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Abstract:Carbon fiber-reinforced polymer (CFRP) cablesare advantageous over steel cables because of their
lightweight, high ultimate tension, and relatively lower elastic modulus. In this research, the static and dynamic
behavior ofa 1500m central span cable-stayed bridge with CFRP and steel cables is analyzed and compared
using a numerical finite element model. Thegeometric non-linearity was analyzed for the dead load, live load,
and temperature loadcase. The live load includes the pedestrian and primary vehicle load according to BS
5400:2 on the steel deck. The results indicate that the cable tension for CFRP is less than Steel cables, however,
the vertical displacement of the girder is higher in CFRP than in steel cables. The temperature load effect of the
steel cables in the girder is greater than CFRP cables because of the relatively high linear thermalexpansion of
steel. In the modal analysis, the lateral bending frequency of CFRP is lower than steel but the vertical vibration
and torsional frequency mode of the CFRP cable is relatively high. In conclusion, the static and dynamic
response indicates that CFRP cables is an optimized substitute for steel stays and can be applied inlong span
bridges.
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I.  Introduction

Cable-stayed bridges have become a preferred alternative over suspension bridges within the past few
decades because of their structural stability, aesthetic features, and relatively cheaper construction costs[1, 2].
The main structural components of cable supported bridges are; girder, pylon, and cables. However, several
matrix and geometry of the principal structural elements coupled with modern construction methods, and
advanced computational models have made it possible for cable-stayed bridges to be used from small pedestrian
bridges to medium and long-span bridges [3-5]. In recent times, the long span cable-stayed bridges constructed
include the Russky Bridge in Vladivostok, Russia (2012), Sutong-Yangtze River Bridge in Suzhou-Nantong in
China (2008), and the Stone Cutters Bridge in China (2009) having 1104m, 1088m, and 1018 m main spans
respectively. According to statistics, it is anticipated that even longer spans and more sophisticated cable
supported bridges will be constructed [6]. Stay cables are exposed to severe environmental conditions resulting
in corrosion affecting the overall reliability and life cycle cost of the bridge [7, 8]. Secondly, the cyclic vehicular
loading of the bridge deck initiates fatigue cracks in the cables, which is further accelerated by vibrations caused
by wind and rain [9-11]. The self-weight of the steel cables causes an increase in the sag effect decreasing the
elastic modulus of the stays[12, 13]. The periodical replacement of the steel cables is expensive and also
causean interruption in the traffic flow. InChina, more than twenty bridge cables have been replaced over the
past 20 years[14].

CFRP cables is approximately one fifth and the ultimate tensile resistance is approximately twice as
compared with steel cables[12, 15]. CFRP cable has excellent fatigue and corrosion with a relatively minimal
linear thermal coefficient [14, 16-18]. Relaxation in CFRP cables is minimal because of its excellent creep
resistance[14, 15]. However, despite the many desirable features of CRFP cables, it has limited applications
which can be attributed to inadequate research [19, 20]. The oldest attempt of the utilization of CFRP cable stays
was by Professor Meier who proposed a 8400m center span cable stayed bridge across the strait of Gibraltar in
1987 [21]. Several CFRP cable-stayed bridges have been constructed such as the Herning Pedestrian
bridge(1999), Larion footbridge(2002), Jiangsu University footbridge(2005), and the Penobscot Narrows bridge
(2006)[22].A few researchers have studied the static and dynamic characteristics of CFRP cables and its
applications in cable-stayed bridges;XieGui Hua et al [23]researched on the static and dynamic characteristics of
an existing 648m cable stayed bridge. The result indicates that the modified modulus of steel is lower than
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CFRP cables and the fundamental frequency is lower in steel as compared to CFRP cables. Similarly, Arin
Atabey N et al[24]studied the dynamic properties of CFRP cable using the Bosphorus Suspension bridge as a
case study. It was concluded that CFRP cable is more efficient than steel cables in the dynamic analysis.Xie Xu
et al [14] and Kuihua Mei et al [1] also simulated a 1400m and 1000m central span stay bridge. It was observed
that CFRP cables do not induce vibrations in the dynamic analysis. Feng Bo et al[25] also investigated the
fatigue resistance and safety factors of CFRP cables and the results prove that the fatigue performance of CFRP
cables increases with an increasing factor of safety than steel cables.

Aside from the many short-comings of steel cables, the self-weight of the cable increasesthe sagging
thereby decreasing the transformed elastic coefficient of the stays.Additionally, thenon-linear behavior of the
cables contributes to the collapse of the bridges. The geometric non-linear effect includes the bending effect, P-
delta, and large rotation analysis effect. However, in the linear theory,the modified elastic coefficientEqof the
cables as a result of sag effect is estimated using the equation (1) where E is the modulus of elasticity of the
cable, y.is the unit weight of the cable, | is the length of the cable, and o is the applied stress in the cable.
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Thus far, a few studies has been performed to investigate the applications of CFRP cables in stay
bridges for relatively shorter spans, however this research is focused on investigating the static and dynamic
behavior of 1500m central span cable stayed bridge for CFRP and steel cables under dead load, live load
(Pedestrian and primary vehicular load to BS 5400:2) and positive temperature load, thus providing a reference
for the utilization of CFRP cables in future spanning stay bridges.

I1. Static analysis of 1500 main span CFRP cable-stayed bridge

2.1 Bridge configuration and cable span arrangement

The 1500m center span bridge in Fig.1 has modified fan cable configuration with anoverall span of
663+1500+663=2826m. There are 148 cables in the entire bridge with a maximum undeformed cable length of
738m at the main span. The cables are in double plane suspension on the modified H pylon including 4 piers on
both sides of the bridge. The reinforced concrete modified H-shaped pylons are 370m high with a ground
clearance of 70m in Fig.2. The bridge deck comprises of 14m and 20m segments at the back and main span
respectively. The steel box girder has anoverall depth of 4.5 m and 29.9m width as shown in Fig.3. The deck
comprises of 3-lane dual carriage traffic with two pedestrian or cycle lanes on each side with a 2% surface
gradient at the top plate. In Table 1, the sectional and mechanical properties of the structural elements are
provided.
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Figure 1: Layout of 1500 main span cable-stayed bridge
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Figure 2: Layout of Tower

Table 1: Structural parameters and mechanical properties of materials

Component Material Nominal Moment of Unit Elastic Thermal
Area Area(m*) weight modulus (MPa) coefficient
(m?) (KN/m®)
Tower Concrete 65-115 415-4490 25.0 35x10* 1.0x10°
(fcu=55MPa)
Main Deck Steel Girder 217 6.80-159 80 21x10° 1.2 x10°
(f,=355MPa)
CFRP cable lead line CFRP cable | 0.77-1.23 0 16 1.47 x 10° 0.7x10°
(f,=2550 MPa)
Steel Cable High grade steel 0.77-1.23 0 80 2.05x10° 1.2x10°
tendon
(f,= 1770MPa)

2.2 Static load
Cable-Stayed bridge is a highly redundant system with the load distributed based on the relative

stiffness of the load-bearing element. The static load case comprises the dead load, superimposed load,
vehicular, pedestrian and the temperature load. The dead weight refers to the materials such as the deck, the
pylons, and cables. The superimposed dead load includes road surfacing, services, road kerbs, and footways.
The thickness of the road asphalt considered is 40mm.

The British Standard BS 5400:2 design manual for roads and highway bridges[26]provides typeHA
(normal) and HB (abnormal) loading to be used as vehicle load. TheKEL (Knife-edge load) is 120KN for every
notional lane. Appropriate lane factors of f=1.0 and 5=0.6 are applied to the UDL+KEL to modify the loads to
account for lateral bunching along the traffic lanes. From equation (2), the applied HA UDLloadwis
17.9KN/mplacedat any unoccupied region along the deck but spaced at 25m away from the HB vehicle. The 45
units HB vehicle is used with 6m axle spacing. The HB vehicle is positioned at the center span of the bridge in

one notional lane for the worst load effect.
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w=36(2) Kvm o

The temperature load reaction of the bridge elements is influenced based on the thermal resistance, the
cross-sectional dimensions, and the environmental conditions [27]. CFRP cables has a lower linear coefficient
of expansion than steel cables however, there is alack of adequate research on the performance of CFRP cables
in higher or lower temperatures because of itscomplexinternal bond forces [28]. There is a high linear static
relationship between the temperature effects on the pylons which induce additional cable forces [29].Therefore,
the positive temperature change of 20°C is applied to the Girder and Pylon and 15°C is applied to the cables.

2.3 Static analysis results.
The completed stage cable tension is derived using the unknown load factor and influence matrix
method. The cable tension is calculated using the cable force tuning function with displacement constraints of

the deck and pylon for the dead and superimposed dead load. The chart in Fig.5shows the final stage forces of
Steel and CFRP cable.

10000

9000
8000
7000
6000
5000
4000

-

M Steel Cable B CFRP Cable

Cable Force(KN)

1 3 5 7 911131517192123252729 3133353739 41 43 45 47 49 51 53 5557 59 61 63 65 67 69 71 73
Cable Number

Figure 5: Final stage cable force for CFRP and steel stays

The ultimate tension force of CFRP and steel stay cables are 6700KN and 7500KN respectively
accounting for approximately 10.667% increment. This increase is attributed to the high tensile strength and low
density of CFRP over steel cables. The girder moment, axial force, and deflection of the main girder is analyzed
for the dead load, live load (Pedestrian Load, Full HA-UDL, HA-KEL, and HB vehicle loading at mid-span),
and the cable pretension is applied as uniform and concentrated forces. The geometric non-linear analysis of the
cables including sag effects, P-A, and large displacement analysis was checked.
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Figure 6: Bending moment diagram for CFRP and steel cable

Fig.6 indicates that the utmostdeck bending moment for CFRP and steel cables is 102.13x103 KN.m
and 110.75x103 KN.m respectively corresponding to about a 7.79% increase in the girder moment for steel
cables usingthe large displacement theory. Similarly, the maximum axial force in the girder for the P-A analysis
from Fig. 7 for CFRP and steel cables is 181.70x103 KN.m and 194.45x103KN.m respectively attributingto
about 6.65% increase in the girder axial force for Steel cables.
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Figure 7: Deck axial force for CFRP and steel cable

In addition, from Fig.8, the maximum girder deflection at mid-span for CFRP and Steel Cables in the
P-A effect is 2.35m and 1.95 m respectively which accounts for about 20.51% decrease in the Girder mid-span
deflection using steel. There is a large mid-span deflection in CFRP cable and this increase can be attributed to

the relatively lower elasticity coefficient of CFRP cables.
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Figure 8: Deck deflection for CFRP and steel cables

Furthermore, from Fig. 9, the maximum pylon axial force at the basefor CFRP and steel cables for the
P-A analysis is 644.959x103 KN and 660.602x103 KN respectively which accounts for approximately 2.37%
increase in the pylon axial force Steel cables.In addition, the maximum pylon bending moment at the support
from Fig.10 for CFRP and steel cables for the large displacement analysis is 991.78x103 KN.m and 857.77x103
KN.m respectively which accounts for about a 15.62% decrease for Steel cables. Finally, the maximum pylon
deflection at the top from Fig.11 for CFRP and Steel Cables for the large displacement analysis is 0.576m and
0.510 m respectively which also accounts for about a 12.94% decrease in the pylon deflection for Steel cables

compared to CFRP cables.
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Figure 9: Pylon axial force for CFRP and steel cables
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Figure 10: Pylon bending moment for CFRP and steel cables
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Figure 11: Pylon deflection for CFRP and steel cables

2.4 Temperature load effect

The temperature load effect cannot be disregarded for a highly indeterminate structure such as cable-
stayed bridges. Temperature load affects the internal forces producing expansion and contraction of the
structural members based on the temperature gradient of the material. CFRP cable has a smaller linear
coefficient of expansion hence the change in deformation is small as compared with steel cables. The cable
forces for CFRP increase by 0.33% while the Steel cables decrease by 0.21 % with increasing temperature. The
girder deflection increases by 7.37% in steel cables while decreasing in CFRP cables.
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Figure 12: Deck axial force for CFRP and steel cables under positive temperature
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Figure 13: Deck bending moment for CFRP and steel cables under positive temperature
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Figure 14: Deck deflection for CFRP and steel cables under positive temperature

Finally comparing the results from Fig.14, the deflection of the deck for the CFRP and Steel Cables is 17.39%

and 7.02% corresponding to the reduced bending moment at the pylon support.
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Figure 15: Pylon axial force for CFRP and steel cables under positive temperature
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Figure 16: Pylon bending moment for CFRP and steel cables under positive temperature
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Figure 17: Pylon deflection for CFRP and steel cables under positive temperature

I11. Dynamic analysis of 1500 main span CFRP cable-stayed bridge
Dynamic modal characteristics of stay cables is crucial to the overall behavior and safety of cable
bridge[27]. Some major dynamic forces include aerodynamic, seismic, and pedestrian-induced vibrations [28,
29]. With increasing cable length, the frequency resonates with the entire bridge and thereby inducing resonance
in the bridge[30]. The factors affecting the dynamic response of cable supported bridges is the soil condition,
seismic wave, material geometric non-linearity, structural deformation, boundary conditions, structural vibration
control mechanisms, and multiple support excitation [31-35].
The modal analysis included the fundamental frequency and mode shape of the cable-stayed bridge.
Fig.18 and Table no. 2 showsthe vibrational modes of the 1500m center span steel and CFRP cable supported
bridge for the first 25 modes. The analysis results indicate that the first lateral bending, vertical bending,
longitudinal drift, and torsion mode for CFRP cable-stayed bridge occurs at 0.048779 Hz, 0.151056 Hz,
0.176784 Hz, and 0.442715 Hz respectively. Similarly, for steel cable-stayed bridge, the first lateral bending,
vertical bending, longitudinal drift, and torsion mode occurs at 0.046365 Hz, 0.133429 Hz, 0.163851 Hz, and
0.431886 Hz respectively. Comparing both results, the vertical bending of the CFRP cables surpasses steel
cables resulting from the decreasing equivalent elastic modulus with span increament and sagging.Because of
the CFRP cable lightweight and bending, the torsional characteristicsis superior to steel cables.

Table2: Modal characteristic of CFRP and steel cable stayed bridge

Cable Stayed Bridge-CFRP Cable Stayed Bridge-STEEL Modal Characteristics
Order Frequency (Hz) Order Frequency (Hz)
1 0.048779 1 0.046365 Girder lateral bending
3 0.151056 3 0.163851 Girder vertical bending
4 0.176784 4 0.190322 Girder longitudinal drift + pylon vertical bending
5 0.227228 5 0.222764 Girder + pylon symmetric lateral bending
15 0.442715 15 0.431886 Girder and pylon torsion
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Figure 19: Vibration Mode shape of cable stayed bridge

IV. Conclusion
A finite element 1500m central span cable-stayed bridge model was modelled to explore the static and

dynamic response of CFRP and steel stay cables. The influence of the nonlinear geometric characteristics of the
cable-stayed bridge was investigated for the static analysis and the modal analysis was performed for the
dynamic analysis. The following was observed from this research;

1.

2.

3.

6.

Maximum tension force of CFRP cables is lesser than steel cables for the same bridge configuration. This
results from the higher unit weight and pronounced cable sag of steel.

The steel cables induces a maximum bending moment of the deck than steel for the live load interaction at
the serviceability limit state.

The deck mid-span deflection for CFRP cables is higher than steel cables and this can be attributed to the
greater elastic modulus of steel to CFRP. Similarly, the lateral deformation of the tower is lower in steel
cables than in CFRP cables.

The temperature effect is higher in steel cables than in CFRP cables largely because of the lower linear
coefficient of thermal expansion of CFRP cables.

The natural frequencies of steel cables are synonymous with CFRP cables, however, the higher damping
ratio of CFRP cables enables the dissipation of lower vibration modes better than steel cables. In addition,
the lateral and torsional frequency is high in CFRP than steel cables but the vertical bending frequency of
steel is higher than CFRP cables.

The modal response of the bridge is not greatly affected by the live and temperature load effect hence it has
a minimum consequence on the dynamic behavior of the cable-stayed bridge.

In conclusion, the results prove that the static and dynamic performance of CFRP cables in a 1500m center span
cable stayed bridge for the dead load, live load (pedestrian and vehicle load-BS5400:2), and positive
temperature load case is structurally optimized and can be utilized or replace the conventional steel stays in long
span stay bridges using reliable anchorage together with adequate safety factors and further research.
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