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Abstract: Despite appropriate design of girder under bending and shear, the deflection of long steel girders usually
exceeds the allowable range, and therefore the structural designers encounter challenges in this regard. Considering
significant features of the cables, namely, low weight, small cross section, and high tensile strength, they are used in this
research so as to control the deflection of long girder bridges, rather than increasing their heights. In this study,
theoretical relations are developed to calculate the increase in pre-tensioning force of V-shaped steel cables under
external loading as well as the deflection of steel girder bridges with V-shaped cables and different support conditions.
To verify the theoretical relations, the steel girder bridge is modeled in the finite element ABAQUS software with
different support conditions without cable and with V-shaped cables. The obtained results show that the theoretical
relations can appropriately predict the deflection of girder bridge with V-shaped cables and different support conditions.
In this study, the effects of the distance from support on the deflection of mid span are studied in both simply supported
and fixed supported girder bridge so as to obtain the appropriate distance from support causing the minimum deflection.
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seismic behavior of steel flexural frames

1 Introduction

Reckoned as important components of a
structure, cables are materials which can tolerate
tensile force, and generally increase the stiffness
and bearing capacity of a structure [1]. Nowadays,
cables are increasingly used in structures. HOU
et al [2] applied cable-cylinder bracing in the
seismic retrofitting of steel flexural frames. From
their view point, through this retrofitting method,
the lateral strength of the storey augments without
decreasing the ductility of flexural frame. FANAIE
et al [3] presented theoretical relations for the cable-
cylinder bracing system using a rigid cylinder like
steel cylinder. They verified the results by finite
element ABAQUS software. They also studied
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strengthened with cable-cylinder bracing and
obtained reasonable results [4]. GIACCU [5]
investigated the non-linear dynamic behavior of
pre-tensioned-cable cross-braced structures in the
presence of slackening in the braces. They
concluded that there is a direct correlation between
equivalent frequency and slackening in the braces.
Pre-tensioning of steel beams through high strength
cables is one of the most efficient methods so as to
decrease the required steel and increase their
bearing capacity. The pre-tensioning technique was
primarily used in reinforced concrete structures;
however, for the first time, it was utilized by
DISCHINGER and MAGNEL in steel beams. Pre-
tensioned steel structures are constructed all over
the world, especially in America, Russia, and
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Germany. This fact shows the structural and
economic merits of pre-stressed steel beams
compared to  non-prestressed ones. The
pre-tensioning technique is appropriate to construct
new structures as well as strengthening the existing
ones [6].

Some researchers have studied pre-stressed
composite beams using steel cable. AYYUB et al
[7, 8] assessed pre-stressed steel-concrete
composite beams experimentally as well as
analytically using steel cable in the regions of
positive and negative bending moments. They
concluded that pre-tensioning increases the ultimate
strength. NIE et al [9] presented theoretical
relations to calculate the deflection as well as yield
and ultimate moments of simply supported
pre-stressed  steel-concrete  composite  beam
considering the slip effect. They wverified the
suggested formulas with the experimental results.
ZHOU et al [10] presented the experimental study
model of prestressed
composite beams subjected to fire and positive
moment. They observed that the fire resistance of
composite beams prestressed with external tendons
was highly influenced by the stress in the cable
strands. Pre-stressed steel beams equipped with
steel cables have been investigated by some
researchers. TROITSKY [6] evaluated the behavior
of pre-stressed steel beam using cables, and
observed the increase in the stiffness and decrease
in the deformation of the beam. BELLETTI et al
[11] studied the behavior of pre-stressed simply
supported steel I-shaped beams by tendons with
focusing on two parameters, namely, the number of
deviators and the value of prestressing force. PARK
et al [12] analytically and experimentally evaluated
the flexural behavior of steel I-beam pre-stressed
with externally unbonded tendons. They figured out
considerable increase in the yielding and ultimate
bearing capacity of steel I-beam. KAMBAL et al
[13] derived a finite-element formulation to
investigate the effectiveness of applying the
prestressing technique with respect to the flexural
behavior of a simply supported steel box girder and
they verified it by experimental results. ZHANG
[14] examined the analytical solutions of the
symmetric and antisymmetric elastic lateral-
torsional buckling (LTB) of prestressed steel
I-beams, with rectilinear tendons, under equal end
moments and verified the correctness of the

as well as numerical

analytical solutions by those simulated by using
ANSYS. A number of researchers have investigated
the dynamic behavior of pre-tensioned. NOBLE
et al [15] studied the results of dynamic impact
testing on externally axially loaded steel rectangular
hollow sections (RHSs) and compared the response
to that of externally post-tensioned steel RHSs. As
well as, they tested the wvalidity of the
“compression-softening” effect for post-tensioned
sections. They concluded that the “compression-
softening” theory is not valid for pre- or post-
tensioned sections. CAO et al [16] investigated the
vibration performance of the arch prestressed
concrete truss (APT) girder subjected to the on-site
heel-drop and jumping impact tests and performed
theoretical analyses. They concluded the theoretical
fundamental natural frequency is in general
agreement  with the  experimental result.
MIYAMOTO et al [17] have studied the dynamic
behavior of the pre-tensioned simply supported
composite beam with external tendon. They derived
the natural frequency equation of pre-tensioned
beam based on the flexural vibration equation and
verified the predicted equation by comparing it with
the results of the dynamic experiment. PARK et al
[18] analytically and experimentally studied the
strengthening effect of bridges using external
pre-tensioned tendons and concluded that
strengthening reduces the mid span deflection by
10%—24%. REN et al [19] proposed the empirical
formulas to estimate cable tension based on the
solutions using energy method and fitting the exact
solutions of cable vibration equations. They
considered the cable sag and bending stiffness and
verified the proposed formulas by the experimental
results. Despite appropriate design of girders under
bending and shear, their deflection usually exceeds
the allowable range. In this research, the V-shaped
steel cables are used so as to control the deflection
of steel I-shaped girder bridges with various support
conditions, rather than increasing their heights. The
increase of pre-tensioning force of V-shaped steel
cables subjected to external loading is determined
by method of least work. Then, the method of
virtual work is applied to developing the deflection
relations of steel girder equipped with cables. In
order to validate the obtained deflection relations,
the results of theoretical relations are compared
with those of finite element model of the girders.
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2 Pre-tensioning symmetric I-shaped
steel girder bridges with V-shaped
steel cables

Symmetric I-shaped steel girder bridges have
been intended with different support conditions,
based on two different types, simply supported and
fixed supported girder. As shown in Figure 1,
pre-stressed V-shaped cables have been used in both
sides of girder web, and subjected to external
loading. As observed in the figure, the cable is fixed
at both ends to the top flange of the girder in both
sides of the web, and then, it passes through the
deviators on the bottom flange causing the pattern
with two inclined cables.
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Figure 1 Pre-stressed symmetric I-shaped steel girder
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bridges with two V-shaped steel cable under external
loading: (a) Simply supported girder bridge along with
V-shaped cables; (b) Fixed supported girder bridge along
with V-shaped cables

The following assumptions are taken into
account to analyze pre-stressed symmetric I-shaped
steel girders with steel cable:

1) The materials of steel girder and cable are
linearly elastic;

2) The deformations are small;

3) Shear deformation is not considered;

4) The friction loss in the region of cable
deformation and the relaxation of steel cable are
ignored;

5) Steel girder section is rolled; therefore, it is
compact.

3 Increase of pre-tensioning force of
V-shaped steel cable in a girder bridge

under external loading

The cable length increased by AL, and its

pre-tensioning force, Fiy, increased by AF, under
uniform distributed loading. The static equilibrium
equations are not sufficient to calculate AF, because
the structure is statically indeterminate. So, the
increase of the force in the cable can be calculated
using the method of least work.

To calculate the increase in pre-tensioning
force of each cable through the method of least
work, the total strain energy of the girder caused by
its bending moment and axial force in different
support conditions as well as the strain energy of
each cable owing to its axial force are determined.
Then, the relation of total strain energy is
differentiated with respect to AF and the result is
equated to zero to obtain the relation to increase the
pre-tensioning force of the cable (AF).

3.1 Calculating increase in pre-tensioning force
of V-shaped steel cables in simply supported
girder bridge along with cables

Concerning the simply supported girder with
the V-shaped cables, as shown in Figure 2, the
horizontal component of the force of first inclined
cable from the left side (C)) should be equal to the
horizontal component of the force of second
inclined cable from the left side (C;) to keep the
bending moment continuous in the slope change
region of cable. Therefore, if the increase in
pre-tensioning force of steel cable is assumed as AF
in the first slope part (C,), then it will be equal to

AFcos, in the second slope part (C,); hence, the

cos 6,

axial force of the girder is equal to 2AFcosd,.
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Figure 2 Simply supported girder bridge along with two
V-shaped steel cables (N.S.—Neutral surface)

Considering the symmetry of structure and
loading (Figure 2), the bending moment diagram
plotted for right half of the girder is exactly the
same as that of its left one. Therefore, the strain
energy caused by bending moment can be
determined for half of the girder and duplicated to
calculate the bending strain energy for the whole
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girder. In what follows, bending moment is
obtained for simply supported girder along with
V-shaped steel cables under uniform distributed
loading for half of the girder to calculate the strain
energy caused by bending moment:

For 0<x<a,

M, (x)=2AFy, cos 6, —(AFsiné’1 +AF cos 6, tan 6, —

/ 2
2)-s? o

l
For a<x<-t,
2

2
M, (x)=—AFacos, tan¢92+T—— 2)

Considering the symmetry of structure and
loading, the total strain energy equation is written
as follows:

1 a
U=2><—-[ 2AFycosb, —(AFsind, +
2(E1) 0( y() 1 ( 1

2
AFcos@ tan0, —% x —%)zdx +

Iy 2\2
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12 3
gAFa* sin 6 qAFa* cos tanb,
4 12
2qAFy,a’ cos 6, N 2AF?a’ sin 6, cos 6, tan 6, 3
3 3
AFl,a’ sin
407%d A —2AF?y,a* sin 6, cos 6, —
3

2AF?yya® cos® 6 tan 6, +
AF*l,a* cos® 6, tan® 6, N AF*a® sin® g, }+

2 3
AF?L, N AF?1 5 cos” 6, . 2AF?1, cos® 6),
(4E).  (AE),cos’ 6, (4E),

(3)

In order to calculate the increase in

pre-tensioning force of each cable (AF) through the
method of least work, the relation of total strain
energy is differentiated with respect to AF" and the
obtained result is equated to zero:

ou

SR “)

The relation for calculating the increase of
pre-tensioning force of each cable (AF) is obtained
as follows:

AF = (-2ql,a’ cos 6, tan 0, —12ql, y,a* cos 6, +

ql,*acos 6 tan 6, —3qa* sin 6, + ga* cos 6 tan 6, +
8qv,a’ cos 6, +4ql,a’ sin 6, )/{4{24)}0%1 cos® 6, —

4a’ cos? 6 tan’ o, + 4a’ sin 6, cos g tan 6, —
12y,a* sin 6, cos 6, —12y,a” cos* 6, tan 6, +
3l,a* cos® 6 tan® 6, +2a’ sin” 4, +

6(EI 2 2
( )b ld+lcz cozs 6 +121,,l,, cos” G, (5)
(4E). cos” 6, A,

where ¢ is the intensity of uniform distributed load;
Iy, Ic) and [, are the lengths of girder, first inclined
cable (C;) and second inclined cable (),
respectively; A, and A, are the cross sections of the
girder and cable at both sides of the web,
respectively; E,and E. are modulus of elasticity of
the girder and cables, respectively; /, is the moment
of inertia of steel section; y, is the distance of
neutral surface to the connection point of steel cable
to the girder flanges (half of the height of girder
web); and 6, and 6, are the angles between the first
and second inclined cable and horizontal axis,
respectively; a is the distance between the support
and slope change region of the cable (horizontal
projection of first inclined cable).

3.2 Calculating increase in pre-tensioning force
of V-shaped steel cables in fixed supported
girder bridge along with cable
In the fixed supported girder with V-shaped

steel cables, as shown in Figure 3, assuming the

increase in pre-tensioning force of steel cable to be
equal to AF in the first slope part (C}), the increase
of pre-tensioning force of cable in the second slope

part (C,) is AFC—OSQI. Therefore, axial force of the

cos b,

girder is equal to 2AFcosf,. It should also be
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mentioned that the fixed supported girder with the
cables has two degrees of indeterminacy, the
increase in pre-tensioning force of the cable (AF),
and the moment at fixed end (M). To calculate the
increase of pre-tensioning force of the cables as
well as the moment at fixed end through the method
of least work, the relation of total strain energy is
differentiated with respect to each of them and the
result is equated to zero resulting in the desired
relations. Hence, bending moment of fixed
supported girder along with V-shaped steel cables
under uniform distributed loading is obtained for
half of the girder so as to calculate the strain energy
caused by bending as follows:

Llllllillll
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Figure 3 Fixed supported girder bridge along with
V-shaped steel cables
For 0<x<a,
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2

Considering the symmetry of structure and
loading, the total strain energy equation is written
as follows:
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In order to calculate the moment at fixed end
(M) through the method of least work, the relation
of total strain energy is differentiated with respect
to M and the obtained result is equated to zero:

U _

Y €))

The calculated bending moment at the fixed
end (M) is obtained as follows:

g1, 2
M= —AFacos g tanf, — AFa_s1nt91+
2 L,
AFa* cos 6, tan 6, N 4AFyyacos 6, (10)

Iy I

In order to calculate the increase of pre-
tensioning force of each cable (AF) through the
method of least work, the relation of total strain
energy is differentiated with respect to AF and the
obtained result is equated to zero:

_ou

IR (11)

The calculated increase of pre-tensioning force
of cables (AF) is obtained using Eq. (10) as follows:

AF = (—2qlb2a3 cosé, tan @, — 126][,,2yoa2 cosé, —



J. Cent. South Univ. (2020) 27: 566577

571

ql,*a* sin 0, —3ql,a* sin 0, + qlya* cos 6, tan 6, +
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(as shown in Figure 3) are

and tan6, = 2)o
ly—a

replaced in Eq. (10), the moment at fixed end (M) is

1’ . . .
q—b. This value is the moment at fixed end in

girder without cable.
4 Deflection of girder bridge

The deflection of girder with different support
conditions without cable and with V-shaped cables
can be calculated by ignoring the effects of shear
and axial forces using virtual work method.

4.1 Maximum deflection of simply supported
and fixed supported girder bridges without
cable under uniform distributed loading
If the length and flexural rigidity of the girder

are [, and (El),, respectively, the maximum

deflection of simply supported and fixed supported
girders without cable under uniform distributed
loading g are calculated as follows:

The deflection of the mid span of simply
supported girder without cable:

5ql,*
=—1b 13
Amld 384(E1)b ( )

The deflection of the mid span of fixed
supported girder without cable:

qlb4
—t 14
384(EI), (19

Apia =
4.2 Calculating maximum deflection of simply
supported girder bridge along with
V-shaped cables
Assuming the force of steel cable to be equal
to F in the first inclined part (C)), the force of cable
Fcosg
cosf,

Considering the symmetry of structure and loading
(Figure 2), bending moment of simply supported
girder along with V-shaped cables is obtained under
real loading for the half of girder as follows:

For 0<x<a,

in the second inclined part (C,) is

M, (x)=2Fcos6,y, —(Fsiné?1 +

i 2
Fcos6 tan 6, —%)x—% (15)

l
For a<x<-t,
2

2
M, (x)=—F cos6, tan62a+L§x—% (16)
where F=F,+AF is the total force of the cable; Fy;
is the initial pre-tensioning force of the cable; AF is
the increase of pre-tensioning force of the cable.

In analyzing the structure under virtual loading,
if the structure is indeterminate, its constraints can
be eliminated up to being converted to a stable
determinate structure. In the girder and cable
system, the cable is a redundancy and can be
omitted in analyzing the structure under virtual
loading. The bending moment of simply supported
girder is obtained under unit virtual load on mid
span for half of the girder as follows:

l
For 0<x<-t,

m(x)== (17)

Considering the symmetry of structure and
loading, the deflection of the mid span of simply
supported girder along with V-shaped cables is
calculated as follows:

1><A:_[M()2~;1(X) _(EZI) {I {2Fcost91y0

i 2
(Fsint?l + Fcos@tan6, —%jx—%}[%jdx-}-
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b 2
.[ 2 (_Fcosé’ltané’za +(ﬂ7bx—%j(%jdx}

1 [Sqlb4 3 Fa®sin6), N Fa’cosf;tand, .

(EI),| 384 3 6
Fl,>acosf,tan@
FyafJ (18)

4.3 Calculating maximum deflection of fixed
supported girder bridge along with
V-shaped cables
Assuming the force of steel cable to be equal

to F in the first inclined part (C)), the force of cable

in the second inclined part (C,) isFCOS;I. The
COos

2

moment at fixed end (M) is obtained as follows (as
shown in Section 3.2):

M = ﬁ (19)
12
The bending moment of fixed supported girder
along with cable under real loading (Figure 3) is
obtained for half of the girder as follows:
For 0<x<a,

M, (x)=—M +2F cos 6y, —(Fsin@1 +

qky qxz
Fcos@ tanf, ——= |x ———
2 2
ql,’
= —%+2Fcos€1yo —(Fsint?1 +
qky g
Fcosﬁltaan—T X (20)

l
For a<x<-t,
2

/ 2
M, (x):_M—FCOSt91 tan 6,a +M_ﬂ
2 2

2 2
:—&—Fcosaltan02a+ﬂ—ﬂ (21)
12 2 2
The bending moment of fixed supported girder
under unit virtual loading on mid span is obtained
for half of the girder as follows:

For OSxSZi,
2

/
m(x) :%-é (22)
The deflection of mid span of fixed supported

girder along with cable is calculated as follows:
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(EI), |'0] 12
Fa*sin6, Fa®cos6,tanf, 4Fyyacosb, N
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Fa’ cos 6, tan 6,
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+ Fy,a® cos 6, +

(EI), | 384
Flya* sin 3 Flya* cos 6, tan 6, B
8 8
Flyyacos6 Fa’sin 6, (23)
2 3

5 Finite element modeling of steel girder
bridges pre-stressed with two V-shaped
steel cables for calculating deflection

Simply supported and fixed supported girders
have been designed based on load and resistance
factor design (LRFD) method using AISC360-10
code [20]. Simply supported girder has been
designed in such a way that the maximum
deflection under dead and live loads is greater than
the allowable deflection (1/240 of the girder length).
However, due to the high stiffness of fixed
supported girders, usually the maximum deflection
is less than the allowable limit. Therefore, a fixed
supported girder has been merely designed to show
the effects of cable. Table 1 presents the properties
of the girders with various support conditions as
well as related allowable and the maximum
deflections under service load. It should be noted
that the length of loading span is 1.5 m for the
girders with different support conditions; dead and
live loads are 450 and 200 kg/m’, respectively.

The girders are modeled in the finite element
ABAQUS software under uniform distributed loads,
considering different support conditions without
cable and with V-shaped steel cables. Figure 4
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Table 1 Properties and deflections of girders with
different support conditions

Cross- Maximum Allowable
section of  deflection/ deflection/

Type of  Girder span

girder length/m girder om om
Simply
supported 12 IPE400 5.691 5
girder
Fixed
supported 12 IPE330 2.237 5
girder
X
x
y
e (@) g
= X
¥

I x
Figure 4 Finite element model of girder along with
V-shaped cables: (a) Simply supported girder along with
cables; (b) Fixed supported girder along with cables

presents finite element model of the girder along
with the cable. The girders and cables have been
modeled in 3-dimensional coordinate with shell and
truss elements (as wire) respectively. The weld’s
connector is used to connect the cable to the top
flange of the girder at two ends providing a perfect
connection between two nodes. Moreover, coupling
constraint is used to connect the cables to the
bottom flange of the girder so as to model the
deviator’s behavior. Uniform distributed load is
applied as a surface traction type on the top flange.
Predefined field tool is used to create the initial
pre-tensioning stress in the cables as well. The
initial pre-tensioning stress is applied to the cable in
ABAQUS software and uniform distributed loading
is applied. Because the steel girder is not rigid and
the cable creates the compression force and the steel
girder length is decreased. So, a part of the initial
pre-tensioning stress of cable is lost. Therefore, the
amount of the initial pre-tensioning stress is

considered to be greater in ABAQUS software to
reach the desired pre-stressing value after its loss.
Figure 5 presents the locations of cables in the
girders with different support conditions.

4m 4m 4m
12m
(a)
- [
4m 4m 4m
12m
(b)

Figure 5 Locations of two V-shaped steel cables in
girders: (a) Simply supported girder along with cable;
(b) Fixed supported girder along with cable

For better presenting the behavior of girder
with V-shaped cables and different support
conditions, first it has been modeled in the software
without cable, and then with cables; and the
obtained results have been compared with each
other. The materials of girder and cables are defined
as linearly elastic in the software. The steel material
of girders considered in this research is ST-37; yield
stress is 240 MPa; modulus of elasticity of steel is
200 GPa; Poisson ratio is 0.3; density of steel is
7850 kg/m’. The material of steel cable is in
accordance with ASTM A416M standard [21].
7-wire strand is considered for steel cable with low
relaxation, elasticity module of 28.5x10° psi
(196501.8 MPa) and Poisson ratio of 0.3.

6 Verification of theoretical relations of
deflection with results of ABAQUS
models

Static general analysis of ABAQUS software
has been used to analyze the girders with different
support conditions (Table 1), without cable and with
cables.The cross-sectional area of steel cables is
considered 7-wire strand with low relaxation for
simply supported and fixed supported girders with
equal numbers of cables at both sides of the webs
with the cross section areas of 140 mm’ and
98.71 mm’, for each cable, respectively. These
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values are considered according to ASTM A416
standard and presented in Table 2. Pre-tensioning of
the steel cable is considered 600 MPa. Controlling
the accuracy of theoretical relations, the maximum
deflections obtained from modeling are compared
to those of the theoretical relations for the girders
with V-shaped cables and with different support
conditions.

Table 2 Cross-sectional area of V-shaped steel cables for
girders with different support conditions

Total cross-section area of

Type of girder steel cable/mm’
Simply supported girder 560
Fixed supported girder 395

The results of the maximum deflection
obtained from modeling are compared with those of
Egs. (13) and (18) for simply supported girders
without cable and with cable and with those of Egs.
(14) and (23) for fixed supported girders without
cable and with cable, as listed in Table 3.

As shown in Table 3, the maximum deflection
of the girder without cable obtained from modeling
is slightly more than that of theoretical relations.
The reason is that the girder has been modeled in
ABAQUS software in the form of shell; and
therefore girder haunch cannot be modeled. The
maximum deflection of the girder along with
V-shaped cables, obtained from modeling, is very
close to that of theoretical equations. Considering
the theoretical relations of increasing the
pre-tensioning force of each cable, reducing the
moment of inertia in ABAQUS software due to not
modeling the girder haunch results in obtaining
more increase in the pre-tensioning force in
modeling than that of theoretical equations.
Consequently, the steel girder deflection related to
the increase in pre-tensioning force of the cables,
obtained from modeling, is slightly more than that
of theoretical relations. Therefore, in calculating the

deflections of girders along with V-shaped steel
cables and different support conditions, the errors
arise from different deflections of the girders along
with the cables, related to the status of increasing in
pre-tensioning force of the cable, obtained from
modeling and those of theoretical equations operate
as opposed to that of the girder without cable
related to the uniform distributed loading.
Consequently, they cancel out the effects of each
other.

Bending moment caused by cable force is in
the opposite direction of bending moment due to
uniform distributed loading. As presented in Table 3,
the maximum deflection of the girder along with
pre-stressed cables is less than that of the girder
without cable. Moreover, the maximum deflection
is less than allowable limit in simply supported
girders. Therefore, using the cables satisfies the
deflection criterion under service load.

7 Effect of length a on maximum
deflection of simply supported and
fixed supported girder bridges along
with V-shaped steel cables

Equations (18) and (23) are considered to
calculate the maximum deflections of simply
supported and fixed supported girders along with
the V-shaped cables according to Table 1 for simply
supported and fixed supported, Table 2 for
cross-section of steel cable, and a of Figures 2 and
3 for different values of the distance from support.
Figures 6 and 7 depict the curves of the maximum
deflection for simply supported and fixed supported
girders along with V-shaped steel cables for various
distances from support (a) for half of the girder.

According to Figures 6 and 7, if a is zero in
the simply supported as well as fixed supported
girders along with the cables, their maximum
deflections are 5.691 cm and 2.237 cm, respectively.
These values are the results of the maximum

Table 3 Maximum deflection values obtained from modeling and theoretical equations for girders with different support

conditions without cable and with V-shaped steel cables

Maximum deflection of girder

Maximum deflection of girder obtained Allowable

Type of girder obtained from modeling/cm from theoretical equations/cm deflection/cm
i Without cable 5.877 5.691
Slmply‘ supported 5
girder With cable 4.270 4.302
Fixed supported Without cable 2.381 2.237 s
girder With cable 0.521 0.622
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Figure 7 Maximum deflection of fixed supported girder

along with V-shaped steel cables for different values of
distance from support (@) for half of the girder

deflections of simply supported and fixed supported
girders without cable (Table 3). The reason is that
for keeping the bending moment in the slope
change region of cable continuous, the horizontal
component of the force of first inclined cable from
the left side (C)) should be equal to the horizontal
component of the force of second inclined cable
from the left side (C,). Therefore, if the first
inclined cable from the left side (C;) becomes
vertical in its special status (in the case a is zero),
the horizontal component of vertical cable force
becomes equal to zero; and consequently, the
horizontal component of the force of second
inclined cable from the left side (C,) becomes zero.
As the length of vertical cable which is equal to the
distance between two flanges of the girder remains
constant, no force is created in the length of cable.
Therefore, the cable has no effect on the girder
behavior; and the girder deflection is exactly the

same as that of the girder without cable. Then,
maximum deflection reduces with increasing in the
distance from support (a). Finally, for half length of
the girder, the maximum deflections are the
minimum; 4.016 cm and 0.286 cm, respectively, in
the simply supported and fixed supported girder
along with the cable.

8 Comparison of bending moment
diagrams of girder bridges without
cable and with V-shaped steel cables

The bending moment diagrams of the girders
with different support conditions without cable and
with V-shaped steel cables are plotted and
compared for the girders presented in Table 1. The
total cross-section areas of steel cables are
according to Table 2 and pre-tensioning stress of
steel cables is assumed 600 MPa.

8.1 Comparison of bending moment diagrams of
simply supported girder bridge without cable
and with V-shaped steel cables

The bending moment diagrams of simply
supported girders without cable and with V-shaped
cables are plotted based on Egs. (15) and (16) and

are depicted in Figure 8.
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ﬁ " T,
2 120F ’
7] e ",
£
é” 80
5 — Simply supported beam
5 40 without cable
A — Simply supported beam
along with cable

¢ 2 4 6 8 10 12
Distance from support/m
Figure 8 Bending moment diagrams of simply supported

girder without cable and with V-shaped cables

As shown in Figure 8, the bending moment of
simply supported girder with cable is increased
compared to that of simply supported girder without
cable from each support to the location of the
bending moment being equal in simply supported
girder with V-shaped steel cables and without cable
and then is decreased between two locations of the
bending moment being equal in simply supported



576

J. Cent. South Univ. (2020) 27: 566—577

girder with cables and without cable.

8.2 Comparison of bending moment diagrams of
fixed supported girder bridge without cable
and with V-shaped steel cables

The bending moment diagrams of fixed
supported girders without cable and with V-shaped
cables are plotted based on Egs. (20) and (21) and

are depicted in Figure 9:
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Figure 9 Bending moment diagrams of fixed supported
girder without cable and with V-shaped steel cables

As shown in Figure 9, the bending moment of
fixed supported girder with V-shaped steel cables is
decreased compared to that of fixed supported
girder without cable.

9 Conclusions

Cables, due to their low weights, small cross
sections, and high tensile strengths, are reckoned as
proper alternatives for pre-tensioning long steel
girders subjected to uniform distributed loads. In
this research, cables are employed to pre-stress the
girder bridges with different support conditions in
which the deflection is not within the allowable
range, despite appropriate design under bending and
shear. Theoretical equations have been derived to
calculate the increase in pre-tensioning force of the
V-shaped steel cables, the deflection of simply
supported and fixed supported girders with and
without cables. The results obtained from the finite
element model and theoretical equations, are briefly
summarized as follows:

1) The moment at fixed end in fixed supported
girder along with V-shaped steel cables is
independent of total force of the cables.

2) Adding cables to the girder results in

reducing the deflection of girder with different
support conditions. Comparing the results obtained
from theoretical equations and those of finite
element model demonstrates that the theoretical
equations developed in this article can properly
predict the deflection of simply supported and fixed
supported without cable and with V-shaped steel
cables.

3) The effects of length a, on the maximum
deflection of simply supported and fixed supported
girders along with the V-shaped cables have been
studied. According to the obtained results, if a is
equal to zero, the maximum deflection of girder
without cable is obtained. If the distance from
support (a) increases, maximum deflection
decreases; and finally, for half length of the girder,
maximum deflection is minimum.

4) The bending moment diagrams show that in
simply and fixed supported girders along with
V-shaped steel cables, cables reduce the bending
moment of girder compared to those of simply and
fixed supported girders without cable.
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