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examines the maximum values of bending moment (BM), shear force (SF), torsional
moment (TM), and vertical deflection (VD) in both girders of bridges. The influences
of curve angle and span are considered in the study. The effect of curve angle, up to
12°,is negligible on forces and deflections, and thus such bridges can be analysed as
a straight one. Finally, non-dimensional equations are derived for evaluating forces
and deflections, so that one may predict these quantities for curved bridges based on
straight bridge’s results. Engineers and designers may consider present work valuable
in analysing, and designing curved box-girder bridges.
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1 Introduction

Bridges with curved alignment were once uncommon, but the majority of straight
bridges have become curved due to site constraints, alignment architecture, traffic vol-
ume, and changes in speed limit. The curved box-girder bridge (Fig. 1) has a cellular
cross segment that resists the high torsional moment and becomes more efficient. The
curved bridge is widely recognized due to its effectiveness, stability, functionality, econ-
omy, and aesthetics. These are frequently selected to have a circular plan with transi-
tion curves. Analysis of bridges curved in the plan is more complicated than the straight
bridges as these are subjected to a combination of bending and torsion induced by
girder curvature. Therefore, the section chosen for the design of a curved bridge should
have high torsional stiffness to make the section efficient. However, in small curvature
bridges, the effect of curve angle on BM, SE, TM, and VD may be neglected if it is within
limits. One of the most practiced techniques to analyse and design curved bridges is to
treat them straight with defined limitations. In curved bridges, torsion is induced, which
affects the response of bridges in flexural, shear, and torsion. It twists the bridge cross-
section and produces uneven stresses in the flange. Because of the accessibility of the
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Fig. 1 Curved box-girder bridge deck

high-capacity computational system, the analysis and design of curved bridges with
more curvature have become easy to deal with.

Many studies have been carried out on curved bridges, and a few of them are included
in this paper. Zdenek and Mahjoub (1974) presented the behaviour of straight or curved
single-cell box-girder bridges, including longitudinal warping and transverse cross-sec-
tional distortion. Zhang and Lyons (1984) analysed a curved box-girder bridge using
thin-walled beam theory and finite element method (FEM). Arizumi et al. (1988) investi-
gated the distortion and slip behaviour of three curved composite box-girder bridges
with only end diaphragm experimentally. The effect of curvature and cross-section were
considered in the analysis. Sennah and Kennedy (1999) presented the parametric study
on a simply supported curved composite multi-cell bridges under the AASTHO (Ameri-
can Association of State Transportation Officials) truck and dead loads, using the finite
element method. The bridges were analysed to evaluate the moment, deflection, axial
forces, and the results were verified with the experimental results. Aspect ratios, curva-
ture, number of lanes and cells, etc., were considered in the analysis. The authors con-
cluded that increases in the span and degree of curvature increase the moment and
deflection distribution factor. Barr et al. (2001) analysed a number of three-span pre-
stressed concrete girder bridges. The effect of lifts, intermediate and end diaphragms,
curve angle, etc. on the distribution factors were investigated. Sennah and Kennedy
(2001) reviewed and presented some important recommendations for the design of
straight and curved box-girder bridges. Sennah and Kennedy (2002) reviewed box-girder
bridges, straight and curved, and discussed the behaviour of bridges published in recent
literature. The results of box-girder bridges were presented for single-cell, multi-cell, dif-
ferent cross-section, etc. Sennah et al. (2004) presented a method to determine the

dynamic impact factors for the horizontally curved composite single or multi-cell
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box-girder bridges subjected to the AASTHO truck loadings. DeSantiago et al. (2005)
analysed horizontally curved bridges using finite element models considering dead and
truck loads. Vertical deflection, bending moment, and torsional moment were deter-
mined and compared with the straight bridge and concluded that these are increased
with curve angle. The proposed formulae were compared and validated with finite ele-
ment models and with the specifications of AASTHO. Samaan et al. (Samaan et al,,
2007a, b) carried out a dynamic analysis of continuous curved composite multiple-box-
girder bridges to determine the natural frequencies and mode shapes using the finite ele-
ment method. Khaloo and Kafimosavi (2007) studied the flexural behaviour of curved
prestressed (post-tensioned) box-girder bridges using the three-dimensional refined
finite-element method. The angle of curvature was varied from 0 to 90°, while bridge
length, section geometry, and material properties were kept constant. The results of
curved bridge were compared with the straight one. Samaan et al. (20074, b) studied the
effect of AASHTO truck load on tangential flexural stresses, deflection, shear forces, and
reaction in 180 models of curved continuous composite multiple box-girder bridges.
Kim et al. (2007) studied the effect of parameters like curvature, girder spacing, span,
and cross-section on the maximum total bending moments in curved bridges to develop
a new girder distribution factors (GDF), using numerical methods. The authors con-
cluded that the bending effect on GDFs increases as the span length increases. Fangping
and Jianting (2012) investigated the effect of curvature on the deformation of curved
bridges due to prestressed tendons, using the finite element based software ANSYS. Five
different curved bridges were modelled and analysed to evaluate the mid-span deflec-
tions. Cho et al. (2013) presented the distribution of load in straight prestressed concrete
(PSC) girder bridges using FEM. The GDF was compared with the AASHTO LRFD,
AASHTO standard factors and the finite element analyses results. The formulae were
proposed to predict the live load distribution in PSC girder bridges for a preliminary
design purpose. Arici et al. (2015) proposed a simple and quick method to evaluate the
effect of non-uniform torsion on curved steel girder bridges with box and I-girder cross-
sections based on the Hamiltonian structural analysis method. A parametric study was
performed on single and multi-span bridges by varying the type of loads, curvature,
cross-section, etc. Kumar et al. (2015) investigated the effect of aspect ratio, loading and
boundary conditions on the behaviour of bridge. Arici and Granata (2016) proposed an
analytical method to evaluate the non-uniform torsional effect in the curved concrete
bridge, using the incremental Hamiltonian launching method. The authors studied the
effect of secondary torsion on curved bridges. Alawneh et al. (2016) introduced a new
framing system with relatively short straight girder segments (6 to 12m) that are joined
and post-tensioned to form a full length curved girder. Majeed et al. (2017) determined
the torque behaviour and failure modes of multi-cell box-girder bridge using numerical
and experimental methods. Bahadur et al. (2017) investigated the effect of curve angle,
span-thickness ratio, and aspect ratio on forces and deflection of simply supported
curved rectangular panel. Sali and Mohan (2017) analysed the behaviour of curved trap-
ezoidal bridges and determined the bending stress and displacement along the span
length. Androus et al. (2017) presented the elastic and ultimate behaviour of composite
box girder bridges experimentally. The effects of cross bracing, curvature, type of load-
ing, etc. are tested on three different composite concrete deck simply supported, two
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curved and one straight. Shirazi et al. (2018) developed analytical fragility curves for
curved single frame concrete box girder bridges with seat-type abutments considering
current seismic design considerations as per California Department of Transportation.
Said and Khalaf (2018) analysed the horizontally curved box girder bridge under
AASTHO loading experimentally and evaluated the live load moment distribution fac-
tor. Lalanthi et al. (2018) proposed two methods to determine the stresses and deflection
of box-girder bridge using finite element method and found that the results of stresses
from the proposed method are lesser than the results obtained from the bending theory.
Gupta and Kumar (2018) investigated the flexural behaviour of a simply supported rein-
forced concrete (RC) skew-curved box-girder bridge using FEM. A new coordinate sys-
tem for skew-curve was developed to find out the critical position of IRC (Indian Road
Congress) Class-70R tracked vehicle loading. The authors concluded that the bending
moment in the outer girder of bridge is increased with the curve angle and decreased in
the inner girder with the curve angle due to dead and point loads. Gupta et al. (2019a, b)
evaluated the fundamental frequency of single, double and triple cells RC curved box-
girder bridges using the finite element analysis. Thus, the behaviour of curved RC
bridges can be examined using the FEM. Gupta et al. (20193, b) executed the static anal-
ysis of RC curved box-girder bridge using SAP2000 and found that the effect of curve
angle less than 12° is insignificant on forces and deflection. Agarwal et al. (2019) investi-
gated the maximum bending moment and shear force in a single-cell skewed box-girder
bridge using the finite element analysis. Authors observed the effect of span, girder spac-
ing, and span-depth ratio on the skew box-girder bridge. Agarwal et al. (2020a, b) exam-
ined the behaviour of RC skew box-girder bridge subjected to Indian loadings using
CSiBridge. Agarwal et al. (Agarwal et al., 2020a, b, Agarwal et al., 2021) studied the com-
bined effect of skew and curve angles on RC box-girder bridges and deduced the force
and deflection equations. Mairone et al. (2022) presented a case study on a horizontally
curved steel box-girder bridge situated in North Italy using the numerical method. Yuan
et al. (2022) determined the mechanical properties and torsional behaviour of curved
box-girder bridge. Agarwal et al. (2022a, b) presented the free vibration analysis on dif-
ferent box-girder bridges using the finite element method. Agarwal et al. (2022a, b) pre-
sented the modelling of skew, curved and skew-curved bridgea under Indian loading
conditions using the numerical method.

The literature mentioned above shows a good amount of study on I-girder and PSC
bridges under the AASTHO loading which is different from IRC loading with respect to
the load placement and serviceability criteria. Further, it appears that only a little amount
of study is available on the Indian standard loading and there are no standard procedures
or specifications available in Indian standard Codal provision for curve bridges. Hence,
it is important to study the behaviour of box-girder bridge under the IRC loading. The
published results available in the literature are useful for the analysis of bridges under
the AASTHO truck load which are not useful for the Indian conditions, so in the present
study, it is important to focus upon the RC curved bridges, under DL and LL. The goal
of the present investigation is to determine the impact of curvature on RC box-girder
bridge under IRC loading. The bridges with different degree of complexity can be mod-
elled in easy ways using finite element method. The results obtained from this method
are very fast and precise, so becoming quite popular nowadays for the analysis of bridge
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Fig. 2 Validation model of box-girder bridge deck

compared to the experimental methods, which are costly and time consuming. Hence,
in the present study, a finite element based software CSiBridge is used for the analysis.
The parameters considered in the study are curve angle and span. The effect of these
parameters on forces and deflection in both the girders of curved RC box-girder bridge
is investigated. The maximum value of forces and deflection are considered for both the
girders, not at a particular marked position. For both the girders, several empirical equa-
tions are deduced from the statistical approach to determine the bending moment ratio
(BMR), shear force ratio (SFR), torsional moment ratio (TMR), and vertical deflection
ratio (VDR) for dead as well as live loads. Here, the BMR is the ratio of maximum BM for
any curve angle («) and span (L) to the maximum BM for a straight bridge of 25m span.
Similarly, the other ratios SFR, TMR, and VDR are defined in the present study. Some
equations are provided to obtain the combined influence of curve angle and span on the
BMR, SFR, TMR, and VDR. These equations are useful for the designers because they
can easily analyse the curved bridges with the help of a 25m span of straight one under
the dead and live loads.

2 Modelling and Validation

A simply supported RC box-girder bridge situated in China, as shown in Fig. 2, is stud-
ied for validation. The left interior support has hinge support, whereas the remaining
three supports have roller supports. The same bridge model was considered by Gupta
and Kumar (2018) and analysed using a finite element based CSiBridge software. The
shell element is used in FE modelling, and each element has four nodes with six degrees
of freedom at each node.

The stipulations are: Span=27.4m; Width=10.8m; Depth (overall)=2.96m;
Kerb (both sides of deck)=0.2m; and thickness of top flange=250mm; thickness
of bottom flange=280mm. The material properties of concrete are: Characteristic
strength =25 MPa; Modulus of elasticity =2.5 x 10* MPa; Density =25 kN/m? and Pois-
son’s ratio=0.2.

The box-girder bridge is investigated for DL and LL (Class-70R tracked vehicle, con-
sidered as point load). The maximum bending moment (MBM) under dead and live
loads in both the girders of the curved deck (curve angle=0° to 60°) are determined and
compared. Figures 3 and 4 demonstrate the maximum bending moment (MBM) under
dead and live loads in both the girders of the curved bridge, respectively, having different
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curve angles. The model and data of Gupta and Kumar (2018) were reproduced/ recon-
structed by the authors for validation purposes, and the obtained results are in close
agreement with the reported results. Thus, one may say that the present modelling
process is acceptable, and it can be extended for further investigation with varying

parameters.

3 Results and Discussion

To study the influence of curvature, the behaviour of box-girder bridge deck is inves-
tigated for different curve angles and spans. The data considered in the analysis are:
Total width=11.5m consisting of 7.5m roadway; Kerb (both sides) =0.5m and Foot-
path (both sides) = 1.5m. The thickness of top and bottom flanges, and web is assumed
to be different for different spans. Figure 5 shows the model of box-girder bridge deck
for investigation. The geometric properties of box-girder bridge deck for different spans
are listed in Table 1. A trial procedure is used to choose the cross-section. Wherein the
depth of the section is determined for a particular span based on an assumed value of

Page 6 of 21
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Fig. 5 Model of box-girder bridge deck for present study

Table 1 Geometric properties of single cell box-girder bridge

Properties Span, L (m)
25 30 35 40 45 50

Thickness of top flange, t;¢ (M) 0.30 0.30 0.30 0.30 0.30 0.30
Thickness of bottom flange, t¢ (M) 0.30 0.30 032 034 0.36 0.38
Thickness of web, t,, (m) 0.30 032 0.34 0.36 0.38 040
Sectional area, A (m?) 6.42 6.82 737 7.95 857 9.24
Moment of inertia, | (m?) 6.80 10.35 15.16 21.16 2848 37.26
Section modulus, Z (m?) 6.74 8.50 10.39 12.38 14.49 16.72

the span to depth ratio (around 10). All straight bridge models are found to be safe under
limit states of collapse and serviceability, i.e., stress, deflection, and vibration according
to IRC 21:2000. The same cross-sections of straight bridges are used for the investigation
of the curved box-girder bridge models. The material properties of concrete used in the
models are: Characteristic strength=40MPa; Modulus of elasticity=3.16 x 10* MPa;
Density =25 kN/m?; Poisson’s ratio=0.2. The material properties of reinforcing steel
are: Modulus of elasticity =2 x 10° MPa; Poisson’s ratio =0.3; Density =77 kN/m?; Yield
strength =500 MPa; Ultimate tensile strength =545 MPa.

The following are assumed in the analysis: Material is elastic and homogeneous; Deck
rests on two longitudinal girders, and the deck is simply supported; Two end diaphragms
are provided in all bridge models; intermediate diaphragms are not provided; Footpath
and kerb’s effects are not considered in all bridge models; other loads such as gravity,
wind, seismic, snow, creep, thermal and fatigue are neglected.

All IRC loadings, ie., Class-70R track and wheel load, Class-AA track and wheel
load, and Class-A load (Clause 204.1, IRC 6: 2017), were used to analyse the box-girder
bridges. However, only Class-70R track load results are presented here as it produces
the most severe stresses and deflection compared to any other IRC loading. Class-70R
tracked vehicle consists of two tracks carrying 350 kN load each, which is evenly distrib-
uted over a contact area of size 0.84m x 4.57m, as shown in Fig. 6 (IRC 6; 2000). This
load is positioned 1.2 m away from the kerb to enhance the maximum torsional impact.

The finite element based CsiBridge software has been used to model the deck, includ-
ing the reinforcement. The deck is discretised with four-noded plate elements, while
the reinforcement is for two-noded beam elements. The CsiBridge considers the inbuilt
reinforcement based on different codes of practice. The option for inclusion of the speci-
fications contained in clause 16.5.1.1 of IRC: 112-2011 about the minimum longitudinal
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reinforcement in girder is available in CsiBridge, and thus the same was adopted for the
study. Two bearings are placed one under each web at each end of the span for all simply
supported bridge models. In the simulation, the bearing at one end of the bridge span is
assumed to be roller support, while at other ends, it is considered pin support.

3.1 Description of element

For finite element modelling, the concrete deck and reinforcing bar are discretised using
four-noded shell and two-noded beam elements, respectively, as shown in Fig. 7. The
shell element has six (three translations and three rotations) degrees of freedom at each
node, and the beam element has three (two translations and one rotation) degrees of

Page 8 of 21
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Table 2 Convergence study

Mesh Size (mm) Deflection (mm)
500 9.061
450 9.070
400 9.075
350 9.089
300 9.102
250 9.116
200 9.123
150 9.135
100 9.147
90 9.147
80 9.147

freedom at each node. The used elements’ descriptions are extracted from Zienkiewicz
et al. (2013) and Seshu (2012).

3.2 Convergence study

A convergence study is carried out to estimate the refinement required to get the closest
solution. It specifies the element’s size for which the evaluation of the maximum deflec-
tion criteria is considered. Models adopted for the analysis are single-cell box-girder
bridges, shown in Fig. 8. CSiBridge is widely used to analyse the different types of bridges
due to its friendly interface, ease of handling, and computation efficiency. The results are
presented in Table 2 and are found to be converged at the mesh size of 100 mm. Hence,
100 mm mesh size is adopted for further parametric study.

3.3 Parametric study

The following parameters, i.e., curve angle and span, are considered for the present para-
metric study because the curve angle is a crucial parameter in curved bridges, and span
directly affects the analysis of bridges. The influence of these parameters on the BM,
SE, TM, and VD is studied. The values/ ranges of the parameters stipulated are: Curve
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angle- 0 to 60° at an interval of 12° and Span- 25 to 50m, at an interval of 5m. The influ-

ence of different parameters is described separately in the following sections.

3.3.1 Effect of curve angle

The influence of curve angle on maximum values of BM, SE, TM and VD of both the
girders (outer and inner) is investigated, separately under both DL and LL. Mostly the
box-girder bridge is used for a span 25 m and above due to its beneficial structural behav-
iour and its intrinsic transverse and torsional rigidity Rajagopalan (2013). In this study,
bridge models of 25 to 50m span with an increment of 5m having a span-depth ratio
(L/d) of 10 with varying curve angles are considered for investigation. Figure 9 depicts
the bending moment under DL (BMp,;) and bending moment under LL (BM,,) with
curve angle for different spans. For outer girder, BM increases considerably with curve
angle because of the longer length of the outer girder in comparison to the inner girder.
However, it decreases significantly in the case of inner girder. The BM increases signifi-
cantly with span in both the girders. For outer girder when the curve angle is varied
from 0 to 60°, and the span is varied from 25 to 50 m, the BMp,; increases by about 1.3 to
1.6 times in comparison to the straight bridge for different spans, while, the respective
increase in BM; lies in the range of about 1.2 to 1.4 times. However, for inner girder, the
values decrease, and the respective decrease in BMp, lies in the range of about 1.1 to 1.4
times, while BM;; decreases by about 1.2 times.

Figure 10 illustrates the SF variation along the bridge’s outer (longer) and inner
(shorter) girders with curve angles for different spans. The SF increases in outer girder
significantly with curve angle. While in the inner girder, the shear force under DL (SFp;;)
decreases with the increase in curve angle (up to 30 m spans) and then increases only for
the 60° curve bridge. This typical behavior may occur due to the increased dead load in
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curved bridges with more curvature. Whereas the effect of curve angle on shear force
under LL (SF;;) is found to be insignificant. The SF increases significantly with span for
both the girders. When the curve angle is varied from 0 to 60°, the increase in SFp; in
the outer girder lies in the range of about 1.8 to 2.7 times for different spans compared to
the straight bridge, while the SF|; increases in the range of about 1.2 to 1.7 times. For the
inner girder, the respective decrease in SFp; lies in between 4.1 to 6.1 times.

The curve angle effect on the TM is shown in Fig. 11. The torsional moment under
DL (TMp,) and torsional moment under LL (TM,,;) increase in outer girder with
curve angle and span. For inner girder up to 30 m span, the TMp, first reduces with
increment in curve angle up to 36° and then increases. The span greater than 30 m
first reduces with the increment in curve angle up to 24° and then increases. The
TM;, in the inner girder is almost unchanged for different spans up to a curve angle
of 36°. For the outer girder, when the curve angle is varied from 0 to 60°, increment
in TMp,; within a range of 2.1 to 4.0 times for different spans and by about 1.4 to 2.5
times in case of TM; ;. For the inner girder, the respective increase in TMp, lies in
the range of about 1.0 to 3.2 times, while TM;; increases by about 1.0 to 1.9 times.

Figure 12 depicts the variation of VD with curve angle for different spans, under
DL and LL. The VD in the outer girder increases with both curve angle and span.
It may be due to twisting-induced warping stresses in curved bridges, which
increase the deflection. For the inner girder, the vertical deflection under DL (VDyy;)
increases with span and curve angle; however, VD under LL (VD;;) decreases
slightly for all spans up to a curve angle of 36° and then increases. When the curve
angle is varied from 0 to 60°, the VD in the outer girder increases within a range
of about 4.7 to 5.1 times for different spans with respect to the straight bridge, while
for VDy; increases in the range of about 4.0 to 4.6 times. For the inner girder, there
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is an increase of about 2.1 to 3.2 times in VDy, values, and the respective incre-

ments in VD;; are about 1.2 to 2.1 times.

3.3.2 Effectof span

This section presents the influence of span on the BM, SF, TM, and VD for different
curve angles. Figure 13 illustrates the variation of BM for girders with span for dif-
ferent curve angles. It is observed that the effect of curve angle on bending moment
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under DL (BMp,) of both the girders is not much, but it increases slightly with the
curve angle; however, the effect of span length is considerable and non-linear. The
effect of curve angle on BMp; of the outer girder increases with the span length. The
curve angle effect on BMy,; is more at the outer girder. The bending moment under
live load (BM;;) increases slightly with the curve angle; its variation with span length
is significant and almost linear. The effect of curve angle and span length on BMy; is
more in the outer girder case, while, in the case of the inner girder, the influence of
curve angle is not significant. The influence of the span length on BM ;| is much lesser
as compared to its effect on BMp,.

For the outer girder, when the span is varied from 25 to 50 m, and the curve angle is
increased from 0 to 60°, the BMp,; increases within a range of about 5.0 to 5.8 times
in comparison to those at 25 m for different curve angles, while for BM;; the respec-
tive changes are in the range of about 1.8 to 2.0 times. For the inner girder, there is an
increase in BMp; between about 5.8 to 7.2 times, while for BM| |, the increase lies in
the range of about 1.7 to 2.0 times.

Figure 14 shows the influence of span on the SF for various curve angles. It is observed
that the maximum shear force under DL (SFp;;) in both the girders increases with the
span length; however, this increment is considerable for the outer girder. The effect of
curve angle on SFpy; of both the girders is significant, and this increases with span length,
being considerably much more in the case of the outer girder.

The maximum shear force under LL (SF;;), in both the girders, increases only slightly
with the span length, except in the case of the outer girder for higher curve angles at
larger span. The SF;; increases with curve angle in the outer girder, while it decreases
for the inner girder. The effect of span length on SF;; is much lesser than that on SF;.
This typical behaviour may occur due to the increased dead load in curved bridges with
more curvature. For the outer girder, when the span is varied from 25 to 50 m, the SFp;
increases by about 2.8 to 4.0 times compared to those at 25m for different curve angles.
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While the respective increase in SF;; lies in the range of about 1.0 to 1.45 times. For the
inner girder, the respective increase in SFp; lies between about 2.8 to 9.2 times, while the
respective increases in SF;; are insignificant.

Figure 15 illustrates the variation of the TM with span for different curve angles for
both the girders. It is observed that in both the girders, the maximum torsional moment
under DL (TMp,) increases considerably and non-linearly with the span length. The
effect of curve angle on TMp; of both the girders increases significantly with the span
length and curve angle, especially for the outer girder. The torsional moment ratio under
live load (TMjy 1), in general, increases considerably with the span length for higher curve
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angles, especially in the case of the outer girder. In the outer girder, the effect of span
length on TM ; is insignificant up to the curve angle (<24°); after that, it increases with
curve angle and span length; while for inner girder, the effect of span length on TM,
is insignificant up to the curve angle (<36°); after that, it increases with curve angle
and span length. This is because of the load placement in higher curved bridges and
the twisting induced warping stresses in curved bridges, which increases the torsional
moment. The effect of the span length on TMy,; is much higher as compared to its effect
on TM;;.

For the outer girder when the span is varied from 25 to 50m, the TMp,; increases by
about 2.5 to 4.4 times in comparison to those at 25m for different curve angles, while,
the respective increase in TM; lies in the range of about 1.0 to 1.7 times. However, for
the inner girder, the respective increase in TMp; lies between about 2.5 to 9.5 times,
while the TM;; increases by about 0.9 to 2.1 times.

Figure 16 shows the variation of VD with span for different curve angles in both gird-
ers. The vertical deflection under dead load (VDp;) increases considerably and non-lin-
early with the span length. In general, the influence of curvature on VDyy; of both the
girder increases with the span length and curve angle. The effect of curve angle on VD,
of inner girder is not significant up to 24°. The effect of curve angle on VDy; is much
higher for the outer girder than the inner girder. The influence of span length on vertical
deflection due to live load (VD) is not significant up to curve angle 24° for the outer
girder, and up to 36° for the inner girder; it increases with the span length and curve
angle. However, the effect of span length and curve angle on VD, is not much in the
inner girder, except for the extreme curve angle studied herein. The effect of the span

length on VDy; is much lesser as compared to its effect on VDyy;.
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For the outer girder, when the span is varied from 25 to 50m, the VD, increases
within a range of about 3.6 to 4.1 times in comparison to those at 25 m span for different
curve angles, while for VD, the respective changes are in the range of about 1.2 to 1.47
times. For the inner girder, there is an increase in VDpy; values within a range of about
3.6 to 5.4 times, while for VDy; increases by about 1.0 to 1.8 times.

3.4 Relationship between responses and parameters
A few equations are suggested to obtain the influence of curve angle and span on BMR,
SER, TMR, and VDR in a single cell box-girder bridge. These equations are calculated for
both the girders. The two primary loads, namely dead load and IRC Class-70R track load,
are considered individually for obtaining the proposed egs. A statistical approach focused
on the least square regression is used for this purpose, utilizing the data collected from the
parametric study. The designer may use the proposed equations for estimating the com-
bined effect of curve angle and span while analysing a curved bridge. These equations are
valid for the curved bridges of any span subjected to IRC specified loadings. The equations
for DL and LL have been presented. To verify the provided equations, some of the BM, SE,
TM, and VD results in box-girder bridges, separately for both DL and LL found from the
study, are presented in Table 3.

The equations proposed for DL and LL are as follows:

(A) For DL:

+ For outer girder, the BMR is
BMRpy () = 1.01497 4 0.00412L% — 0.09223L — 4.2384 x 10~*L? COS(«) (1)

+ For inner girder, the BMR is

BMRpy ) = 0.35637 + 4.3234 x 107°L? — 2.22208 x 10 *La 2)

+ For outer girder, the SFR is

SFRpL(o) = 0.44368 + 9.66732 x 10™*L% + 3.69103 x 10~ %La® + 5.48609 x 10~ aL>
3)

+ For inner girder, the SER is

SFRpy (i) = 661.49711+0.06833L+0,03706a—0.00206La—662.19048COS(1.08418 x 1078 L2a2>

(4)

+ For outer girder, the TMR is
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TMRpL (o) = 0.05174 L+0.00318a+1.20542x 10 80 L*+3.34806 x 10" L2a*—0.23378
(5)

+ For inner girder, the TMR is

TMRpyi) = 0.49536+8.09677 x 10~*1?+42.25609 x 10~ 80> —0.00470—2.72428 x 10 L
(6)

+ For outer girder, the VDR is

VDRpL, (o) = 0.66738+2.46046 x 107°L3 4 3.70227 x 10 °aL?+1.75834 x 10 8a’L?
(7)

+ Forinner girder, the VDR is

VDRpy i) = 0.51886 + 2.64913 x 107°L? + 1.61507 x 10~ 8a>L? — 4.76170 x 10 %
(8)

(B) For LL:

+ For outer girder, the BMR is

BMR(L (o) = 0.04095L + 0.004400 + 1.62534 x 10~° La? 9)

+ For inner girder, the BMR is

BMR_Li) = 0.09799 + 0.03819L — 0.00287a — 8.99692 x 107512 (10

+ For outer girder, the SFR is

SFRLL(0) = 0.97667 + 0.00166L + 5.75256 x 10~°La 4 1.00286 x 107aL?  (11)

+ For inner girder, the SFR is

SFRLL() = 0.86067 + 0.00777L — 0.00188a — 7.90115 x 10~°L? (12)

+ For outer girder, the TMR is
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Table 3 Verification of the proposed equation

Forces  Girder Span Curve For dead load For live load
(m) angle
(degree) Using Using % Using Using %
proposed FEM variation proposed FEM variation
equation equation
BM Outer 30 48 13,811 13,568 1.79 15314 15,320 0.04
(kNm) Inner 30 48 7552 7546 0.08 14,568 14,543 0.17
SF(kN)  Outer 35 24 2305 2331 .1 1809 1821 0.66
Inner 35 24 898 935 3.95 2611 2616 0.19
™ Outer 45 60 —5546 —5569 041 —2970 —2971 003
(Nm) pner 45 60 4291 4287 009 2310 2312 008
VD (mm) Outer 40 36 29.23 2951 0.94 18.35 1846 0.60
Inner 40 36 1643 16.48 0.30 11.66 11.69 0.16

Th

TMRLL(0) = 0.99411 + 1.15316 x 10 °Lo? — 0.00218a — 1.48392 x 10 *0*  (13)

For inner girder, the TMR is

TMR,; ,=1.26577 4+ 1.75345 x 10 *L*+8.13384 x 10~ *a*L’~0.01517 L -
8.99448 x 10~°a (14)

TMRyL ) = 1.26577+1.75345x 10" 1.2 4-8.13384x 10 3a* 1> ~0.015171.—8.99448 x 10 °a?
(14)

For outer girder, the VDR is
VDRLL(o) = 0.67776+0.017910+0.012189L+2.78627 x 10~°a2+2.17448 x 10~ Lo
(15)

For inner girder, the VDR is

VDR 1) = 1.01571 +9.13320 x 10 °aL + 1.39588 x 10~’a’L — 0.01093a  (16)

e values predicted using the proposed equations are also presented in Table 3,

along with the percentage error in two values. In all the cases, it is seen that the results

deduced from the equations are very close to the finite element analysis results. Thus,

the proposed equations may be used to predict the forces and deflection in a curved

box-girder bridge with ease.
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4 Conclusions

The behaviour of single-cell curved box-girder bridge under dead and live loads were

investigated. The parameters that varied were curve angle and span. The following con-

clusions are drawn based on the obtained results:

Under DL and LL, the BM increases significantly in the outer girder as the curve
angle increases; however, it decreases significantly in the inner girder, whereas the
BM increases with span in both girders under dead and live loads. So, the influence
of curve angle is greater for the outer girder; hence, one should pay more attention.
The SF in the outer girder increases significantly with the curve angle under both
DL and LL; however, in the case of the inner girder, it reduces as the curve angle
increases. The effect of the span is significant on outer girder SF, and it increases with
the span, while in the case of the inner girder, the effect is insignificant.

Under DL and LL, the TM increases in the outer girder as the curve angle increases,
while, in the case of the inner girder, it reduces with the increment in curve angle.
Under DL and LL, the TM increases with span in the outer girder. In the inner girder,
due to DL, TM reduces with the increment in span for up to 24° curvature, and then
it increases. But for LL, the TM reduces as the span increases for up to 36° curvature,
and then it increases.

The effect on VD is insignificant up to 35m span and 24° curve angle, and then it
increases with span and curve angle for both girders due to dead and live loads. Up
to 24° curvature and 35m span, the effect is found to be insignificant; thus, these
curved bridges may be analysed as similar to straight one.

The results obtained from the developed equations are quite closer to that obtained
from the finite element analysis. So, these equations may directly be used for curved
bridges when subjected to both dead load and IRC specified live load.

Abbreviations
Mo max Maximum dead load bending moment (kNm)

M| max Maximum live load bending moment (kNm)

a Curve angle (degree)

R Radius of curve bridge (m)

L Length of central bridge deck (m)

Lo Length of outer girder bridge deck (m)

L Length of inner girder bridge deck (m)

ty Thickness of top flange (m)

tyr Thickness of bottom flange (m)

ty, Thickness of web (m)

A Cross-section area (m?)

Z Section modulus of bridge (m?)

I Moment of inertia of bridge (m*)

D Depth of bridge deck (m)

d Effective depth of bridge deck (m)

BMp, Maximum bending moment due to dead load (kNm)
BM, Maximum bending moment due to live load (kNm)
SFoL Maximum shear force due to dead load (kN)

SFL Maximum shear force due to live load (kN)

TMp, Maximum torsional moment due to dead load (kNm)
™ Maximum torsional moment due to live load (kNm)
VDp, Maximum vertical deflection due to dead load (mm)
VD, Maximum vertical deflection due to live load (mm)

BMRp )  Bending moment ratio due to dead load for outer girder
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BMRpy  Bending moment ratio due to dead load for inner girder
BMR )  Bending moment ratio due to live load for outer girder
BMR ) Bending moment ratio due to live load for inner girder
SFRpL () Shear force ratio due to dead load for outer girder
FRowg Shear force ratio due to dead load for inner girder
SFR ) Shear force ratio due to live load for outer girder
FRg Shear force ratio due to live load for inner girder
TMRp ) Torsional moment ratio due to dead load for outer girder
MRpy  Torsional moment ratio due to dead load for inner girder
TMR, )  Torsional moment ratio due to live load for outer girder
MR 4 Torsional moment ratio due to live load for inner girder
VDRp )  Vertical deflection ratio due to dead load for outer girder
VDRpy  Vertical deflection ratio due to dead load for inner girder
VDR ()  Vertical deflection ratio due to live load for outer girder; and
VDR, Vertical deflection ratio due to live load for inner girder
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