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Torsion

Reducing the ratio of box girders' span to their height reduces bending moments and
makes them deep members that are controlled by shear behavior. The presence of
horizontal curvature generates torsional moments and different deflection between the
outer and inner web as a result of twisting. Two experimental specimens with the same
dimensions were cast and tested, one straight and the other horizontally curved. The two
specimens were numerically modeled using the ABAQUS software for the purpose of
verifying the numerical model to study more parameters. The finite element analysis
showed a good agreement with the experimental values with a difference of (98-99) %,
(94-97)% and 103% of the experiment for ultimate loading, deflection and twisting
angle, respectively. It also showed stress paths that match the experimental and
theoretical results that explain the behavior of deep beams, such as the Strut and Tie
method (STM). The effect of compressive strength, whole width, and the width of the
bearing and supporting plates was studied. Results showed that increasing the concrete's
compressive strength by about 40-120%, increased the load capacity and decreased its
deflection by approximately 6-14% and 3-15%, respectively. The deep box section
torsional resistance increased when its width was increased by approximately 17-50%,
although this had no significantly affect on the load capacity level. A reduction of 17-
33% in the width of the loading and supporting bearing plates caused a 6-16% drop in
load capacity besides a notable decrease in stiffness.

1. Introduction

Horizontally curved box girders are found

do not vary linearly from the neutral axis [3, 4].

in bridges, overpasses, and turns. Continuous
horizontal curved box girder bridges are used
for their efficiency and economy compared to
segmental box girder. The importance of curved
bridges has increased due to development,
crowding, and limited spaces allocated for
construction [1, 2]. In the horizontally curved
girder, unlike a straight girder, the neutral axis
and the centroidal axis are not coincident of a
horizontal curved girder, so torsional moments
occur. Furthermore, due to high depth, stresses
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When there is no torsion present in straight
concrete girders, the cross-sectional deflection
remains constant across the girders' width. On
the other hand, torsion leading to twisting occurs
in straight concrete girders and curved concrete
girders that are eccentrically loaded. As a result,
the cross-section’s deflection varies along the
girder width, with the largest deflection
typically occurring at the section's extreme inner
or outer edge. According to the AASHTO
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LRFD Bridge Design Specification, for
horizontally curved concrete girders, the
curvature induces twisting. Concrete box girder
superstructures with horizontal curvature that
satisfy the requirement of having a central angle
within one span ranging from 12 to 34 degrees
can be examined as single-spine beams made up
of straight segments, as long as no segment has
a central angle greater than 3.5 degrees [5]. An
adequate three-dimensional model of the
structure must be employed for integral
substructures. It is necessary to account for the
redistribution of forces caused by the concrete's
time-dependent characteristics.

When compared to open section girder
bridges, concrete box bridges offer noticeably
higher torsional stiffness in addition to their low
material content, relative light weight, and
strong flexural rigidity [6-10].

Higher-depth  curved  members are
necessary to carry high loads and to satisfy
certain aesthetic requirements. In comparison to
shallow members, deep members are structural
members with a greater depth and a thickness
that is substantially less than both depth and
span [11]. The deep beam is defined differently
depending on the adopted code. When the
effective span length (L) to overall depth (h) of
a beam's is less than 2.5 for continuously
supported beams and less than 2 for simply
supported beams, respectively, the beam is
classified as a deep beam. To put it another way,
a beam is considered deep if its clear span (In)
are equal to or less than four times h, or if its
regions of concentrated loads are located within
twice h from the support face [12]. Deep beams
differ from shallow beams in that they are
unable to distinguish in terms of uniaxial stress-
strain characteristics due to the nonlinear strain
distribution across the depth [13-18].
Furthermore, the situation is made more
complex by the nonhomogeneous character of
the materials involved.

Compared to simply supported deep beams,
continuous deep beams behave very differently.
The development of cracks in continuous deep
beams is significantly affected by the presence
of high shear and high moment within the
interior shear span. This results in a notable
decrease in the effective strength of the concrete

strut, which serves as the primary load
transmission element in deep beams. Deep
members are analyzed and designed using the
STM for its efficiency in explaining their
behavior. The STM consists of compression
members called struts and tensile members
called ties, connected together by nodes to form
a truss-like system through which the stresses
resulting from the applied loads are transmitted.
STM has become approved in most international
codes [19].

In large cities and modern highway systems,
box girder bridges with a horizontal curvature
have gained popularity recently. While a great
deal of study has been conducted to investigate
and understand the behaviour of various types of
box-girder bridges, the findings from these
studies are dispersed and require evaluation.
Because modern highway bridges are frequently
subject to severe geometric restraints in urban
areas where elevated highways and multi-level
structures are necessary, the use of straight
segmental construction has decreased relative to
curved girders. As a result, the bridges must be
constructed as a curved alignment.

Since there are fewer intermediate supports,
expansion joints, and bearing details, the overall
cost of the curved girder system has decreased
dramatically, even though the cost of creating
the superstructure as a curved girder is higher.
Additionally, the construction is more
aesthetically beautiful with the continuous
curving girder. Despite the above-mentioned
benefits, horizontally curved girders require
more complex analysis and design than straight
girders. Because of the girder's curvature,
curved girders are susceptible to both vertical
bending and torsion [20].

Torsion and distortion from eccentric load
are two additional effects that need to be taken
into account when using box girders.
Components of a general loading on a box girder
cause the cross section to twist, bend, and
deform. The section twists without the cross
section deforming if the torsional component of
the loading is applied. There are no transverse
flexural distortion stresses produced, and the
longitudinal warping stresses are negligible.
However, there are additional forces acting on
the plate parts if the torsional loading is applied,
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and these forces have the tendency to distort the
cross section. Transverse distortion stresses and
longitudinal warping stresses are produced by
the movements of the cross-section’s plate parts.
However, bending moments, torsional
moments, and shear forces are the stress results
in a curved beam exposed to gravity loading.
While the form of every single stress resultant
and the corresponding deformation are quite
well defined, under combined stress resultants,
the same cannot be stated for any specific type
of deformation [21].

Common methods for evaluating torsional
deformations during cracking usually involve a
computationally-assisted, intricate nonlinear
analysis. A wide range of models designed for
combined shear, bending, and torsion actions
can be used to compute the total nonlinear
torsional deformations of concrete beams. To
meet the equilibrium and compatibility
requirements as well as the material constitutive
qualities at any load level, these approaches
necessitate gradual and iterative procedures.
Thus, from the perspective of practical design, a
more precise and efficient way to estimate
torsional deformations is required.

Concrete structures with complicated non-
linear structural behavior can be effectively and
economically analyzed using finite element
analysis (FEA). One of the most popular
commercial FE software is ABAQUS, which is
used here for investigating structural
mechanisms and performing parametric studies.
More specifically, the behavior of RC
horizontally curved deep box girders is
numerically modeled using ABAQUS/CAE
2017.

The most accurate way to study structural
behavior is through experimental testing,
although this approach has many difficulties.
The main challenge is that experimental results
can vary from one test to another for a variety of
reasons. Experimental investigation is also
expensive, time-consuming, and constrained.
As a result, FE simulation is a useful tool for
doing parametric analysis for parameters not
taken into account in the experimental program.

There are limitations on treating a
horizontally curved bridge as straight in
structural design according to the Guide

Specifications for Horizontally Curved Bridges.
Khalafalla and Sennah [22] found that these
limitations are inaccurate when attempting to
estimate  structural response. This was
confirmed by applying finite element modelling
(FEM) under dead loading conditions to a
number of curved concrete cellular, multi-box,
and solid-slab bridge configurations. These
members' internal forces were measured and
compared to those from straight bridges with
comparable designs. When compared to FEM
results, the study concluded that the current code
constraints for considering curved bridges as
straight ones are dangerous. As a result,
empirical expressions were created to determine
these restrictions with more precision and
reliability.

An enhanced finite element analysis (FEA)
technique for reinforced concrete (RC) curved
box sections was created by Song et al. [23].
This methodology uses curved beam elements at
the web-flange joints and curved shell elements
for the flanges and webs, combining a layered
shell theory approach with orthotropic
constitutive models. As a result, less
components are required for an accurate
simulation. It uses a degenerate superparametric
shell element with limited integration to avoid
zero-energy modes and shear-locking. To take
prestressing forces into account, pre-strain
effects are incorporated. Good agreement
between the experimental data and the
suggested FEA model is seen, especially in
terms of stiffness, cracking stresses, and
ultimate capacity. Dense reinforcement at
flange-web connections and regions with larger
cross-sectional area are well-modeled by the
hybrid shell and beam element technique.

In the current paper, the results of the FE
model will be validated through a comparison
with the experimental results of a laboratory
specimen. Prior to getting into the details of the
created FE model, each component's element,
constitutive model types, mesh size, and
boundary conditions will be discussed. At last, a
parametric analysis will be performed.

Due to the lack of research studying the
behavior of deep, horizontally curved box
girders, the authors found it necessary for
studying. The finite element method was used
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due to the quality of its results on the one hand
and its low financial and time cost on the other
hand, especially when it is available for
modeling verification with laboratory results.
Accordingly, the effect of significant parameters
such as the compressive strength of concrete
was studied, as it means to shear resistance in
general and strut strength in particular. The
whole section width was also studied because it
has a direct effect on the resistance to torsional
moments, not to mention the width of loading
and supporting plates because of its effect on
controlling the failure mode.

2. Experimental program

A deep straight (DS) and deep curved (DC),
box-girder experimental models were cast and
tested for the purpose of verifying the finite
element model and comparing the results with
the experimental ones. The experimental model
has the same dimensions and reinforcement as
the numerical model. The curved box girder is
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114 degrees was the subtending angle of a
circular arc. Pressed cork was used to form the
box void along the specimens. The behaviour of
the test specimens was examined using two
spans, each with a single concentration load.
The reinforcement details and fabricated molds
are shown in Figure 1.

The specimens are ready for testing by
identifying the positions of the load and support
points, as shown in Figure. 2. The specimens
were tested with a load-controlled testing
machine. Three supports that may be positioned
on a curved line to support the curved specimen
of the current experiment are not provided by
the testing apparatus. As a result, a frame with
two steel I-sections connecting at a 125-degree
angle was particularly manufactured. At the
middle of the specimen’s span, two LVDTSs were
fixed in the outer and inner webs. The
specimens were subjected to increasing
increments of monotonic-static loading until
they failed. The test ended when the specimen's
total load started to decline.

*

N T

(a) DS Specimen

&,

. &l B
21

(b) DC Specimen

Figure 1. Reinforcement details and molds of box girders
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(a) DS specimen

{ R

(b) DC specimen
Figure 2. The geometry, loading condition and cracking patterns of box girders

3. Materials and procedures
3.1 Modelling materials
3.1.1 Concrete

Concrete-damaged plasticity model (CDP)
is the failure criterion adopted by ABAQUS. For
analysis using CDP, the stress-strain data for
concrete are essential. The concrete's ultimate
compressive strength was 25 MPa. Concrete
behaves linearly within the elastic region until
6o = 0.4ou, where, cu= fc, as shown in
Figure 3. In this case, the ultimate strain and
peak values were determined to be 0.0019 and
0.0034, respectively. Once concrete reaches this
stage, it begins to change plastically, showing
some work-hardening up to the ultimate stress
and then strain-softening. As suggested in
[24-26], various parameters characterizing the
CDP were computed. In order to illustrate the
inelastic behaviour of concrete, isotropic
damaged elasticity in tension and compression
was utilized.

For this study, the concrete tensile stress-
strain behaviour under uniaxial tensile loading
was examined. The concrete in the CDP model
has been modelled using the tensile stress-strain

as input. Up to the peak, the connection is
linearly elastic; beyond that, a postpeak
response that softens strain is induced [27].

The suggested values from the studies of other
researchers have been used here [28-34]
because the computations for these parameters
require intricate mathematical derivations and
assumptions using the yield surface of the CDP
model. By contrasting the numerical results with
the experimental data, the modelling was
verified. The study's concrete damage
parameters are shown in Table 1. The overview
of the concrete properties used in the modelling
is shown in Table 2. The following are the five
parameters that must be defined:

« The dilation angle which represents the
ratio of the volume change to shear strain,
determined in the plane p — q at high
confining pressure where p = — 1/ 3 (201
+63) and q = V(3/ 2 (st s)) are the
hydrostatic pressure stress and Misses
equivalent effective stress respectively and
ol 063 are maximum and minimum
principal stresses in a triaxial test.
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» Eccentricity is a parameter referred to as
flow potential eccentricity that defines as
the eccentricity tends to zero the flow
potential G tends to a straight line (0.1 the
default value of eccentricity is used).

» foo/feo is the ratio of initial equibiaxial
compressive strength to initial uni-axial
compressive strength (the default value is
used in analysis 1.16).

» Kk is the ratio of the second stress invariant
on the tensile meridian (T.M.) to that on the
compressive meridian (C.M.) and it

represents the yield surface in the deviatoric
plane, and it should satisfy the condition 0.5
<Kc<1.0

» The viscosity parameter which represents
the relaxation time of the viscoplastic
system and usually helps improve the rate
of convergence of the beam model in the
softening region, the viscosity parameter is
assumed to be zero because the beam model
did not cause severe convergence difficulty.
Thus, no viscoplastic regularization is
performed in the current analysis.

Table 1: Parameters of concrete damage

Dilation Angle Eccentricity foo/feo k Viscosity
50 0.1 1.16 0.667 0.001
Table 2: Properties of concrete
Modulus of Poisson ratio Compressive Tensile strength
elasticity (MPa) strength (MPa) (MPa)
23500 0.2 25 3.25
30

Stress (MPa)

-0.003

-0.002

-0.001

0.001 0.002 0.003 0.004

Strain

Figure 3. Relationship of stress-strain in compression and tension for concrete

3.1.2 Steel

In the current study, steel reinforcement
with a Poisson ratio of 0.3 and elastic modulus
of 200000 MPa were used. A 2.5% of the elastic
modulus was used for the hardening modulus of
elasticity [35]. Table 3 and Figure 4 summarizes

the steel properties and its diameter used for the
model. Steel is assumed to be an elastoplastic
material and identical in compression and
tension with a linear elastic response up to yield
point and hardening stress from yield point to
the ultimate strain.
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Table 3: Diameter and properties of steel reinforcements

No. Diameter (mm) fy (MPa) fu Elastic modulus (GPa)
1 12 579 629
200
2 6 474 525
D12 6
700 600
600 500
500
= = 400
o a9
= 400 =
b = 300
£ 300 %
Z @ 200
200
100 100
0 0
0 0.02 0.04 0.06 0.08 0 0.005 0.01 0.015 0.02

Inelastic strain

Inelastic strain

Figure 4. Relationship of stress-inelastic strain in steel reinforcement

3.2 Finite element simulation

Several parts were modelled using the FE
simulation software to address the study's
objectives. These components include flexure
and web reinforcement, as well as concrete plain
beams. Eighteen models were taken into
consideration for the investigation based on
independent variables. Concrete compressive
strength, box girder width, and bearing plate
width (Lp) for DS and DC box girders were the
main parameters in the model. Three
dimensional (3D) simulations were used to offer
an accurate prediction of the overall behavior
and failure process for all RC horizontally
curved box girders. The three-dimensional
geometry of the FE model prepared for the
reference straight and curved specimens are
shown in Figure 5. The X-Y plane represents the

beam's cross section, while the Z-axis refers to
the beam's longitudinal direction. Figure 6
shows the geometric cross section of the box
girders. The embedding technique was applied
in order to model the type of interaction between
the concrete and the reinforcement.

The embedding element in this constraint
was chosen to be steel reinforcement bars, while
the concrete was represented by the host region.
The concrete coming into contact with the
loading and supporting plates on one side and
the concrete on the other were selected as the
interaction features. The mechanical
alternatives that were chosen permitted
separation following contact and exhibited
typical hard contact behavior. Additionally,
there is tangential behavior between the two
surfaces, with a friction value of 0.35.
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(a) FE mode'l of the concrete

(b) FE model of the steel reinforcement

Figure 5. 3D finite element modelling of RC straight and curved deep box girders
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Figure 6. Longitudinal and cross-sectional dimensions of reference straight and curved deep box girders

3.3 Element Type

For solid elements, a three-dimensional
eight-node linear brick element with reduced
integration (C3D8R) was chosen while utilizing
ABAQUS to simulate steel and concrete plates,
as shown in Figure 7 (a). This particular element
type was selected because it effectively prevents
shear-locking phenomena and is appropriate for
contact issues. Since reduced integration
produces better results and avoids the poor
performance that comes with shear locking, it is
recommended over full integration. Eight nodes,

each with three degrees of freedom, make up
each C3D8R element. ABAQUS/standard was
used to model the reinforcing bars in RC
horizontally curved deep box girders using a
linear 3D truss element with two nodes and three
degrees of freedom (T3D2), as shown in
Figure 7 (b). Truss components embedded in
three-dimensional (3-D) continuum  brick
elements that act as hosts. After the element is
embedded, the translational degrees of freedom
at its nodes are limited to the proper interpolated
values (shape function) in the host continuum
element.
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N
~

(a) Solid element

3.4 Load and boundary conditions

The load is applied as a pressure load on the
top surface of the steel loading plates. To
simulate the displacement boundary conditions,
the central support was considered as a hinge
support (Ux= Uy= Uz = 0), while the edge
support plates were restricted in x and y
directions (i.e. Ux=Uy=0).

(b) Truss element
Figure 7. Element types in finite element modelling of RC curved deep box girders

3.5 Mesh size

Many numerical model factors that might
influence the prediction of general behavior and
ultimate load were studied in this section on the
reference specimen. To begin, mesh sensitivity
research was conducted to determine the best
mesh sizes (30 mm) as shown in Table 4. Based
on comparisons between the experimental
results and computational efficiency and
accuracy, an appropriate mesh size for the
curved deep box girder models has been
determined. Table 5 displays the number of
elements and nodes that were chosen.

Table 4: Results of convergence study

Mesh size (mm)

Deflection of DS Specimen (mm)

40
35
30
25

4
4.4
51

5.12

Table 5: Total number of elements and nodes used in the adopted ABAQUS model

Component No. of Elements No. of Nodes
Concrete 11937
Steel plates 530
Reinforcement 3537

4. VValidation of FE model

The experimental results and numerical
analysis are compared in terms of load-
deflection curves, torsional moment-twisting
angle, failure load, and cracking patterns at
failure. The theoretical results obtained from the
finite element analysis showed a good
agreement with the experimental values with a
difference of (0.98-0.99), (0.94-0.97) and 1.03
of the experiment for ultimate loading,
deflection and twisting angle, respectively.
Table 6 summarizes the results of FE analysis
and experimental results.

Comparing the experimental and the
numerical results, it becomes clear that there is
agreement between them on the one hand, and
between them and the STM as well on the other
hand. Since the stress paths imposed by the
STM apply to all of these approaches, that is, the
STM imposes that the stresses in deep members
are transmitted directly from the loading to the
supporting zones, and this is what happened
experimentally and numerically as well. It is
worth mentioning that the difference in the span
length between the outer and inner web was
reflected in the experimental, numerical and
STM results as well.

122



Asala Asaad Dawood, et al. / Diyala Journal of Engineering Sciences Vol (17) No 4, 2024: 114-135

Table 6: Summary of the FE results for the specimens

é Ef;‘e'; P T FEE Podiag Pa—flex A FEL o000 pope

g8 T Ny (kNm) xp.  (kN)  (kN) (mm) Exp. g P
FE 1303 - 310 320 510 -

DS Ep. 1332 - 99 590 300 526 O - ;
FE 1100 1657 300 315 829 0.92

PC e 1110 1672 %% 290 300 gss 0% 0.89 103

4.1 Load-deflection curve

A significant indication of the validity of the
FE model is the relationship between the load-
deflection and torsional moment-twisting angle,
which characterizes the behavior of the
members under investigation throughout the
loading. Figure 8 and Figure 9 illustrate the
load—deflection for reference specimens.

Because no torsional moments were
generated in it, the straight specimen showed
higher stiffness than the curved specimen,
accompanied by no difference in the deflection
behavior between the outer and inner web - as
happened with the curved specimen.

The results of FEM were compared to the
experimental data. The load-deflection and
torsional moment-twisting angle predicted by
the FEM matched the actual results in most
cases. Its response, on the other hand, were
stiffer than those obtained from the
experimental The decrease in

specimens.

1400

_Exp
-——-FE

0 2 4 6 8 10 12
Deflection (mm)

(a) Straight specimen

stiffness results from the cracks, while the
ABAQUS software depends on the section as a
whole.

The horizontal curvature caused the
generation of torsional moments, and their
effect was clearly demonstrated experimentally
and numerically through the difference in
deflection between the outer web and the inner
web. The shear dominance made the load-
deflection response linear for most of the
loading stages, while the appearance of cracks
caused the deflection to increase suddenly. In
the initial stage, the numerically calculated
deflection is consistent with the experimentally
measured deflection. This is because, in the
elastic stage, the concrete has not cracked, and
the sectional stiffness is calculated based on the
full section, which is consistent with the finite
element analysis results. In the elastic-plastic
stage, the concrete constantly cracks and
produces many cracks of varying degrees,
resulting in a decrease in sectional stiffness.

1400
1200
1000
800
600

Load (kN)

400
200

0 2 4 6 8 10 12
Deflection (mm)

(b) Curved specimen

Figure 8. Experimental and numerical load- average deflection curves

123



Asala Asaad Dawood, et al. / Diyala Journal of Engineering Sciences Vol (17) No 4, 2024: 114-135
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(a) Load-deflection
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=
o

N
o

=
(]

(&3]

0 0.2 04 0.6 0.8 1
Twisting angle (degrees)
(b) Torsional moment-twisting angle

Figure 9. Experimental and numerical deformation curves of curved specimen

4.2 Crack pattern and failure modes

In DS specimen, the first diagonal crack
appeared in the middle part of the span between
the load and the middle support at about 22%P.
With increasing loading, negative flexure cracks
appeared in the upper zone near the middle
support, and positive flexure cracks appeared in
the lower zone near the mid-span, at about
23%P and 31%P, respectively. After that,
diagonal cracks appeared in the end part of the
span between the load and the end support at
about 46%P. These cracks were fewer in
number and less developed than those in the
middle part of the span.

The cracks resulting from the FEM of DC
are similar to experimental cracks, whether in
the outer or inner web, as shown in Figure 10.
Cracks appeared first in the outer web between
the load and the middle support at about 26% of
the failure load (P), then in the inner web at
about 29%P. Also, flexure cracks appeared first
in the negative moment region of the inner web
at approximately 27%P, then in the outer web,
followed by cracks in the positive moment
region at about 40%P. The flexure cracks did
not develop much because there was a direct
load transition between the supporting points
and the loading. That results from the effect of
arch action, which takes place due to shear
dominance in deep girders. Despite the
appearance of cracks, the specimen continued to
resist the stresses due to the presence of
reinforcing steel that resists the tensile stresses.

Finally, the cracks width increased and the
specimen failed in diagonal splitting.

It is evident from comparing the
experimental and ABAQUS software data that
there is convergence in load capacity and
behavior. This convergence occurred in the
development of cracks and failure mode, where
shear behavior dominated in both cases. That is
because the height of the specimen relative to
span is high. This height led to a direct transfer
of stresses between the load and support points
on the one hand, and a decrease in bending
moments due to small span length on the other
hand.

When comparing the straight with the
curved specimen, there is no significant
difference in behavior, as both are dominated by
shear behavior. The cracks and failure mode are
the same in both. On the other hand, the straight
specimen did not show a difference between the
outer and inner web. Experimentally and
numerically, the load capacity of the curved
specimen was less than the straight one by about
16% and 15%, respectively. Behavior can be
divided into several stages:

1. The stage before the appearance of cracks:
This is the initial stage of loading in which
the stresses resulting from shear forces
besides bending and torsional moments are
resisted by the linear behavior concrete.
Concrete  continues to  resist the
compressive stresses between the load and
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the support as well as the resulting
perpendicular tensile stresses.

. The stage of cracks appearance: When the
concrete tensile stresses exceed its tension
capacity, cracks appear, means that the
stresses are transferred from the concrete to
the reinforcing steel. A sudden increase in
the deflection takes place because the
reinforcing steel is more ductile than
concrete.

. The stage of crack development: The
number and width of cracks increases, in
addition to their extent, depend on the
quantity and quality of the available
reinforcing steel in addition to its
distribution.  Loading and deflection
continue, cracks develop, and the twist
resulting from torsion increases. However,
after cracking, a reinforced concrete section
behaves nonlinearly; that is, nonlinear
methods are needed for analyzing a

DAMAGET

(Avg: 75%)
+9.000e-01
+8.250e-01
+7.500e-01
+6.750e-01
+6.000e-01
+5.250e-01
+4,500e-01
+3.750e-01
+3.000e-01
+2.250e-01
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reinforced concrete beam's response when
it is cracked. The structural analysis
becomes significantly more complex when
nonlinearity is included.

4. Failure stage: When sufficient plastic
hinges form to convert a structure into a
mechanism with at least one degree of
freedom, the structure collapses. If the
structure's moment distribution satisfies the
requirements of equilibrium, yield, and
mechanism all at once, the collapse load is
unique.

Numerical methods are considered effective
and can produce various results that are difficult
to obtain experimentally due to the equipment,
cost and time required. It can provide good
results when compared to experimental results
and then use it to study various parameters to
give behavior that can be used to determine the
effect and thus obtain a safe design.

(a) DS specimen
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(b) DC specimen

Figure 10. Cracking patterns of finite element model for reference specimens

5. Finite element parametric study

The adopted concrete damaged plasticity
model has been thoroughly validated by the FE
results shown in the preceding sections.
Consequently, parametric studies were carried
out to better understand the behavior of
continuous curved deep box girders from the

perspectives of cost and time savings. In this
investigation, three parameters were studied,
specifically: concrete compressive strength,
total width and the bearing plate width, as
shown in Table 7.

126



Asala Asaad Dawood, et al. / Diyala Journal of Engineering Sciences Vol (17) No 4, 2024: 114-135

Table 7: Geometric dimensions of the box girders

o)
= Web , - Bearing
No. E Parameter Length  Depth width fre Width plate width
S (mm) (mm) (mm) (MPa)  (mm) (mm)
O
1 Reference 25
2 35
3 f'c 45 300
4 % 55 120
5 T 350
6 ) width 400
7 25 450
8 bearing 300 100
9 plate width 300 80
10 Reference 2000 440 65 25
11 35
12 f'c 45 300
3 3 55 120
14 c 350
15 3 width 400
16 25 450
17 bearing 300 100
18 plate width 300 80

5.1. Effect of concrete compressive strength

In the current section, concrete compressive
strength values of 25, 35, 45 and 55 MPa were
adopted. At the beginning of the load
application, varying the concrete compressive
strength did not affect the behavior, while with
more load application, a slight increase in load
capacity and stiffness occurred as shown in
Table 8, Table 9, Figure 11 and Figure 12. When
the concrete compressive strength became
stronger, the ductility decreased and the
concrete became more brittle. Increasing the
concrete's compressive strength by about 40-
120%, increased the load capacity and
decreased its deflection by approximately 5-
14% and 2-15%, respectively.

Increasing the compressive strength did not
show a significant difference at the beginning of
the loading because the applied stresses are
relatively small, and there are also tensile
stresses that are not greatly affected by

increasing the compressive strength. The effect
increased after the appearance of cracks, as the
load and stiffness increased with increasing
compressive  strength. Increasing  the
compressive strength causes an increase in the
tensile strength, but at high strength concrete the
concrete becomes more brittle, so the behavior
does not continue at the same pace. At a
compressive strength of 55 MPa, the load
capacity increased slightly compared to lower
values of compressive strength, with a greater
decrease in the deflection.

It is true that at the beginning of the load
application, the flexural stresses were greater
than both the shear and the torsion ones, but they
remained a little due to the short span. As
loading increased, the shear stresses that
normally prevail in deep members increased.
These shear stresses are resisted by the concrete
and reinforcement, so when the compressive
strength of the concrete increased, the shear
resistance of the specimen increased.
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Table 8: Effect of concrete compressive strength for DS specimen

Torsional o . % Twisting  %Variat
f'e Prpg  moment Varig)tion Per DefIAectlon Variation angle ionin
(MPa) (kN) Tre inload  (KN) (anE]) in FE Twisting
(KN.m) deflection (degrees) angle
25 1303 - - 310 5.06 - - -
35 1370 - 5.14 326 4.94 -2.37 - -
45 1449 - 11.20 342 4.76 -5.93 - -
55 1480 - 13.58 350 4.35 -14.03 - -
Table 9: Effect of concrete compressive strength for DC specimen
. % I %
[0)
fre p Trr?c:?rl?err]nat“ Variation Deflection Varig’tion T\;Vr']StI':g Variation
FE inloadand  Pcr Apg . g in
(kN.m) torsional (kN) (mm) deflection  (degrees) Twisting
' moment angle
25 1100 16.57 - 300 8.29 - 0.92 -
35 1164 17.54 5.82 315 8.01 -3.38 0.89 -3.26
45 1232 18.56 12.00 330 7.67 -7.47 0.85 -7.61
55 1256 18.92 14.18 339 7.05 -14.96 0.79 -14.13
1600
2% e
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1200 SC0s St
7 -
RSPt
= 1000 RO
< 7,00
= Y4 ,’ 4
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Figure 11. Effect of concrete compressive strength for DS specimen
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Figure 12. Effect of concrete compressive strength for DC specimen

5.2. Effect of section width

In this section, box girder total width values
of 300, 350, 400 and 450 mm were adopted.
Increasing the width led to a slight decrease in
the load capacity of the box girder as shown in
Table 10, Table 11, Figure 13 and Figure 14. By
increasing the width of the box girder section,
there was an increase in the stiffness. This
stiffness increase accompanied by an increase in
the resistance of the section to torsional
moments, although this increase in section
width did not significantly affect the cracking
load, load capacity and failure mode.

When the width of the box bridges was
increased by about 17-50%, the load capacity
did not increase significantly because the shear

stresses were transmitted through the web. As
for the upper and lower flanges, despite their
increased width, the transfer of stress to them is
small and within a specific, fixed distance. If the
cross section is analyzed separately, increasing
the width leads to an increase in the bending
moments in the upper flange section at the
loading area. It is worth noting that the method
of calculating the twist angle changes depending
on the width of the box bridge, but as a result it
does not differ much because the change in
deflection between the outer and inner web is
considered relative. The resulting increase in
stiffness is the result of an increase in the cross-
sectional area, and thus an increase in resistance
to torsional moments and a decrease in the twist
angle.
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Table 10: Effect of box girder width for DS specimen.

Torsional % Deflection % Twistin Var(i)g)tion
Width  Ppz  moment i Variation g .
Variation Pcr Apg . angle in
(mm)  (kN) Tre inload (kN)  (mm) n. (degrees)  Twisting
(KN.m) deflection
angle
300 1303 - - 310 5.06 - - -
350 1291 - -0.92 306 4.42 -12.65 - -
400 1274 - -2.23 303 3.78 -25.30 - -
450 1261 - -3.22 300 3.25 -36.36 - -
Table 11: Effect of box girder width for DC specimen.
. % %
0,
. Torsional Variation Pcr Deflection ./0 . Twisting  Variation
Width  Pgg moment . Variation .
inloadand  (kN) Apg - angle in
(mm) — (kN) Tre torsional (mm) M (degrees) Twisting
(KN.m) deflection
moment angle
300 1100 16.57 - 300 8.29 - 0.92 -
350 1079 16.26 -1.91 295 7.18 -13.39 0.80 -13.04
400 1065 16.05 -3.18 290 6.13 -26.06 0.68 -26.09
450 1055 15.90 -4.09 286 5.27 -36.43 0.59 -35.87
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Figure 13. Effect of box girder width for DS specimen
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Figure 14. Effect of box girder width for DC specimen

5.3. Effect of bearing plate width

In this section, box girder bearing plate
width values (Lp) of 120, 100 and 80 mm were
adopted. It is worth to mention that these values
indicate the average width of the loading plates
and the middle support plate, while the width of
the end support plates is half of these values.
Decreasing the width of the plates from 120 to
100 mm, i.e. 16.7 %, caused a slight decrease in
the load capacity, while the deflection values did
not change. Decreasing the width of the plates
from 120 to 80 mm, i.e. 33.3 %, causes a greater
decrease in load capacity, accompanied by a
decrease in stiffness. That took place because
failure becomes more brittle as a result of the

concentration of stresses in the loading and
supporting nodes, as shown in Table 12, Table
13, Figure 15 and Figure 16.

Decreasing the width of the load plates from
120 to 100 did not affect the behavior much, and
the failure remained the same, i.e. shear failure.
There was a decrease in load capacity and
stiffness because the stresses were distributed
over a smaller distance and thus were
concentrated in the stresses. The final deflection
and twist angle were not affected by the
decrease in the load plates. When the plate width
decreased to 80, there was a greater decrease in
load capacity and ductility, the failure became
brittle in the loading area. The decrease in the
loading area caused a greater concentration of
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stresses in the loading area, and thus the
concrete failed to resist them and transfer them
to the supports. The high depth with less span
cause the stresses to be concentrated in the load

and support areas, they are not distributed along
the span. Therefore, it is important to consider
choosing a width of loading plates that can
withstand concentrated stresses.

Table 12: Effect of box girder bearing plate width for DS specimen.

Torsional o : % _— %
. Yo Deflection L Twisting L
miﬁ? (iﬁ) mc_)rr:snt Variation Pcr Apg Var;ﬁtlon angle i;/?_u?;![?:g
(kNmy  nload (kN (mm) efection (989T€8S) T gl
120 1303 - - 310 5.06 - - -
100 1226 - -5.91 291 5.06 0 - -
80 1094 - -16.04 260 4.65 -8.10 - -
Table 13: Effect of box girder bearing plate width for DC specimen.
. % 0 %
Width p Tnggf:]c;r;]ill Variation Deflection Varig)tion Twisting  Variation
(mm) (kf\IE) T inload and Pcr Arg i angle in
(kNFEn) torsional  (kN)  (mm) oo (degrees) Twisting
) moment angle
120 1100 16.57 - 300 8.29 - 0.92 -
100 1035 15.59 -5.90 282 8.29 0 0.92 0
80 924 13.92 -16.00 251 7.62 -8.08 0.82 -10.9
1400
1200 POt
'fffp":’—'
1000 /:,/:_-'
I’I””—
Z 800 s
< /,",’
< ,',”/'
g 600 %7
— %7 ===-1p=120
& i
(g
4%
400 & - ==-Lp=100
o”
200 J === Lp=80
’O
0 2
0 1 2 3 4 5 6

Deflection (mm)

Figure 15. Effect of box girder bearing plate width for DS specimen
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Figure 16. Effect of box girder bearing plate width for DC specimen

6. Conclusions

Because of their higher and varied loads as
well as their architectural goals, horizontally
curved box bridges are essential. These bridges
exhibit complex behaviour due to shear,
torsional, and flexural loads. The finite element
method (FEM) was applied in order to
efficiently examine these parameters. To
confirm the accuracy of the numerical model,
two deep continuous box girder specimens, one

curved and one straight, were cast and put
through testing. After verification, a study was
carried out on a number of characteristics, such
as load plate width, box section width, and
compressive  strength,  which  produced
important findings.

1. Horizontal curvature generates torsional
moments that reduce the box girder’s load
capacity. On the other hand, increasing
height increases resistance to torsion.
Therefore, there was no significant
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difference between the straight and
horizontally curved box girders. The load
capacity of the curved specimen was less
than the straight one by about 16% and 15%
experimentally and numerically,
respectively.

. The finite element modelling within (98-

99) % of laboratory models at the load
capacity level and (94-97) % of laboratory
models at the maximum deflection level,
the used modelling demonstrated its value.
Increasing the concrete's compressive
strength by about 40-120%, increased the
load capacity and decreased its deflection
by approximately 5-14% and 2-15%,
respectively. This is because the high depth
causes failure in the struts of the continuous
deep box, which is caused by the strength
of the concrete.

Increasing the width of the deep box section
by  approximatelyl7-50%  did  not
significantly alter the load capacity level.

. A reduction of 17-33% in the width of the

loading and supporting bearing plates as a
result of the stress concentration caused a 6-
16% drop in load capacity besides a notable
decrease in stiffness. It is important to
consider choosing a width of loading plates
that can withstand concentrated stresses.

It is recommend here using a deep curved
box girder when needed to shorten road
paths because its load capacity to the
torsion generated due to the horizontal
curvature makes it close in behavior and
load capacity to a straight deep box girder.
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