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Abstract

The behaviour of curved box-girder bridge is quite different from the straight one as it is experienced by the additional torsional moments. The
analysis and design of such box-girder bridges are quite complicated when the curve angle is varied. The effect of curve angle on the forces and
deflection in the girders, inner and outer, of a simply supported single cell reinforced concrete curved box-girder bridge is investigated in this
study. A Finite element based software, CSiBridge v.20, was used for the analysis. A convergence study was performed on the proposed model
to select the optimum mesh size and the results obtained are validated with the published literature. The variation of absolute values of forces
and deflection along both the girders, under dead load (DL) and IRC (Indian Road Congress) live load (LL), is observed and the equations are
proposed for their prediction in terms of non-dimensional parameters, using the statistical approach. The present results may be helpful to the
designers in the analysis and design of curved single cell reinforced concrete box-girder bridges.
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1. Introduction

Box-girder bridge has a cellular cross-section that
resists the high torsional moment and becomes more
economical when the deck of the bridge is curved in plan
(Fig. 1). Previously, bridges with curved layout were
unusual; however, most of the straight bridges were curved
with the issue of site constraint, alignment construction,
higher traffic and velocity limit changes. The analysis and
design of curve bridges are more difficult as they are
subjected to both bending and torsion. The effect of curve
angle on small curvature bridges can be ignored if they are
within the permissible limit. Because of the availability of a
high-capacity computing system, today it becomes easy to
handle the analysis and design of curved bridges with more
curvature.

Many studies on the curved bridges are available in the
literature, and this section includes a few of them. Barr et al.
[1] analysed the effect of diaphragms, lifts and curve angle
to determine the distribution factors on pre-stressed concrete
girder bridges. Samaan et al. [2] used the finite element
method to determine the natural frequencies of continuous
curved composite multiple-box girder bridges. Khaloo and
Kafimosavi [3] determined the stresses under dead and pre-
stress load on each web of curved pre-stressed (post-
tensioned) box girder bridges using three-dimensional
refined finite-element method. Samaan et al. [4] studied the
shear force, stresses, deflection and reaction in curved

continuous composite multiple box-girder bridges under
AASHTO (American Association of State Transportation
Officials) truck load. Kim et al. [5] used the finite element
method to determine the girder distribution factors (GDF)
for the moment. The different parameters like curvature,
cross-section, span and girder spacing were used for
determining the effects. Cho et al. [6] determined the load
distribution factor using the finite element method in pre-
stressed concrete (PSC) girder bridges. Then, this load
distribution factor compared with the AASHTO LRFD,
AASHTO Standard factors results. Arici et al. [7] suggested
a method of Hamiltonian structural analysis to determine the
effect of torsion on steel box and I-girder bridges. The
different parameters like loading condition, curvature, cross-
section etc. were used in the study. Kim et al. [8] analysed
the precast PSC curved girder bridges with multi-tasking
formwork with different curvatures. The safety and
serviceability of the precast PSC curved bridges are
increased when the multi-tasking formwork is used for
construction. Gupta and Kumar [9] determined the absolute
bending moment of a simply supported reinforced concrete
(RC) skew-curved box-girder bridge under dead and IRC
70R tracked wvehicle loads, using FEM (finite element
method). Gupta et al. [10] evaluated the fundamental
frequency of single, double and triple cells RC curved box-
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Fig. 1. Curved box-girder bridge deck

girder bridges using finite element analysis. Agarwal et al.
[11] investigated the maximum bending moment and shear
force in a single cell skew box-girder bridge using the finite
element based software SAP2000 and the effect of span,
girder spacing and span-depth ratio on bending moment and
shear force are observed. Gupta et al. [12] determined the
effect of curve angle on the maximum bending moment,
shear force, torsional moment and vertical deflection for the
girders of single cell, double cell and triple cell (different
cross-sectional area) box-girder bridges under the dead and
IRC Class 70R track loads. Agarwal et al. [13] investigate
the effect of different parameters i.e., skew angle span, span-
depth ratio and girder spacing on maximum bending
moment, shear force, torsional moment, stresses and
deflection on both the girders of bridges due to combined
dead and live loads using finite element based SAP2000
software. Agarwal et al. [14] also investigated the effect of
skew and curve angles on the bending moment, shear force,
torsional moment and vertical deflection of skew-curved
bbox-girder bridge using finite element method. Most of the
researchers have studied the composite curved bridges under
AASTHO loadings; only a few literature are available on
reinforced concrete bridges. Also, it appears that there is just
a couple of studies available on the Indian standard loading.
The aim of the study is focused on investigating the effect of
curve angle on bending moment (BM), shear force (SF),
torsional moment (TM) and vertical deflection (VD) of both
the girders of box-girder bridge under the dead load (DL)
and IRC (Indian road congress) Class-70 R track loading as
live load (LL). It has been found that the effect of curve
angle on the forces and deflection is negligible up to 12°;
thus, such bridges may be analysed and designed as a
straight one. Under both DL and LL, the forces and
deflection in the outer girder of the deck is influenced more
by the curve angle and are found to be increased with the
curve angle, while in case of inner girder, these are found to
be decreased with the increase in curve angle. A few
equations are proposed to evaluate the bending moment
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ratio (BMR), the shear force ratio (SFR), the torsional
moment ratio (TMR) and the vertical deflection ratio (VDR)
under both dead and live loads in both the girders of box-
girder bridges by using the statistical approach. Herein, the
BMR is the ratio of maximum BM for any curve angle (a) to
the maximum BM for a straight bridge. Other ratios SFR,
TMR and VDR are defined similarly in the study to obtain
the effects of curve angle on the BMR, SFR, TMR, and
VDR. These equations may be useful for the designers as
they can quickly evaluate curved bridges' responses with the
help of any span of a straight bridge under both dead and
live loads.

2. Modelling Process and Validation

An existing model of single cell box-girder bridge,
presented by Gupta and Kumar (2018), is considered to
validate the present modelling process. The cross-sectional
properties of the existing model are: Span-27.4 m; Width-
10.8 m; Overall depth- 2.96 m; Kerb on both sides of deck-
0.2 m; and thickness of top and bottom flanges- 250 mm and
280 mm, respectively. The material properties of concrete
considered are: Poisson’s ratio = 0.2; Characteristic strength
= 25 MPa; Density = 25 kN/m’; and Modulus of elasticity =
2.5x10’kN/m’*. The model is developed in CSiBridge finite
element software and four noded shell element with six
degrees of freedom system is used for discretizing the
model. The results are found to be converged at 200mm
square mesh size. The maximum bending moment (MBM)
in the inner and outer girders of box-girder bridge due to DL
and LL is calculated and compared with the results reported
by Gupta and Kumar [9]. From Figs. 2 and 3, it is clearly
seen that the present results are found to be in close
agreement. One may say that the present modeling process
is appropriate and can be applied with varying parameters
for further investigation.
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Fig. 2. Variation of MBM with curve angle in outer girder
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Fig. 3. Variation of MBM with curve angle in inner girder

3. Modelling Process and Validation

The effect of curve angle on both the girders of a single
cell box-girder bridge is examined. The cross-sectional
properties for the bridge considered are: Span-25m, Total
width-11.5m (two-lane carriageway-7.5m, kerb-0.5m and
footpath-1.5m on both sides), Thickness of top flange (t,)-
0.3m, Thickness of bottom flange (t;)-0.3m, Thickness of
web(ty)-0.3m, Depth (D)-2.6m and L/d-10. Figure 4
displays the box-girder bridge deck model for the present
study. Under limit state of collapse (stress) and
serviceability (deflection and vibration), all the straight

FOOTPATH

bridges are pass. However, the same cross-sections are used
in the parametric study of curved bridges.

The material properties of concrete used in the bridge
model are: Poisson’s ratio = 0.2; Characteristic strength = 40
MPa; Density = 25 kN/m’; and Modulus of elasticity =
3.16x10’kN/m”. The material properties of reinforcing steel
are: Density = 78 kN/m’; Yield strength = 500 MPa;
Ultimate tensile strength = 545 MPa and Modulus of
elasticity = 2x10°kN/m”.

— CARRIAGEWAY FOOTPATH

H 05m

6m

Fig. 4. Model of bridge deck system (dimensions are in meter)
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Fig. 5. IRC Class-70R track load

(a) Shell element of curved ingle cell box-girder bridge
(0=36"

(b) Shell element of straight single cell box-girder bridge

Fig. 6. Finite element model of box-girder bridge

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 the bridge models; Effects of
kerb, footpath, and super elevation are neglected in all the
bridge models; Both dead and live loads are considered as
service loads, and other loads such as gravity, wind, seismic,
snow, creep, thermal and fatigue are neglected.

At first, all the Indian standard loadings (Class 70R track
& wheel load, Class AA track & wheel loads and Class A
load) are applied to the bridge model to check which load is
producing the more severe condition. Finally, the IRC Class
70R track load is considered in this study because it
produces higher stress and deflection. As per IRC-6
specification, this load is applied at a distance of 1.2 m from
the kerb face, shown in fig. 5. Simply supported boundary
condition is used for the analysis of all bridge deck models.
Figure 6 depicts the bridge models, created in finite element
based CSiBridge v.20 software. A convergence study is also
carried out for these models and it is found that the results
are converged at a mesh size of 100 mm. Thus, the mesh
size of 100 mm is adopted for the parametric study.

The effect of curve angle on the BM, SF, TM and VD
for both the girders of a single cell box-girder bridge under
both the loads (DL and LL) is studied. For the investigation,
a bridge of 25 m span (L) and span-depth ratio (L/d) 10 is
considered.
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3.1 Effect of curve angle on the BM

Figure 7 shows the variation of BM in the outer and
inner girders of the box-girder bridge for different curve
angles under both the DL and LL. These figures clearly
reveal that for a straight box-girder bridge, DL-BM is the
same along both the girders. In the case of LL, the BM is
found to be higher along the inner girder in comparison to
that of the outer girder because the LL is placed close to the
inner girder. For the outer girder, BM increases considerably
with the increase in curve angle in comparison to that in the
straight bridge for both DL and LL 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 under both the DL and LL. The increase in DL-BM
for the outer girder is found to be about 10, 19, 30, 45, and
60% for curve angles of 12, 24, 36, 48 and 60°, respectively,
compared to those in the straight bridge. For the inner
girder, it decreases by about 6, 12, 19, 23 and 27%.
However, the LL-BM for the outer girder increases by about
7,13, 21, 30 and 40% for curve angles of 12, 24, 36, 48 and
60°, respectively in comparison to the straight bridge. For
the inner girder, it decreases by about 4, §, 11, 14 and 17%
for curve angles of 12, 24, 36, 48 and 60°, respectively.
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Fig. 7. Variation of curve angle due to variation of DL and LL moment

3.2 Effect of curve angle on the SF

Figure 8 shows the variation of SF along the outer
(longer) and inner (shorter) girders of the box-girder bridge
with different curve angles for both DL and LL. For the
outer girder, it is observed that the SF increases significantly
with the curve angle due to both the DL and LL, because of
its longer length in comparison to the inner girder. However,
for the inner girder, it decreases with the increase in curve
angle. The effect of curve angle on the LL-SF is found to be
insignificant near the mid-span, but at support, it increases
in the outer girder and decreases in the inner girder.The
amount of live load is the same for all the models, so the
effect is not significant. For the outer girder, the DL-SF
increases by about 15, 31, 48, 67 and 87% for curve angles
12, 24, 36, 48 and 60°, respectively in comparison to those
in the straight bridge, while the respective changes in the
LL-SF are about 3, 7, 10, 16 and 21%. For the inner girder,
the DL-SF decreases by about 15, 31, 48, 67 and 79% for
curve angles of 12, 24, 36, 48 and 60°, respectively, while
for the LL-SF, the respective changes are in the range of
about 2-10%.

511

3.3 Effect of curve angle on the TM

Figure 9 shows the effect of curve angle on the TM for
both the girders (inner and outer) longitudinally. The TM
shows a mixed trend along the length of the girders and it is
found to be higher near the ends of the girders. The DL-TM
increases with curve angle for the outer girder but it decreases
for the inner girder (<60° curve). But, it increases when the
curve angle is more than 48°. For the outer girder, the LL-TM
increases considerably with curve angle, while for inner girder,
it decreases till the mid-span of girder after that it increases.
For the outer girder, the DL-TM increases by about 21, 43, 69,
97 and 129% for curve angles 12, 24, 36, 48 and 60°,
respectively. While for the inner girder, it decreases by about
16, 29, 43, 37% for curve angles 12, 24, 36 and 48° but it
increases by about 3% for a curve angle of 60° in comparison
to the straight bridge. For the outer girder, the LL-TM increases
by about 4, 6, 8, 20 and 44%, while for the inner girder, it
decreases by about 3 to 15%.
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3.4 Effect of curve angle on the deflection

Figure 10 shows the variation of vertical deflection due to
DL and LL in both the girders. For a smaller curve angle up to
12°, no significant results are found for the VD. The DL-VD
increases with curve angle for the outer girder, while for the
inner girder, it decreases till a curve angle of 24° and then after
increases. The LL-VD increases with curve angle for the outer
girder while it decreases up to 48°. For the outer girder, the
DL-VD increases by about 28, 73, 139, 237 and 377% for
curve angle 12, 24, 36, 48 and 60°, respectively, in comparison
to the values of a straight bridge, while for the inner girder it
decreases by about 10 and 6 % for curve angle 12 and 24° but it
increases by about for curve angle for 36, 48 and 60°,
respectively. For the outer girder, the LL-VD increases by
about 22, 58, 111, 188 and 299% for curve angle 12, 24, 36, 48
and 60°, respectively, in comparison to the values of a straight
bridge, while for the inner girder it decreases by about 3 to 15%
for curve angle 12 to 48° but it increases by about 18% for
curve angle 60°.

3.5 Proposed equations for forces and deflection

To determine the effect of bending moment ratio (BMR),
shear force ratio (SFR), torsional moment ratio (TMR) and
vertical deflection ratio (VDR) in the outer and inner girders
under the primary loads (DL and LL). The higher order terms
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are used to getanaccuracy in the equations. Some of the
equations are proposed which are as follows:

1. Under dead load:
(i)

For outer girder:

a) The BMR is

BMRpy () = 1 +0.009480, r =0.995 (1)
b) The SFR is
SFRpp )= 1+ 0.01420, r = 0.998 )

¢) The TMR is
TMRpy (o) = 1.00294 + 0.015660. + 9.75509% 1070, r = 0.999

3)
d) The VDR is
VDRpy =1 +0.067140 + SIN(a), r = 0.999 )]
(ii) For inner girder:
a) The BMRis
BMRp ;) =1 -0.004840, r=0.996 5)

a) The SFRis
SFRpri=1-0.01320, r=0.999

b) The TMR is
TMRyp = 1 -0.01289 .+ 9.51784x107"" o’, r = 0.997(7)

(6)
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Table-1. Verification of the results from the proposed 4. Conclusions
equation
- An investigation was carried out to access the behavior
Cury F Oijieii‘; load Foijlslivnzload of a single cell curved box-girder bridge under the DL and
Facto | Girde | e  propose % _ propose % LL. From the obtained results, the following conclusions are
r r angle | Using d  variatio Using d variatio drawn:
(deg) | FEM equatio  n FEM equatio  n e The influence of curve angle is not effective up to 12°, so
n n the small curvature bridges can be treated as the straight
BM Outer | 60 10000 9850 1.53 13483 13720 095 one.
(kNm 1177 e For the outer girder, the BM increases considerably with
) fner | 60 | 4549 3227 2.05 4 11639 115 curve angle under both the DL and LL; however, it

SF Outer | 48 1696 1710 0.83 1903 1912 0.47

decreases significantly for the inner girder.
(kN) | Inner | 48 337 340 0.89 | 2411 2426 0.62

™ i ) e For the outer girder, the SF increases significantly with
(kNm | Outer | 36 | o5 -1221 002 106 -1479-0.95 curve angle under DL, while it decreases for inner girder
) Inner | 36 | 408 428 477 | 1312 1343 232 and the effect of LL is insignificant for both the girders.

VD | Outer | 24 | 888 876 135 115'2 1138 111 e  For the outer girder, the TM increases with curve angle
mm) |l 24 | 482 471 219 | 975 965 101 under DL and LL, while, in the case of the inner girder,

it decreases.
e  For the outer girder, he VD increases considerably with
curve angle under both the DL and LL. However, it

¢) The VDR is decreases for inner girder up to curve angle 24° and 48°
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