds to buckling curve type a,).

Table 3.11 contains the results of the axial buckling resistance as well as the design value of
the axial force in the tube, for the two conditioning bars. As the results show, the axial

buckling resistance is verified for both solutions
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Table 3.11 Buckling resistance of the steel tube and the design value of the axial force in the tube.

. - i Nb,Rd NEed
Solution A (cm) M X (MN) (MN)
0. 82.18 67.12 0.88 198.1 .8
C60/5460 74 7 906.14 45.63
0.5 82.18 67.12 0.95 213.86 85.62

1.21 .21 41 0.56 138.76 25.
C160/8700 59 54.4 5 30.7 5.74
0.79 59.21 54.41 0.86 211.69 60.29

3.4.2.2.1 Combined compression and bending moment verification

According to [93], members subjected to combined bending and compression should satisfy

the following two equations:

N, M M
Ed + kyy y,Ed + kyz z,Ed < 1
Nrk My i M, ric (3.21)
Y Yy ALt Y Y
N M M
Ed_ ks yEd k,, zEd _ 4
v, Nric My Rk M, ric (3.22)
2 Yy AT Yo Y
Where:
Ned,My,ed and Mz ea  are the design values of the compression force and bending moments
Nrx is the characteristic value of the steel section resistance to normal force
Mi, Rrk is the characteristic moment resistance
Xy and xz are the reduction factors due to flexural buckling
XLT is the reduction factor due to lateral torsional buckling (taken as 1)

Kyz kzy, kyy, kzz  are the interaction factors

Ywm1 is a partial factor taken as 1

This verification is applied for two bars with critical combinations of simultaneous axial
force and bending moment. The determination of the interaction factors for these bars is
described in Appendix C, with the values presented in Table 3.12. The values of Neq, My,q,
M rq, Nrk and M g are presented in Table 3.13. Both equations verify the condition < 1, for

both solutions, as shown in Table 3.14.

Table 3.12 Interaction factors

SOlutiOn Kyz sz Kyy Kzz
0.90 0.8 0. 0.50
C60/5460 K 4 4 5
0.90 0.93 0.54 0.56
0.90 1.06 0. 0.6
C160/S700 K %5 5
1.07 1.11 0.67 0.70
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Table 3.13 Ned, My,ed, Mztd,Nrk and Mjrkin the steel arch

. Ned My Ed Mz,Ed Nrk Mi rk
Solution [MN] [MNm] [MNm] [MN] [MNm]
85.62 0.45 0.98 258.49 191.21
C60/S460
51.93 3.04 7.79 258.49 191.21
60.29 0.57 0.64 283.29 150.97
C160/S700
26.48 0.96 6.24 283.29 150.97
Table 3.14 Combined bending and axial compression verification equations
Solution Equation (3.21) Equation (3.22)
0. 0.40
C60/S460 35 4
0.33 0.39
0.2 0.28
C160/S700 4
0.17 0.21

3.4.3 Service phase and ULS design

In this section, the entire bridge under service is analyzed, when the concrete core acts

compositely with the steel tube.

3.4.3.1 Structural analysis

The arch bridge solution was analyzed using Robot 2019 [92], with a three-dimensional bar
model (Figure 3.11), with fixed translations in the arch supports. The deck was modeled with

fixed translations on one side and free displacement in the axial direction on the other.

Figure 3.11 three-dimensional bar model of the bridge

The homogenization method was adopted to model the CFST arch sections. The CFST
section was modeled with an equivalent concrete section. The properties of the equivalent

section are presented in Table 3.15.
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Table 3.15 The proprieties of the equivalent CFST sections

A,eq Inertia,eq Inertiax,eq E,eq w
Solution
[cm?] [cm4] [cm4] [GPa] [KN/m]
C60/S460 68590.82 320551270.67 641102541.33 40.73 142.32
C160/S700 35439.87 85962442.34 171924884.68 55.06 81.18

Linear and geometrically nonlinear static analyses were performed. The nonlinear analysis
was carried out by inducing the buckling mode shape of the arch to the model as the initial
imperfection. Two models were considered, one for an out-of-plane local imperfection near
the arch base, with a value of L/300 (Figure 3.12), another one for an in-plane global

imperfection with a value of L/600 (Figure 3.13), according to [35] [94].

Figure 3.12 Local buckling shape of the arch

48


https://context.reverso.net/translation/english-portuguese/self-weight

Figure 3.13 Global buckling shape of the arch

Table 3.16 Local and global initial imperfection values eo.

Imperfection eo

(m)

Global

Local

0.66

The maximum axial force in the arch occurs in the cross section in arch springing, in the left
bottom chord. The results of the axial forces of that section for dead load and ultimate limit
states combinations are presented in Table 3.17 and Table 3.18 for C60/S460 and

C160/S700, respectively. The maximum bending moments occur near the arch crown, with

the values listed in Table 3.19.

Table 3.17 Maximum axial forces C60/S460 in (MN)

Analysis type Dead load ULS1 ULS 2 ULS 3
Linear analysis 101.721 194.573 163.831 184.131
Nonlinear
analysis 101.935 196.937 165.588 186.452
Table 3.18 Maximum axial forces C160/S700 in (MN)
Analysis type Dead load ULS 1 ULS 2 ULS 3
Linear analysis 79.941 165.436 136.014 156.432
Nonline_ar 80.127 168.047 137.852 158.853
analysis
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Table 3.19 Maximum bending moments

Analysis type Linear analysis Nonlinear analysis
My MZ My MZ
Solution
(MNm) (MNm) (MNm) (MNm)
C60/S460 44.858 19.203 45.700 19.526
C160/S700 25.938 9.573 26.480 8.825

3.4.3.1.1 Stability structural analysis

The critical buckling distributed load on the arch was obtained by a linear buckling analysis,
with the results described in Table 3.20, for the first buckling mode (Figure 3.14 and
Figure 3.15). Figure 3.16 and Figure 3.17 describe the second buckling mode.

Figure 3.15 First buckling mode of the arch for C160/S700

50



Figure 3.17 Second buckling mode of the arch for C160/S700

Table 3.20 The critical distributed load on the arch associated with the first buckling mode

(er

Solution (KN/m)
C60/S460 4143.29
C160/S700 1587.46

The critical buckling distributed load on the deck, associated with the arch buckling, was

also obtained by a linear buckling analysis, with the values presented in Table 3.21.

The buckling of the arch appears in the 5t buckling mode for C60/S460 as a global in-plane
shape (Figure 3.18), where the first 4 buckling modes are associated with the columns, while
it happens in the 3 buckling shape for C160/S700 as a local in-plane shape (Figure 3.19),

where the first 2 buckling modes are associated with the columns.
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Figure 3.19 Third buckling mode of the bridge, the first one associated with the arch C160/S700

Table 3.21 The critical buckling distributed load on the deck associated with the arch buckling.

Solution (KI(\IIC/rm)
C60/S460 14184.30
C160/S700 6872.78

Table 3.22 contains the critical axial force N, the slenderness A and the buckling length L.
associated with the first buckling of the arch (Figure 3.18 and Figure 3.19), for two
conditioning bars with the maximum axial force and the minimum critical force (one

located in arch springing and another in the arch crown).
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Table 3.22 Critical axial force Ner, the slenderness A and the buckling length Le: associated with the first

buckling mode of the arch
. Ncr Lcr,y Lcr,z
Solution (MN) Ny Y (m) (m)
1166.04 48.63 48.63 30.54 30.54
C60/S460
596.51 67.99 67.99 42.70 42.70
583.05 57.48 57.48 26.13 26.13
C160/S700
259.49 86.15 86.15 39.16 39.16

3.4.3.2 Safety verifications

According to [35], for composite members in axial compression, the buckling resistance
should verify the following condition:

Ngq

— _<1.0 2
I Noina (3.23)

For the determination of the relative slenderness A and the elastic critical force N, it was
considered a value of effective flexural stiffness (EI). of the cross section given by (3.24),

where 0.6 is a correction factor as stated in [35].
(El)eff = ESIS + 06ECIC (324)

The relative slenderness is then calculated as follows:

1= |B2=F (3.25)

Where Ny riis the characteristic value of the plastic resistance to compression and N, is the
elastic critical normal force for the relevant buckling mode. The imperfection factor for the
buckling curve considered is a =0.21 which corresponds to buckling curve type (a) for CFST

sections, according to [35].

The data of the buckling resistance of the two conditioning bars are shown in Table 3.23, in
addition to the maximum axial force for ULS combinations, which in this case is the axial

force resulting from the combination ULS 1.

Table 3.23 Axial buckling resistance of the CFST tube sections and the axial force due to ULS1 combination

. = 1 Nb,rd Ny
Solution A (cm) X (MN) (MN)
0.65 62.81 0.87 333.05 196.94
C60/S460
0.91 62.81 0.73 278.22 82.73
1.02 45.45 0.65 300.44 168.05
C160/S700
1.52 45.45 0.36 166.48 57.42
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As shown in Table 3.23, the axial buckling resistance of the CFST sections to compression

is verified.
3.4.3.2.1 Combined compression and bending moment verification

The diagrams of the combined bending moment and compression resistance of the section
were obtained using the Interac program [95]. The diagrams are presented in Figure 3.20
for C60/S460 and Figure 3.21 for C160/S700. This verification is applied for two sections

with critical combinations of simultaneous axial force and bending moment

250 +
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Figure 3.20 Combined bending moment and compression verification for C60/S460.
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Figure 3.21 Combined bending moment and compression verification for C160/S700

According to [35], the following expression based on the interaction curve should be

satisfied:
M M
y,Ed z,Ed < 1.0 (3.26)
Myinra  Mpinra
Where

Mgq  is the maximum bending moment.

M,1,n,ra is the plastic bending resistance taking into account the normal force Neq.

Table 3.24 contains the design values of the bending moments My,kd and MzEkd as well as the

plastic bending resistance taking into account the normal force Mpi, N, Rd.

Table 3.24 My,rq, Mzrda and MplN,rd.

Soluti My Ed MzEd Mp1,N,Rd My k4
olution (MNm) (MNm) (MNm) Myinra . Mpingd
45.70 19.53 173 0.38
C60/5460
44.86 19.20 170 0.38
26.48 8.83 123 0.29
C160/5700
25.39 9.57 122 0.29

As Table 3.24 shows, the expression (3.26) is satisfied, the combined compression and

bending moment resistance is verified for both solutions.



3.4.4 Creep analysis

To take into consideration the time-dependent behavior of the concrete core inside the steel
tube, age-adjusted effective modulus (AAEM) procedure from FIB 2010 [85] was adopted.
However, in the present work, the performed creep analysis is simplified, without taking
into consideration the construction sequence and the different concrete ages concerning the

permanent loading application.

The reduction of the modulus of elasticity equivalent to the creep effects corresponds to 54.6
% for C60 and 38.3 % for C160 of their value, after 100 years. The equivalent change of the
modulus of elasticity of concrete over time is shown in Figure 3.22. Figure 3.23 shows the

change of creep coefficient over time.
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Figure 3.22 The change of the modulus of elasticity of concrete over time
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Figure 3.23 The change of creep coefficient over time

3.4.4.1 Long-term deformations

The deformation of the bridge deck increased over time due to concrete creep in the arch
tubes. An increase of 4.4 cm of the maximum deflection in the bridge deck was observed for
C60 solution, while 3.3 cm for C160 solution. Figure 3.24 and Figure 3.25 show the vertical

deflection of the deck for dead load with and without consideration of concrete creep effects.
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Figure 3.24 Vertical deflection of the deck for C60/S460.
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Figure 3.25 Vertical deflection of the deck for C160/S700.

The deformation in the arch tubes also increased because of concrete creep. The vertical
deflection of the arch crown due to concrete creep reaches a value of 4.1 cm for C60 solution
and a value of 3.1 cm for C160 solution, after 100 years. The creep deformation curve is

shown in Figure 3.26, for both solutions.

Time (days)

1 10 100 1000 10000 100000

Deflection (cm)

—C60
—— (160

Figure 3.26 Creep deformation curve in arch crown section
3.4.4.2 Stress in steel tube

The stresses in CFST sections are redistributed between the steel tube and the concrete core
due to concrete creep. The stresses in the steel tube increase and decrease in the concrete.

Figure 3.27 and Figure 3.28 give the stress curves of the steel tube at arch springing section,
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which is the section with the maximum forces. It shows that the stress due to dead loads in
the steel tube increases with time, to reach 111.9 MPa in C60/S460, and 110.1 MPa in

C160/S700 solution, 100 years after construction.
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Figure 3.27 Stresses in steel tube due to dead load for C60/S460
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Figure 3.28 Stresses in steel tube due to dead load for C160/S700

The stress increment in arch springing section in C60/S460 and C160/S700 is 35.27 MPa
(46.0%) and 23.84 MPa (27.6%), respectively. To check the stresses in the steel tube, the
combination SLS 3 (3.10) was considered. The stresses due to combined bending moments

and compression in the steel tube were calculated by the following expression:

N, M M.
ax=—x+—yz+—z

AS Iy IZ y (3 '27)
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The verification considered two critical sections. Table 3.25 shows whether the section is
subjected to compression only or not, considering that the central core of a circular section
is D/8, and the load eccentricity e=M/N. For sections subjected to compression only, the

expression (3.28) can be used to estimate the bending moments in the steel tube.
Mg =Mgg ———F— (3.28)

When the section is subjected to compression and tension, it is necessary to consider a
reduction of the concrete bending stiffness, so the following formulae can be used to

estimate the bending moments in the steel tube:

My = Mgg————— (3-29)

Table 3.25 Nx,Myand M, due to SLS3

Solution Nx My M. D/S €y €z

(MN) (MNm) (MNm) (cm) (cm) (cm)
131.86 0.42 0.59 0.31 0.45

C60/S460 30.00
76.89 34.07 15.25 44.31 19.84
109.55 0.15 0.58 0.14 0.53

C160/S700 21.88
64.66 19.61 7.16 30.33 11.08

Adding the stress increments due to concrete creep to the stresses resulting from the
combination SLS 3 (3.10), the stresses are still much less than the strength of S460 and
S700, as shown in Table 3.26. However, for lower strength steel, the increase of stresses due

to creep can have undesirable effects, as described in [88].

Table 3.26 Stress redistribution in the steel tube due to concrete creep

Solution Os,SLS3 A os Os fya
(MPa) (MPa) (MPa) (MPa)
101.40 35.27 136.67

C60/S460 400.00
170.55 35.27 205.82
121.20 23.84 145.04

C160/S700 608.70
191.60 23.84 215.44

3.4.4.3 Stress in concrete core

Figure 3.29 and Figure 3.30 give the stress curves of the concrete core at arch springing

section. It shows that the stresses due to dead load in the concrete core decrease over time,
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to reach 9.9 MPa in C60/S460, and 17.8 MPa in C160/S700 solution, 100 years after

construction.
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Figure 3.29 Stresses in concrete core due to dead load C60/S460
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Figure 3.30 Stresses in concrete core due to dead load C160/S700
The stress decrement in the concrete core in arch springing section due to concrete creep is
5.0 MPa (33.7%) and 4.8 MPa (21.3%), for C60/S460 and C160/S700, respectively.
3.4.5 Serviceability Limit State (SLS)

The service conditions were preliminarily verified based on the bridge deck deflection. The
vertical deflection of the bridge deck was determined for the combination of actions SLS 1
(3.8) and SLS 2 (3.9) defined in section 3.3, taking into account the deformations resulting

from concrete creep, whose determination is described in section 3.4.4. Figure 3.31 and
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Figure 3.32 contain the deformed deck configuration for both combinations and concrete

creep, with the maximum values presented in Table 3.27.

For the present case, considering a speed of 300 km/h of the train and an L value of 400 m
corresponding to the arch span, it seems possible to preliminarily consider a very good level
of comfort, considering that the limit of the maximum vertical displacement is 33.3 cm,

which corresponds to the limit of L./8 =1200.
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Figure 3.31 Deformed deck configuration for SLS 1 and SLS 2 combinations taking into account creep

deformations for C60/S460.

Distance (m)

O I I I I 1 I I I I 1 I I I I 1 I I I I 1 I I I I 1 I I I I 1 I I I I 1 I I I I 1 I I I I J
[ 50 100 150 200 250 300 350 450

'
ol
L1

-10

-15

Vertical deflection (cm)

—SLS1
—SLS 2

-25

Figure 3.32 Deformed deck configuration for SLS 1 and SLS 2 combinations taking into account creep

deformations for C160/S700.
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Table 3.27 Maximum deflections of the deck [in cm].

Solution Temperature LM71 Creep SLS1 SLS 2
C60/S460 16.4 4.0 4.4 15.3 20.7
C160/S700 16.2 4.9 3.3 15.3 20.1

3.4.6 Modal analysis

The modal analysis was performed by Robot Autodesk Structural Office (2019) [92]. The
natural frequencies of the bridge are listed in Table 3.28 and Table 3.29, for the first 3
vibration modes. Natural frequencies values of the same order of magnitude were observed
in other existing long span railway arch bridges [96]. The first 3 vibration modes are shown

in Figure 3.33, Figure 3.34 and Figure 3.35, respectively.

Table 3.28 The natural frequencies of the bridge (Hz) C60/S460

Vibration mode Frequencies (Hz)
15t mode (horizontal) 0.29
2nd mode (vertical) 0.34
3td mode (horizontal) 0.44

Table 3.29 The natural frequencies of the bridge (Hz) C160/S700

Vibration mode Frequencies (Hz)
15t mode (horizontal) 0.43
2nd mode (vertical) 0.58
3" mode (horizontal) 0.60

Figure 3.33 First vibration mode
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Figure 3.35 Third vibration mode

3.5 Truss rib section

3.5.1 Solution description

In this solution, the arch ribs are two CFST trusses, each rib consists of 4 tubes (Figure 3.3).
This solution is typically used for long span arch bridges [10], providing large flexural

stiffness.
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The CFST arch tubes are of $p2000mmx57mm for the case of C60/S460. In the case of

C160/S700, the CFST arch tubes are of ¢p1290mmx57mm. Table 3.30 and Table 3.31

contain the relevant parameters of the adopted CFST sections.

Table 3.30 CFST sections properties- truss rib section

Soluti d t Ac As Inertia,c Inertia,s
omhon  (em)  (em) (cm?) (em?) (cme) (cme)
C60/S460 200 5.7 27936.58 3479.35 62106442.36 16433373.98
C160/S700 129 5.7 10861.87 2207.94 0388564.32 4204855.82
Table 3.31 d/t relation and steel percentage in CFST sections
Solution d/t max (d/t) p (%) 3
.0 .98 0.12 1.2
C60/5460 35.09 45.9 5
22.6 0.21 0.20 1.16
C160/S700 3 3
Table 3.32 shows the resistance of the section and the steel contribution ratio.
Table 3.32 The resistance of the section and the steel contribution ratio
. NRd As fyd
Solution (MN) (MN) )
C60/S460 250.92 139.17 0.55
C160/S700 250.26 134.40 0.54

3.5.2 Construction phase

3.5.2.1 Structural analysis

The steel arch was analyzed using Robot 2019 [92], with a three-dimensional bar model

(Figure 3.36), with fixed translations in the arch supports.
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Figure 3.36 three-dimensional bar model (construction phase)

Linear and geometrically nonlinear static analyses were performed. The nonlinear analysis
was also carried out by inducing the buckling mode shapes of the arch to the model as initial
imperfection, for an out-of-plane local imperfection near the arch base with a value of L/350
(Figure 3.37) and an out-of-plan global imperfection with a value of L1/300 where L1=v20L
(Figure 3.38), according to [93] [94], with the same values mentioned in Table 3.7.

Figure 3.37 Local buckling shape of the arch (construction phase)
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Figure 3.38 Global buckling shape of the arch (construction phase)

The maximum axial forces in the arch occur in the cross sections in arch springing. The
results of the maximum axial forces resulting from the combination (3.16) are presented in

Table 3.33 for both solutions.

Table 3.33 Maximum axial forces in the steel tube in (MN)

Solution Linear analysis Nonlinear analysis
C60/S460 62.953 63.226
C160/S700 39.572 39.707

3.5.2.1.1 Stability structural analysis

The critical buckling distributed load on the arch was obtained by a linear buckling analysis
using Robot 2019 [92], with the results described in Table 3.34, for the first buckling mode
(Figure 3.39 and Figure 3.40).

Figure 3.39 First buckling mode of the arch C60/S460 (construction phase)
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Figure 3.40 First buckling mode of the arch C160/S700 (construction phase)

Table 3.34 The critical distributed load on the arch associated with the first buckling mode (construction

phase).
Solution (KI(\IIC/rm)
C60/S460 1965.53
C160/S700 765.62

Table 3.35 contains the critical axial force N, the slenderness A as well as the buckling
length L. associated with the first buckling mode of the steel arch (Figure 3.39 and
Figure 3.40) for two conditioning bars with the maximum axial force and the minimum
critical force, located in arch springing.

Table 3.35 Critical axial force Ner, the slenderness A and buckling length Le: associated with the first buckling

mode of the arch (construction phase).

. Ncr Lcr,y Lcr,z
Solution (MN) Ny e (m) (m)
324.61 47.13 47.13 32.39 32.39
C60/S460
800.80 30.00 30.00 20.62 20.62
116.41 62.70 62.70 27.36 27.36
C160/S700
285.28 40.06 40.06 17.48 17.48

3.5.2.2 Resistance check of steel tubes

Table 3.36 shows the results of the buckling resistance data as well as the design value of
the axial force in the conditioning bars. As the results show, the axial buckling resistance is

verified for both solutions.
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Table 3.36 Axial buckling resistance of the steel tube and the design value of the maximum axial force in the

tube

. = i Nb,rd Nx,ed
Solution A (em) A X (MN) (MN)
0.70 68.72 67.12 0.90 124.61 12.00

C60/S460 7 7 7 K 4
0.45 68.72 67.12 0.96 133.85 40.15
1.1 .6 41 0.61 81. 18.71
C160/S700 5 43.64 54.4 77 7
0.74 43.64 54.41 0.88 118.56 63.43

3.5.2.2.1 Combined compression and bending moment verification

The steel tube resistance is verified for the combined effect of axial compression and
bending, considering the combination (3.16) and the bending effects related to the model
imperfections. This verification is applied for two bars with critical combinations of
simultaneous axial force and bending moment. The values of the interaction factors needed
for the expressions (3.21) and (3.22) are presented in Table 3.37, whose determination is
described in Appendix C. The values of Neq, Myrd, Mzrd,Nrx and M;rk are presented in
Table 3.38. Both equations (3.21) and (3.22) verify the condition < 1, for both solutions, as
shown in Table 3.39.

Table 3.37 Interaction factors

SOlutiOl’l kyz kzy kyy kzz
0.69 0.81 0.41 0.48
C60/S460
0.79 0.66 0.47 0.40
0.69 0.88 0.42 0.54
C160/S700
0.83 0.77 0.50 0.46

Table 3.38 Neq, My,ed, Mz£d,Nrk and Mjrkin the steel arch

. Ned My Ed M_zE4d Nrk Mi rk
Solution [MN] [MNm] [MNm] [MN] [MNm]
63.12 1.61 0.90 160.05 99.02
C60/S460
38.96 1.79 4.54 160.05 99.02
39.71 1.09 0.55 154.56 60.70
C160/S700
16.03 1.32 3.10 154.56 60.70
Table 3.39 Combined bending and axial compression verification equations
Solution Equation (3.21) Equation (3.22)
0.41 0.
C60/5460 4 47
0.25 0.29
0.2 0.
C160/S700 0 33
0.12 0.13
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3.5.3 Service phase and ULS design
3.5.3.1 Structural analysis

The arch bridge solution was analyzed with a three-dimensional bar model (Figure 3.41)
with fixed translations in the arch supports. The deck was modeled with fixed translations
on one side and free displacement in the axial direction on the other. The proprieties of the

equivalent CFST section are presented in Table 3.40.

Figure 3.41 Three-dimensional bar model of the bridge

Table 3.40 The proprieties of the equivalent CFST sections

Aeq Inertia,eq Inertiax eq E.eq W
Solution
[cm2] [cm4] [cm4] [GPa] [KN/m]
C60/S460 45874.64 146830081.66 203660163.31 40.73 96.63
C160/S700 19292.19 25443468.35 50886936.70 55.06 44.16

Linear and geometrically nonlinear static analyses were performed by Robot 2019 [92]. The
nonlinear analysis was carried out by inducing the buckling mode shape of the arch to the
model as the initial imperfection. Two models were considered, one for an out-of-plane local
imperfection near the arch base with a value of L/300 (Figure 3.42), another one for an-out
of-plan global imperfection with a value of L1/300 where L1=+/20L (Figure 3.43), according
to [351[94], with the values mentioned in Table 3.41.
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Figure 3.43 Global buckling shape of the bridge

Table 3.41 Local and global initial imperfection values eo

Imperfection eo

(m)
Global 0.30

Local 0.10

The maximum axial force in the arch occurs in the cross section in arch springing, in the left

bottom chords. The results of the axial forces of these sections for dead load and ultimate
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limit state combinations are presented in Table 3.42 and Table 3.43. The values of the

maximum bending moments are listed in Table 3.44.

Table 3.42 Maximum axial forces C60/S460 in (MN)

Analysis type Dead load ULS1 ULS 2 ULS 3
Linear analysis 63.22 125.75 99.90 118.26
Nonlinear
analysis 64.14 126.85 101.86 119.2
Table 3.43 Maximum axial forces C160/S700 in (MN)
Analysis type Dead load ULS1 ULS 2 ULS 3
Linear analysis 44.946 97.392 75.728 90.560
Nonlinear 8 62 5 58
analysis 45.485 99.623 77-234 94.3
Table 3.44 Maximum bending moments
Analysis type Linear analysis Nonlinear analysis
My Mz My Mz
Solution
(MNm) (MNm) (MNm) (MNm)
C60/S460 14.340 8.436 14.664 9.589
C160/S700 6.725 4.076 7.103 5.149

3.5.3.2 Stability structural analysis

The critical buckling distributed load on the arch was obtained by a linear buckling analysis
using Robot 2019 [92], with the results described in Table 3.45, for the first buckling mode
(Figure 3.44 and Figure 3.46). Figure 3.45 and Figure 3.47 describe the second buckling

mode.

Table 3.45 The critical distributed load on the arch associated with the first buckling mode

. qer
Solution (KN/m)
C60/S460 2724.80
C160/S700 1006.57
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Figure 3.46 First buckling mode of the arch C160/S700
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Figure 3.47 Second buckling mode of the arch C160/S700

The critical buckling distributed load on the deck was also obtained by a linear buckling
analysis. The buckling of the arch appears in the 6t buckling shape for C60/S460 as a global
in-plane shape (Figure 3.48) where the first 5 buckling modes are associated with the

columns.

For C160/S700, the arch buckling occurs in the 5% buckling shape as a local out-of-plane
shape (Figure 3.49) where the first 4 buckling modes are associated with the columns. The
critical buckling distributed load on the deck associated with the arch buckling is presented

in Table 3.46.

Figure 3.48 Sixth buckling mode of the bridge, the first one associated with the arch C60/S460
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Figure 3.49 Fifth buckling mode of the bridge, the first one associated with the arch C160/S700

Table 3.46 The critical buckling distributed load on the deck associated with the arch buckling.

Solution (KI(\%c/rm)
C60/S460 20172.20
C160/S700 8622.42

Table 3.47 contains the critical axial force N, the slenderness A and the buckling length L,
associated with the first buckling mode of the arch (Figure 3.44 and Figure 3.46), for two
conditioning bars with the maximum axial force and the minimum critical force (located in

arch springing).

Table 3.47 Critical axial force Ner, the slenderness A and the buckling length Ler associated with the first

buckling of the arch
. Ncr Lcr,y Lcr,z
Solution (MN) Ny Y (m) (m)
864.57 46.19 46.19 23.82 23.82
C60/S460
386.75 69.05 69.05 35.61 35.61
383.60 52.28 52.28 17.53 17.53
C160/S700
141.51 86.08 86.08 28.86 28.86

3.5.3.2 Safety verifications

The buckling resistance verification has been carried out for the two conditioning bars. The
results of the axial buckling resistance are shown in Table 3.48, in addition to the maximum
axial force for ULS combinations, which in this case is the axial force resulting from the

combination ULS 1 (3.2).

75



Table 3.48 Buckling resistance of the CFST tube sections when the loading is applied on the deck and the axial

force due to ULS 1 combination

. = i Nb,rd NEa

Solution A (cm) X (MN) (MN)
0.62 51.57 0.88 221.81 126.85

C60/S460
0.92 51.57 0.72 180.75 44.86
0.93 33.53 0.72 179.47 99.62

C160/S700
1.52 33.53 0.36 90.79 28.70

As shown in Table 3.48, the buckling resistance of the CFST sections to compression is

verified.
3.5.3.2.1 Combined compression and bending moment verification

The diagrams of the combined bending moment and compression resistance of the section
were obtained using Interac [95]. The diagrams are presented in Figure 3.50 and
Figure 3.51. This verification is applied for two sections with critical combinations of

simultaneous axial force and bending moment.
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Figure 3.50 Combined bending moment and compression verification for C60/S460
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Figure 3.51 Combined bending moment and compression verification for C160/S700

Table 3.49 contains the design values of the bending moments My,Ed and Mzkd as well as the

plastic bending resistance taking into account the normal force Mpi, N, Rd.

Table 3.49 My,ed, Mzed and Mpl,N,rd.

Soluti My,Ed MzEd MpiNRd My,Ed M, Eq
olution (MNm) (MNm) (MNm) Mpingd | Mpinrd
14.340 4.794 92 0.21
C60/S460
14.664 4.971 90 0.22
6.725 2.830 53 0.18
C160/S700
7.103 3.001 53 0.19

As Table 3.49 shows, the expression (3.26) is satisfied, thus the combined compression and

bending moment resistance is verified for both solutions.
3.5.4 Creep analysis
3.5.4.1 Long-term deformations

An increase of 4.8 cm of the maximum deflection in the bridge deck was observed for C60
solution, while 3.2 cm for C160 solution, due to concrete creep in the arch tubes. Figure 3.52

and Figure 3.53 show the vertical deflection of the deck caused by dead loads.
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Figure 3.52 Vertical deflection of the deck for C60/S460.
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Figure 3.53 Vertical deflection of the deck for C160/S700.

The deformation in the arch tubes also increased because of concrete creep. The vertical

deflection of the arch crown section due to concrete creep reaches a value of 4.6 cm for C60

solution and a value of 3.1 cm for C160 solution, after 100 years. The creep deformation

curve is shown in Figure 3.54.
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Figure 3.54 Creep deformation curve in arch crown section
3.5.4.2 Stress in steel tube

Figure 3.55 and Figure 3.56 show the stress curves of the steel tube at arch springing section,
which is the section with the maximum force. The stress due to dead loads in the steel tube
increases with time, to reach 108.2 MPa in C60/S460, and 114.9 MPa in C160/S700, 100

years after construction.
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Figure 3.55 Stresses in steel tube due to self-weight for C60/S460
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Figure 3.56 Stresses in steel tube due to self-weight for C160/S700

The stress increment in arch springing section in C60/S460 and C160/S700 is 36.08 MPa
(50.0%) and 24.98 MPa (27.8%), respectively. Table 3.50 shows that the critical sections
are subjected to compression only, so the equation (3.28) can be used to estimate the

bending moments in the steel tube.

Table 3.50 Nx,My and Mz due to SLS3

SOlu tion Nx My M. D / 8 €y €z
(MN) (MNm) (MNm) (cm) (cm) (cm)
85.21 0.27 1.86 0.31 2.19
C60/S460 25.00
49.42 10.99 4.63 22.23 9.37
64.01 0.10 0.44 0.16 0.69
C160/S700 16.13
37.99 5.21 2.21 13.72 5.81

Adding the stress increments due to concrete creep to the stresses resulting from the
combination SLS 3 (3.10), the stresses are still much less than the strength of S460 and
S700, as shown in Table 3.51.

Table 3.51 Stress redistribution in the steel tube due to concrete creep

Solution Os,SLS3 A 0s Os fyd

(MPa) (MPa) (MPa) (MPa)
103.24 36.08 139.32

C60/S460 400.00
111.15 36.08 147.23
131.94 24.98 156.92

C160/S700 608.70
147.00 24.98 171.98
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3.5.4.3 Stress in concrete core
Figure 3.57 and Figure 3.58 give the stress curves of the concrete core at arch springing
section. It is shown that the stresses due to dead load in the concrete core decrease over

time, to reach 9.49 MPain C60/S460, and 18.51 MPa in C160/S700 solution, 100 years after

construction.
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Figure 3.57 Stresses in concrete core due to self-weight C60/S460
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Figure 3.58 Stresses in concrete core due to self-weight C160/S700

The stress decrement in the concrete core in arch springing section due to concrete creep is

4.5 MPa (32.1%) and 5.1 MPa (21.5%), for C60/S460 and C160/S700, respectively.
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3.5.5 Serviceability Limit State (SLS)

The same considerations mentioned in section 3.4.5 were adopted. Figure 3.59 and
Figure 3.60 contain the deformed deck configuration for both SLS 1 and SLS 2 combinations
and taking into account deflections due to concrete creep, whose determination is described
in section 3.5.4. The maximum deflections values are presented in Table 3.52. it seems
possible to preliminarily consider a very good level of comfort, taking into account the limit
of the maximum vertical displacement of 33.3 cm, which corresponds to the limit of L/

=1200.
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Figure 3.59 Deformed deck configuration for SLS 1 and SLS 2 combinations taking into account creep

deformations for C60/S460.
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Figure 3.60 Deformed deck configuration for SLS 1 and SLS 2 combinations taking into account creep

deformations for C160/S700.
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Table 3.52 Maximum deflections of the deck [in cm].

Solution Temperature LM71 Creep SLS1 SLS 2
C60/S460 16.1 2.8 4.8 15.5 21.3
C160/S700 16.3 3.5 3.2 14.6 20.1

3.5.6 Modal analysis

The modal analysis was performed by Robot 2019 [92]. The natural frequencies of the
bridge are listed in Table 3.53 for C60/S460 and Table 3.54 for C160/S700, for the first 3
vibration modes. The first three vibration modes are shown in Figure 3.61, Figure 3.62 and

Figure 3.63 for both solutions.

Table 3.53 The natural frequencies of the bridge (Hz) C60/S460

Vibration mode Frequencies (Hz)
18t mode (horizontal) 0.30
2nd mode (vertical) 0.38
3td mode (horizontal) 0.47

Table 3.54 The natural frequencies of the bridge (Hz) C160/S700

Vibration mode Frequencies (Hz)
15t mode (horizontal) 0.31
2nd mode (vertical) 0.44
3td mode (horizontal) 0.47

Figure 3.61 First vibration mode
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Figure 3.63 Third vibration mode

3.6 Discussion of the analysis

The advantage of lower material consumption is evident in C160/S700 solutions, making
the structure lighter. The arch with C160/S700 combination is 43% lighter than with
C60/S460 combination in two tubes rib section and 54% lighter in truss rib section.
Regarding the reduction of materials quantity in C160/S700 combination, the reduction is
of 50% in concrete and 28% of steel in two tubes section, and 61% in concrete and 37% in
steel in truss rib section. The obtained results demonstrate the advantages of using high-

strength materials. The analyzed solutions may be considered as overdesigned, being
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possible to optimize them. This is due to the very demanding preliminary design considered
for the analyses. However, this fact does not affect the comparison between the uses of high

and low strength materials, which is a goal of the present work.

In the analyzed solutions, C160 shows a relatively better creep behavior. Creep coefficients
reach a value of 0.77 in C160 and 1.55 in C60, 100 years after construction. Concrete creep
has a limited influence on the overall deformation, the deformations are similar in the two
combinations of materials. The increase of stresses in the steel tube was small, considering
the adopted steel grades. However, in case of using lower steel grades, the effects of creep
in the stresses of the steel tube can create undesirable effects, namely early yielding of the
section. In the case of high strength materials, the better behavior of high strength concrete

and the lower self-weight compensate for the lower cross-sectional area of the steel tube.
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Chapter 4 Conclusions

This thesis aimed to evaluate the efficiency of using high strength concrete in long span
CFST arch bridges. Thus, results of experimental studies on the behaviour of CFST elements
were collected from literature, considering different levels of concrete strength, namely
normal and high strength concrete. The results were studied and analyzed considering the
internal mechanical behaviour of the concrete infill and the effect of its failure mechanism

on the loading capacity of CFST elements.

It has been found that the enhancement of loading capacity of CFST elements, due to the
confinement provided by the steel tube, is based on the internal mechanical behaviour of
the concrete core. This behaviour differs when using different types of concrete, which
results in distinct levels of confinement. The enhancement of loading capacity of CFST
elements using high strength concrete due to confinement is not significant when compared
to normal strength concrete. This is due to the unfavorable failure mode, in inclined plan,
which the steel tube imposes on the concrete core. The failure in inclined plan is not typical
in high strength concrete, thus, it can be concluded that the steel tube changes the failure
mechanism of the concrete core, affecting its behaviour and loading capacity. This change
is unfavorable in high strength concrete, as it turns the concrete core into a more damaged
system, reducing its capacity. The steel tube has a positive effect as a bracing system of the

internal damaged concrete, in the form of distributed micro-pillars.

Failure in inclined planes occurs when the internal damage of the material corresponds to
a big number of microcracks, which happens when the progression of cracks is limited. The
transversal confinement provided by the steel tube may be understood as a passive
confinement. The steel tube stabilizes the cracked concrete core, thus, it is more effective in
preventing the cracks progression rather than preventing their formation, contributing to

this type of failure.

Using expansive agents in the concrete may delay the crack initiation and consequently the
internal destruction processes, improving the behaviour of the concrete core. This may
activate the confinement effect provided by the steel tube, enhancing the loading capacity
of CFST sections. This technique seems promising, especially when high strength concrete
is used, in which the confinement effect is not so effective in improving the loading capacity

of CFST sections. Therefore, this technique should be further investigated.

An initial design of a railway long span CFST arch bridge, with a 400 m span, was carried
out using different combinations of materials, namely normal and high strength materials.
The obtained results demonstrate the advantages of using high-strength materials. The

application of high strength materials reduces the structures' self-weight by about the half,
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when compared to normal strength combination of materials, resulting in a light structure.

The reduction of the concrete quantity is also around the half.

The time-dependent behaviour of the concrete core was predicted based on Age-Adjusted
Elastic Modulus (AAEM) method. High strength concrete shows relatively better time-
dependent behaviour. Stresses redistribution between the concrete core and the steel tube
due to concrete creep was not significant in the adopted steel grades, taking into
consideration the adopted tubes' sections. However, concrete creep effect may be significant

in imposing additional stresses in the steel tube, in case of using lower steel grades.

It can be concluded that the application of high strength concrete in CFST long span bridges
has the advantages of significantly reducing the structure self-weight and the materials
consumption. However, the change of failure mechanism of the concrete core due to the
steel tube should be taken into account in estimating the loading capacity of CFST sections
when high strength concrete is used. Future research in this subject seems to be justified,
aiming to develop solutions that increase the loading capacity of CFST solutions using high
strength materials. Different concrete compositions, technical measures to increase the
contact between the steel tube and the concrete core or to change the failure mode in a
favorable way seem to be aspects that can be advantageous to investigate. The answer to
those questions can contribute to more effective use of high strength materials, which will

permit to construct new arch bridges with longer spans and higher loading capacity.
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Appendix A The age-adjusted effective modulus method (AAEM)
(FIB 2010)

The age-adjusted effective modulus method (AAEM) as described in FIB 2010 [85] is

calculated based on expression (A-1).

Eci(to)
1+ x (&, to)[Eci(to)/Ecilg2s(t, to)

Ec,adj (t; to) = (A'l)

Where
x(t, to) is the aging coefficient, the values are between 0.6 and 0.9 for typical values of to

E, is the modulus of elasticity of concrete at the age of 28 days (expression (A-2))

P25t to) is the creep coefficient
fae+ Af\'?
E;i = Eco (CT> (A-2)
With
E.o =21.5.103 MPa
Af  =8MPa

The modulus of elasticity of concrete at an age different than 28 days is obtained according to

expression (A-3).

E () = (ﬁcc(t))u5 E (A-3)
With

Bec(t) = exp {s. [1 — (?)0.5

Where s is a coefficient related to strength class of cement. Taken as 0.20 for concrete grade
higher than C6o0.

} (A-4)

The creep coefficient may be estimated from expression (A-5).
@(t,to) = @pc(t, to) + @ac(t, to) (A-5)
Where
Ppe(t, ty) is the basic creep coefficient
Pac(t, to) is the drying creep coefficient
t is the age of concrete at the considered moment

to is the age of concrete at loading

The basic creep coefficient ¢, (t, ty) can be calculated according to expression (A-6).

q)bc(t: to) = Bpc (fcm)ﬁbc(t: to) (A-6)
With
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1.8

(fem) = 7757 (A-7)
ﬁbC fcm (f;-m) 0.7
30 2
Bpc(t, ty) =1In (t— + 0.035) (t—ty))+1 (A-8)
0
The drying creep coefficient ¢ 4. (¢, t,) may be calculated from expression (A-9).
Pac (t' tO) = ﬁdc (fcm) ﬁdc (RH) ﬁdc (t' tO) ﬁdc(to) (A‘9)
With
Bac(fem) = He (A-10)
R (fom) ™
RH
1~ 100
Bac(RH) = —— (A-11)
3 h
0.1 100
1
Bac(to) = 01+ 02 (A-12)
(t tO) ¥ (to)
t,t (A-13)
IBdC( 0) Bh + (t to)
Where
(tg) = —
o 23+ 35 (A-14)
o
Bn=15h+250a; <1500a; (A-15)
05
& = () (A-16)
fem  1s the mean compressive strength of concrete
RH  isthe relative humidity
h =2A./u, where u is the perimeter of the member in contact with atmosphere

However, the creep is assumed to have a linear relation with the stress for service stresses
within the range |o.| < 0.4 f,,,,(ty). For high stresses in the range 0.4 f.,(ty) < |o;| <

0.6f,,(to), the nonlinearity of creep is taken into account using expression (A-17).

Do (L, to) = @(t, to) exp[1.5(ks — 0.40] (A-17)
With

o8



ke = locl/fem(to) (A-18)
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Appendix B Wind action

Wind action was defined according to EN1991-1-4 [90]. The Basic wind speed considered is
27 m/s. regarding the air density p, it was considered 1.25 kg/m3 while the construction

height is 300 meters.
Wind action on the Deck

Wind forces acting on a bridge deck is defined as follows:

E, = % p.VE.C.Aresy (B-1)
Where:
Vi, is the basic wind speed
C  isthe wind load factor
Arefx 1S the reference area

p  isthe density of air

The expression to calculate the wind load factor C is as follows:

C =C.(2) Cr (B-2)
Where:
Ce(z) is the exposure coefficient

Cix  is aforce coefficient for bridges

The exposure coefficient Ce(Zx) is obtained using the following formula:

ap(2)
db

Ce(z) = (B-3)

qp, (z) is the peak velocity pressure at height z and is given by the following expression:

0(@) = (147 L,(2)] 5 p Vi) (B-2)
Where
p is the air density
I, (z) isthe turbulence intensity at height z

Vm (z) is the mean wind velocity at a height z

qp 1s the basic velocity pressure given in the following expression:

1
b =5-P vh (B-5)
Where
Vb is the basic wind speed
p is the air density
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Wind turbulence

The recommended rule for the determination of I, (z) is given as:
K;

W@ = e D) nGz0) (B-6)
K: is the turbulence factor. The recommended value is 1,0.
Co is the orography factor. It has a value of 1 since the bridge is located in a valley.
Zo is the roughness length. It equal to 0.05 according to table 4.1 of EN1991-1-4.
Therefore,
1
@ = 15 Tn@o0j008) ~ 01! (B-7)
The mean wind velocity Vi, (z)
Vn (z) is the mean wind velocity is calculated by the following expression:
Vin(2) = Cr(2) Co(2)V,, (B-8)
Where:
C:(2) is the roughness factor.
Co(z) is the orography factor. Taken as 1.
C:(2) is calculated from the expression:
Cr(2) = K; . In(z/2) (B-9)
Where:
Zois the roughness length
K. is a Terrain factor depending on the roughness length Z, calculated as:
z0
=0. 0.07 B-10
Ky =019 () (B-10)
Zo.= 0.05 m (terrain category II)
0.05
= 0.19 (—)°97 B-11
K, 019(0.05) (B-11)
Back to roughness factor expression:
300
C-(z) =019 X In (m) = 1.65 (B-12)
The mean wind velocity is obtained as:
V,(2) =1.65%x1X%x27 =44.55m/s (B-13)
Peak velocity pressure
The peak velocity pressure is calculated as:
1
Gy (@) =[1+7x 0.11)]5 x 1.25 x 44.55 = 2195.58 kg/ms? (B-14)
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Qb is the basic velocity pressure given in the following expression:

1
Gy =5 % 1.25 x 277 = 455.63 kg/ms’ (B-15)

The exposure coefficient Cc(z) then is obtained as:

2195.58

4. B-16
455.63 4.82 ( )

Ce(z) =

The coefficient of forces Cy is taken from the following figure:

Cy

%0 'y
24
20—
1.8 A

1.5

13 ¥=-====---
] N\
1.0 — 4

beme e ——————
21 e ———

68 7 & 9 10 11 12 bid,,

Figure B-1 Force coefficient for bridges (adapted from [90])

Regarding the calculation of b/d: ratio, di.t value corresponds to the height of the deck plus
one factor that takes in account the shape of the guardrails, in this case the guardrails were

considered hollow from the two sides, thus:
dior =4+ 0.6 = 46m (B-17)

b is the width of the deck, the b/d: ratio is given as:

b 14
=— =3.04 (B-18)

From Figure B-1: C¢x = 1.58

Therefore, the wind load factor is calculated as:

C =482x158=7.616 (B-19)

The height of the reference area was considered to be 4.6 meters, since it is 4 meters height

plus 0.6 relative to the guardrails, then:

Arer = 4.6 X1 =4.6m*/m (B-20)

Finally, wind forces on the deck are calculated as:

1
Fy =% 125 X 27% X 7.616 X 4.6 = 15962.18 N/m = 15.96 KN /m. (B-21)
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Wind action on the arch

Wind force for the arch is calculated by the following expression:

Fy = CsCq Cr qp(2e) Arer (B-22)
Where:
CsCq 1is the structural factor considered as 1.
Ca is the force coefficient for the structure or structural element
qp(ze) is the peak velocity pressure

Avet is the reference area of the structure or structural element

Peak velocity pressure

Firstly, the peak velocity pressure is calculated using the following expression:

0@ = CD)5 p Vi (B-23)
Where:
Ce is the exposure coefficient
Vb is the basic wind speed
P is the density of air

The coefficient C. is obtained using the following formula:

7 Z, \2

co(ze) = 1+—> (0.19 In (—"’)) (B-24)

In=¢ Zg
Zg

Where:

Z. is the reference height

Zo is the roughness length

2

7 300

Co(ze) = | 1+ —355 (0.19 In (m» =493 (B-25)
lnm

The peak velocity pressure:

1
qp(z) = 4.93 X 5 X 1.25 X 27% = 2.246 kg /ms? (B-26)

Force coefficient

The force coefficient is calculated using the following expression:

Cf = Cf,O lp/l (B-27)
Where:
Cro is the force coefficient of cylinders without free-end flow

Y, is the end-effect factor

Cro is taken from the figure 7.28 in EN1991-1-4.which is based on the Reynolds number.
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b.v(Ze)
e =
v

(B-28)

b is the diameter
v is the kinematic viscosity of the air (v= 15.10° m?%/s)

V(z.) is the peak wind velocity

fz b ,2x2246
V(z,) = Z = [ = 5995 m/s (B-29)

o 1.36 X 59.95
€ 15 x10°®

= 5.4355 x 10° (B-30)
From figure 7.28 in EN1991-1-4:

0.18log(10%)
Cro=12+ = 0.806 (B-31)
1+ 0.4log(1—0%)

With

K=0.2 mm table 7.13 (for surface type "galvanized steel" table 7.13 of EN1991-1-4)
b=1.36m

k/b=0.000147

The end-effect factor ¥,

The end-effect factor should be determined as a function of slenderness ratio A and solidity
ratio ¢.

A= 70 from table 7.16 in EN1991-1-4.

Solidity ratio is given by the following expression:
A

¢ = = (B-32)

A is the sum of the projected areas of the members

Ac is the overall envelope area
A

AYAVAI

le | A=Lb

Figure B-2 Definition of solidity ratio ¢
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1
‘l

|

32.3

Figure B-3 Definition of solidity ratio ¢

¥,= 0.98 the end-effect factor from figure 7.36 in EN1991-1-4.

Therefore, The force coefficient:

Cr = 0.806 x 0.98 = 0.790

The influence area in arch crown:

Aref = dtotl = 1192 mz/m

Replacing the expression of the wind force, we obtain:

E, =2.246 x 0.790 x 1192 = 21.15KN/m

There are 2 tube in each side, the wind force on each tube:

E, =21.15/2 = 10.58 KN/m

The influence area in arch springing:

Aref = dtOtl = 1610 mz/m
The wind force:

Fw=2.246 X 0.790 x16.10= 28.57 KN/m
E, =2.246 x 0.790 x 16.10 = 28.57 KN/m

The wind force for each tube:

E, =28.57/2 = 14.29 KN/m

|

I

— B ——

i

k N i

\ |
2 5 |
- |
\ f
‘\—’)’/ \*-f

(B-33)

(B-34)

(B-35)

(B-36)

(B-37)

(B-38)

(B-39)

The average value between the wind force in arch springing and in arch crown will be

considered, obtaining F.,= 12.44 KN/m
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Wind action on the columns

The calculation of the wind action on the columns involved only the calculation of one
column, since all the columns have the same influence area. Wind force for columns is
calculated by expression (B-22). The value of the peak velocity pressure is the same value
obtained for the arch, mentioned in expression (B-26).

Force coefficient

The force coefficient is calculated using the expression (B-27). The Reynolds number is

calculated by the following expression:

073 x59.95

Re = = 2917567 x 106 B-40
®=T 15 x10° (B-40)

Thus, Cy.is calculated as follows:

0.18 log(log)

Re
109

Cro=12+ = 0.811 (B-41)

1+ 0.4 log(
With
K=0.2 mm (for surface type "galvanized steel" table 7.13 of EN1991-1-4)
b=0.73m
k/b=0.000274

The end-effect factor ¥,

A= 70 from table 7.16 in EN1991-1-4. The solidity ratio is taken as 1, since the calculation is
performed for 1 columns. The end-effect factor is obtained from figure 7.36 in EN1991-1-4:
Y= 0.92.
Therefore, The force coefficient:

C,=0.811 x0.92 = 0.746

(B-42)
The influence area:
Aver =1.b=0.73m?/m (B-43)
Finally replacing the expression of the wind force, we obtain:
F, = 2246 x 0.749 x 0.73 = 1.23 KN/m (B-44)

Fw=1.6 KN/m is adopted.

The wind forces on the different bridge segments are listed in Table B-1. These values are

used for all the solutions.
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Table B-1 Wind forces

Segment Force KN/m
Deck 15.96
Column 1.6
Arch tube 12.44
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Appendix C Interaction factors

The interaction factors are obtained according to EN1993-1-1 [93], using the following

expressions.
by 1
kyy = CnyCmir L Npq g
Ncr,y
Ky 1 W,
k,,= C —0.6 |—
vz mz 1 Ngq Cyz wy,
Ncr,z
kyy = CpyC ac L0 6 |
zy my“mLT Nra Czy w,
cr,y
Uz 1
k,, = C —
zz mz 1 NEd CZZ
cr,z
With
1.6 1.6 Wely
Cyy=1+(w, —1) [(2 ——c,%,yx—w—cmyx >npl bur| 2 —
Wy y ply
Crznz 7\2 Wy Wey 2
C,,=1+ -1 2—14— — =06 |—
vz (Wz ) [( W 25 npl Crr Wy Wpl.z
C2., A2 Wy W
Cry =1+ (wy —1) [(2—14 s )nm dLT >O6 ety
Wy Wply
16 - 16 . _ Wel ,
Cpp=1+w,—1 [2——C2 A——C2, 22— ] >
zz (Wz ) w, mz w, mz err npl Wpl.z
n = Nea
PE™ Nk

Coni = 079+0211/)l+036(1/)l—033)

CT'l

M [ T yM,

-1y <l

Moment diagram:
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(C-2)

(C-3)

(C-4)

(C-5)

(C-6)

(C-7)

(C-8)

(C-9)

(C-10)

(C-11)



1—
N
W, = cr,Z (C_12)
1— NEd
X2 Ner.z
w. 1
wy = # <15 (C-13)
ely
w. 1
w, = Wp £<15 (C-14)
el,z

Solution of two-tubes rib section

Since the tubes section is circular, it will not be subjected to lateral torsional buckling. Thus,

the factors related to lateral torsional buckling C,,; 7, by7, ¢.7, d.7, e, Will be taken as 1.

Table C-1 Determination of pi
NEd Ncr,i

Solution (MN) (MN) Xi Wi
85.62 1036.1 0. 1.00
C60/S460 5 3015 %
51.93 043.48 0.66 0.98
60.2 6.52 0.86 0.98
C160/S700 o 4555 ?
26.48 240.80 0.66 0.96
Table C-2 Determination of Cmy
] My, min My, max P Cm:
Solution (MNm) (MNm) y f
0.31 -0. 0.706 0.950
C60/5460 314 445 7 95
2.107 3.040 0.693 0.942
0.16 0.56 0.288 0.8
C160/S700 3 505 49
-0.763 -0.957 0.797 0.976
Table C-3 Determination of Cm:
. Mz,min Mz,max
Solution (MNm) (MNm) Y, Cmz
-0. -0.98 0.46 0.891
C60/5460 455 955 467 9
6.001 7.794 0.781 0.963
-0. -0.638 0.752 0.968
C160/8700 479 3 75 9
5.708 6.236 0.915 1.005
Table C-4 Determination of Cj;
. Wholi Weli . =
Solution Npi (cnp13) (CH(;3) Wi A ny Cu Cyz Czy
0.38 415669.51 316223.32 1.31 0.50 1.14 1.15 1.15 1.14
C60/S460
0.23 415669.51 316223.32 1.31 0.52 1.08 1.08 1.08 1.08
0.24 215669.71  162162.11 1.33 0.79 1.06 1.03 1.00 1.04
C160/S700
0.11 215669.71  162162.11 1.33 1.08 0.98 0.97 093 094
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Table C-5 Interaction factors

Solution Kyy Kkzz Kay Kyz
0.90 0.8 0. 0.50
C60/S460 0 4 o4 5
0.90 0.93 0.54 0.56
0.90 1.06 0. 0.6
C160/S700 0 55 5
1.07 1.11 0.67 0.70
Solution of truss rib section
Table C-6 Determination of p;
. NEd Ncr,i
Solution (MN) (MN) Xi T
63.12 800.80 0.96 1.00
C60/S460
38.96 800.74 0.96 1.00
.71 16. 0.90 0.
C160/8700 39.7 310.47 9 99
16.03 316.43 0.90 0.99
Table C-7 Determination of Cmy
. My,min My,max l/) Cm
Solution (MNm) (MNm) y y
0.026 -1.608 -0.016 0.777
C60/S460
-0.518 -1.791 0.289 0.850
0.371 -1.092 -0. 0.688
C160/S700 37 0 339
-0.222 -1.322 0.168 0.822
Table C-8 Determination of Cm;
. Mz,min Mz max
Solution (MNm) (MNm) Y, Cinz
-0.412 -0.898 0. 0.890
C60/5460 4 9 459 9
1.335 -4.543 -0.294 0.717
-0.176 -0.550 0.321 0.8
C160/S700 7 % 3 57
0.259 -3.103 -0.084 0.765
Table C-9 Determination of Cjj
. Wpl,i Wel,i : T
Solution Nyt (cm 3) (cm3) Wi A ny Czz Cyz Czy
0.45 215250.92 164333.74 1.31 0.45 1.21 1.19 1.20 1.22
C60/S460
0.28 215250.92 164333.74 1.31 0.45 1.12 1.14 1.14 1.13
0.30 86718.20 65191.56 1.33 0.70 1.13 1.09 1.08 112
C160/S700
0.12 86718.20 65191.56 1.33 0.70 1.04 1.05 1.04 1.04
Table C-10 Interaction factors
Solution kyy K2z kzy kyz
0.69 0.81 0.41 0.48
C60/S460
0.79 0.66 0.47 0.40
0.6 0.88 0.42 0.
C160/S700 0 4 54
0.83 0.77 0.50 0.46
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