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Abstract: Accidental collisions involving over-height trucks that exceed vertical clearance limits and
bridge superstructures frequently happen, resulting in compromised girders and potential threats to
structural safety and performance. The numerical simulation of large-scale prestressed girder bridge
collisions poses challenges due to the associated nonlinearities, as well as the limited availability of
large-scale experimental testing data in the literature due to cost and complexity constraints. This
study introduces a numerical modeling approach to efficiently capture the response of prestressed
girder bridges under lateral impact loads. A finite element (FE) model was developed using LS-DYNA
and meticulously validated against experimental data from the literature. The study explored four
methods for applying prestressing forces and evaluated the performance of four concrete material
constitutive models, including the Continuous Surface Cap Model (CSCM), Concrete Damage Plastic
Model (CDPM), Karagozian & Case Concrete (KCC) model, and Winfrith concrete model, under
impact loads. Furthermore, an impact study was conducted to investigate the influence of impact
speed, impact mass, and prestressing force on the behavior of prestressed girder bridges. Utilizing
the dynamic relaxation (DR) approach, the developed FE model precisely captured the response
of prestressed girders under impact loads. The CSCM yielded the most accurate predictions of
impact forces, with an error of less than 8%, and demonstrated a strong ability to predict damage
patterns. Impact speed, mass, and the presence of prestressing force showed a significant influence
on the resulting peak impact force experienced by the girder. Furthermore, the study underscores the
composite nature of the bridge’s response and emphasizes the importance of analyzing the bridge as
a whole rather than focusing solely on individual girders.
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1. Introduction

Although measures such as height clearance signs have been implemented on roads,
accidental collisions between over-height trucks or trucks carrying equipment that exceeds
the vertical clearance limit still happen, and many overpasses continue to experience
damage during their service life. Twenty-eight states out of the 50 in the United States
identified over-height collisions as a significant bridge problem [1]. Over-height accidents
frequently result in compromised girders, severely affecting the safety and performance of
the structure [2,3]. As shown in Figure 1, collisions involving over-height trucks result in
varying degrees of damage.

In addition to the damage experienced by the compromised girder, the localized
failure of a primary structural component can trigger the collapse of adjacent members,
thereby initiating further progressive collapse [4,5]. A recent research study introduced
a novel framework for defining initial failure in progressive collapse scenarios [4]. This
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study revealed that initial failure does not necessarily require the complete removal of a
member. Instead, damage scenarios or changes in boundary conditions and connection
performance could lead to a more critical scenario, potentially beyond the sudden and
complete removal of a member. Previous research has reported numerous instances of
progressive collapse in bridges resulting from vessel collisions [6-9]. In such incidents,
bridge piers impacted directly often fail laterally, leading to the progressive collapse of
adjacent members longitudinally [10]. While vertical load-bearing elements like columns
and piers have received significant attention, it is crucial to recognize that local damage to
bridge girders can also trigger additional collapse. Notably, the severing of prestressing
strands in prestressed girders subjected to impacts can lead to a reduction in the girder’s
resistance to moments applied about its geometric horizontal axis [11], potentially altering
live load distribution factors and leading to further collapse. This study contributes to
existing knowledge by developing a numerical modeling approach focused on the damage
incurred by bridge girders under impact loads, rather than vertical load-bearing elements
such as columns and piers.

Experimental and numerical research has recently been carried out on the dynamic
response of reinforced concrete (RC) structures under lateral impact loads [12-20]. How-
ever, most of theses studies focused on vehicle collisions with bridge piers [21-29] and side
barriers [30-33]. In other studies, more attention has been paid to the damaged vehicle
components rather than the damage to structures [34]. Comparatively, only very limited
experimental investigations of collisions between over-height trucks and bridge superstruc-
tures are available [35-37].

The failure response of three common types of bridge superstructures, made of steel
and reinforced concrete, was experimentally and numerically investigated under lateral
impact load in [33,38]. Due to the physical constraints of the laboratory, the considered
bridge models were limited to a length of 4 m. Therefore, a similarity ratio of 0.2 was used.
Among the steel superstructures studied, the steel box girder bridge stood out as the best
choice due to its remarkable resilience against collision forces. The reinforced concrete
beam, on the other hand, did not perform as well. Notably, the collision not only caused
localized damage in the impact zone, but also caused numerous cracks to form along the
entire length of the bridge girder. These cracks compromised the safety and structural
integrity of the bridge to some extent.

Another study conducted by Xu et al. (2013) [35] utilized a refined finite element
(FE) model of over-height vehicle collisions with prestressed girder bridges. Notably,
the prestressed girders were modeled as reinforced concrete, ignoring the prestressing effect.
The results revealed that the risk of collisions involving over-height trucks is substantially
influenced by two key factors: global deformation and local punching forces. The main
reasons for global failure were extensive deformations, torsional damage, and cases of
girder failure. However, it was shown that the predominant factor responsible for localized
damage was the punching stress.

The impact of different parameters on over-height vehicle collisions with prestressed
girder bridges was investigated in [2,39]. The study considered individual large-scale
AASHTO girders, yet the influence of prestressing force was ignored in the analysis. An
increase in impact velocity and contact area was found to increase impact force [2,39].
The increase in contact area provided more surface area for frictional forces to act upon,
leading to a higher resisting force and, consequently, an elevated impact force. Berton et al.
(2017) [38] assessed the factors influencing the bridge deck damage caused by over-height
truck collisions. The findings indicated that the stiffness of beams, the area of contact,
and the mass and velocity of the colliding vehicle were significant variables determining
the extent of the resultant damage.

Compared to implicit analysis, modeling prestressed concrete with explicit analysis
is complex, especially when additional phases of transient loading, such as impact force,
are applied. In explicit analysis, the solution algorithm directly integrates the equations of
motion to simulate dynamic behavior. The dynamic effect causes oscillations in stresses
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over time, which can have a substantial impact on the results of the transient analysis stage,
particularly in large-scale problems. As a result, most previous research has ignored the
influence of prestressing force in prestressed girders under impact loads, often modeling
them as reinforced concrete. In addition, conducting the large-scale experimental testing of
bridges subjected to vehicle impact poses significant challenges due to the associated cost
and complexity, resulting in limited available data in the literature. Furthermore, studying
individual girders ignores the bridge’s composite effects, which can significantly affect
how a bridge behaves as a whole system under impact loads. The primary objective of
this study was to bridge the existing gap by introducing a numerical modeling approach
that can efficiently capture the response of prestressed girder bridges under lateral impact
loads. To achieve this goal, an FE model was developed using LS-DYNA. The proposed FE
model employs the dynamic relaxation approach to limit the dynamic effects associated
with explicit analysis when modeling prestressed elements. Four methods for applying
prestressing forces and four concrete material constitutive models were investigated. The
developed model aims to capture both global damage, including overall deformations,
and local damage, including prestressing strand damage. After the validation of the model,
a parametric impact study was conducted to demonstrate the model’s efficacy and provide
insights for future implementation.
This paper makes the following contributions:

e  We developed and validated an FE model of a large-scale prestressed girder bridge
under impact loads.

*  We utilized the dynamic relaxation approach to model large-scale prestressed concrete
girders under impact loads.

*  We compared four different material models and two stiffness-based hourglass types
of concrete under impact loads.

*  We investigated the effect of different impact parameters, including impact speed,
mass, and the effect of prestressing force, on the response of prestressed girder bridges.

Figure 1. Examples of over-height truck collisions with bridge superstructures [40]: (a) I-10 overpass
at I-49, Lafayette; (b) RM215 over IH10, Pecos Co, TX; (c) Sgt. Bluff bridge, IA; and (d) FM479 over
Kerr Road, San Antonio, TX.
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2. Research Methodology

This study followed a comprehensive verification and validation process to develop
an FE model of a large-scale prestressed girder bridge under impact loads, as outlined
in Figure 2. The research study was carried out in three stages. Initially, the focus was
on accurately modeling prestressed concrete behavior under dynamic loading conditions,
employing dynamic relaxation to control stresses during transient analysis. The second
stage involved validating the FE model and material properties against experimental data
from literature sources. This phase included comparing the responses of four different ma-
terial models (CSCM, CDPM, KCC, and Winfrith) under impact loads, as well as assessing
the impact of including strain rate effect parameters. Additionally, hourglass sensitivity
analysis was conducted to ensure precise results when utilizing under-integrated elements.
Subsequently, the overall response of the large-scale bridge was validated through the
static testing of an Iowa laboratory bridge. Finally, in the third stage, following successful
validation, a parametric investigation was conducted to demonstrate the model’s efficacy
and provide insights for future implementation.

Stage I: Modeling of Prestressed Concrete (Section 3)
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Stage lll: Impact Study (Section 5)
Bridge Level
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Impact Speed 8, 16, and 24 km/hr

Impact Mass 1,2, 3, and 4 tons

Prestressing Existing, and No
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Figure 2. Research methodology.
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3. Finite Element Modeling

This section presents a framework for simulating prestressed girder bridges subject to
impact loads using LS-DYNA.

3.1. Modeling of Prestressed Concrete

Solid and beam elements were used to model the concrete members and the prestress-
ing strands, respectively. Two essential steps were required to introduce prestressing forces
in the strands. The first preloading step involved setting the design stress value in the
prestressing strands. In the subsequent coupling step, the stresses were transferred from
the prestressing strands to the concrete elements using a transfer function that accounted
for the interaction between the prestressing strands and the concrete. Once the prestressing
was applied, the transient load, i.e., the impact load in this manuscript, was included.

Two illustrative examples, shown in Figure 3, were used and compared to the Amer-
ican Concrete Institute (ACI) analytical equations to validate the proposed prestressing
method. The first example (Figure 3a) involved a single concrete element measuring
20 mm x 20 mm X 20 mm with a 4 mm prestressing strand element. This example aimed
to look into applying prestressing force at the single-element level. This preliminary ap-
proach has been utilized in other research works, including those by Jiang and Chorzepa
(2015) [39] and Saini and Shafei (2019) [41]. The second example (Figure 3b) involved a
prestressed concrete beam from [40], which was used to compare the results at a beam-level
scale. The concrete compressive strength was 40 MPa, and the elastic modulus was 29 GPa.
A prestressing strand was eccentrically positioned 55 mm below the concrete beam’s neu-
tral axis. The strand had a diameter of 13 mm, with corresponding yield strength and
elastic modulus values of 1765 MPa and 210 GPa, respectively. The strand was tensioned
using a prestressing force of 164 kN, resulting in an initial prestress of 1236 MPa. Using
these illustrative examples and analytical calculations provided a valuable starting point
for validating the accuracy of the proposed approaches to model the prestressing forces in
bridge girders.

(a) 13 mm prestressing strand (b)

£
E | — 1
= N .
[Q\]

\ / 220 < 2600 mm >

<
201;) qu\ Cross Longitudinal Section

Figure 3. Illustrative examples used to verify the proposed prestressing methods: (a) single concrete
cube element with a single prestressing strand element, (b) prestressed concrete beam.

3.1.1. Preloading Step

Preloading is an important technique used in many engineering applications to im-
prove the performance of structures under load. Temperature-induced shrinkage and intro-
duced stress or force in solid or beam elements are all preloading techniques available in
LS-DYNA. The prestressing force is applied typically before conducting dynamic analysis
using dynamic relaxation.

This study used three different prestressing techniques, the *INITIAL_STRESS_BEAM,
*INITIAL_AXIAL_FORCE_BEAM, and *LOAD_THERMAL_CURVE keywords. The sub-
sequent sections will delve into the details of each approach to provide a comprehensive
understanding of their implementation within LS-DYNA.
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Stress Initialization

The *INITIAL_STRESS_BEAM keyword can be used in conjunction with other key-
words in LS-DYNA, such as *BOUNDARY_PRESCRIBED_MOTION, *BOUNDARY_-SPC,
and *DAMPING, to fully define the initial stresses and boundary conditions for beam
elements in an FE model. The *INITIAL_STRESS_BEAM keyword can be used for pre-
stressed concrete to model the initial stresses induced in the prestressing strands due to
pretensioning. This study used Hughes-Liu beam elements with the number of integration
points (NPTS) equal to 4 to achieve accurate results.

Figure 4 shows how prestressed concrete is modeled using the *INITIAL_STRESS-
_BEAM keyword. The analysis process is divided into several stages: first, defining the
prestressing force, followed by applying external loads based on the problem. Explicit
analysis was used, and due to the damping effect, the output stress values were lower
than the required stress. An intermediate step was added to correct the stress values,
as shown in Figure 4. In addition, a MATLAB subroutine was developed to automatically
generate *INITIAL_STRESS_BEAM keywords for a set of beam elements. Some of the
concrete cube example results are presented in Figure 5, showing that the output axial beam
stresses reached 292.32 MPa. The figure demonstrates that the corrected stresses success-
fully achieved the desired values. Furthermore, *CONTROL_DYNAMIC_RELAXATION
was implemented to minimize the dynamic effect in the transient analysis stage, thereby
improving the stability of the results. These findings suggest that implementing correction
factors and dynamic relaxation could improve the accuracy and stability of the prestressing
calculations in concrete modeling.

Find the prestressed beam
elements' IDs

f .. =CF*f .| Use the *INITIAL_STRESS_BEAM
new — 0 » - - ————— — — —
keyword |

Set the initial stress value (f;) ([ ——
manually for all the selected beam | fir E—— }l;‘gam
|

elements |
elements 1

Use correction
factor CF =

fexpected/ foutput

foutput =

fexpected

Proceed for the transient analysis
stage

Figure 4. A flow chart for defining the prestressing force using the *INITIAL_STRESS_BEAM keyword.
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Figure 5. Axial stress results for the beam element in the concrete cube example using the corrected
*INITIAL_STRESS_BEAM and *DYNAMIC_RELAXATION keywords.

Axial Beam Force

Instead of applying stresses directly to the beam elements, an initial axial force can
be utilized. However, to apply axial force initialization, the spotweld material model
(MAT_100) should be used in conjunction with the spotweld beam elements (beam type 9),
which limits this method’s applicability [42]. Thai and Kim (2017) [42] utilized this approach
to model a prestressed concrete slab subjected to impact loading. The required axial force
was determined by dividing the initial prestress by the cross-sectional area specified in the
beam section keyword. A curve was defined to apply the axial force, with the force ramped
up and then held constant over time. The resulting axial stress in the beam element of the
cube example, shown in Figure 6, confirms that the desired stress level was reached without
any additional iterations. This non-iterative approach demonstrates the effectiveness and
efficiency of using *INITIAL_AXIAL_FORCE for preloading, enabling accurate simulations
without the need for excessive iterations.

300

270 “0.2,292
240
210
180
150
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Figure 6. Axial stress results for the strand element in the concrete cube example using *INI-
TIAL_AXIAL_FORCE.
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Temperature-Induced Shrinkage

This technique uses temperature-induced shrinkage in the prestressing strands to
apply a prestressing force to the concrete elements. Prestressing strands are modeled as
beam elements embedded within the surrounding concrete elements. When prestressing
strands are exposed to a temperature drop, they contract. However, while the strands are
embedded in concrete, the surrounding concrete impedes their contraction, resulting in the
development of compressive stress in concrete [39,41,43,44].

The sensitivity to temperature of the prestressing strands should be included using
thermal material models, like *MAT_ELASTIC_PLASTIC_THERMAL or *MAT_ADD_-
THERMAL_EXPANSION. In addition, a temperature-time curve should be defined using
*LOAD_THERMAL_LOAD_CURVE. The following equations were used for determining
the temperature-induced strain:

er =AT - (1)

o P ESAS
- EsAsoc(l + ECAC) @

where ¢; is the strain due to the drop in temperature; AT is the change in temperature; «
is the coefficient of thermal expansion of the strands (x = 1 x 10#/°C); F is the required
prestressing force; E; and E, are the elastic moduli of steel and concrete, respectively; and
As and A; are the cross-sectional areas of the strands and concrete, respectively.

The temperature method, like *INITIAL_STRESS, is an iterative approach that requires
correction until the required stress is reached. The correction factor for the temperature
method can be obtained using the same technique as for the *INITIAL_STRESS method (see
Figure 4). Figure 7 shows the resulting output for the cube example at various temperatures.
The figure demonstrates that the corrected stresses achieved the desired values in the strand
and concrete elements.
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(a) Strand Axial Stress

0
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Temperature (C)

(b) Concrete Normal Stress

Figure 7. Stress results for strand and concrete elements in the cube example at different temperatures.

Dynamic Relaxation (DR)

Compared to implicit analysis, modeling prestressed concrete with explicit analysis
is complex, especially when additional phases of transient loading, such as impact force,
are applied. In explicit analysis, the solution algorithm directly integrates the equations of
motion to simulate dynamic behavior. The dynamic effect causes oscillations in stresses
over time, which can have a substantial impact on the results of the transient analysis stage,
particularly in large-scale problems. In this study, we used the DR approach to limit the
dynamic effects associated with explicit analysis when modeling prestressed elements. The
prestressing force was applied before conducting the transient analysis.
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The DR option in LS-DYNA was used as a stress initialization process. DR is a solution
technique that is typically utilized for performing quasi-static simulations in “pseudo” time.
DR is a method wherein nodal velocities are calculated and then reduced by a dynamic
relaxation factor (DRFCTR) at each timestep. The process is monitored by measuring
the amount of distortional kinetic energy, and once it reaches an acceptable level, the DR
phase ends, and the solution proceeds to the transient analysis phase [45]. To activate DR,
the parameter SIDR in the DR load curve is typically set to 1 or 2, and two load curves are
needed, one for the dynamic relaxation phase and the other for the subsequent transient
analysis phase. Two temperature—time functions were used in this study. The first function
corresponded to dynamic relaxation, where the temperature is constantly increased and
then maintained until the solution converges, and convergence should occur after applying
100% of the preload, Figure 8a. The second curve was used to maintain the temperature in
the transient analysis phase, Figure 8b.

Load Curve ID Stress Initialization Temperature = Load Curve ID Stress Initialization

I | | |

Card 1 1 2 3 4 Card 1 1 2 3 4
Variable || LCID ||| SIDR SFA SFO Variable || LCID ||| SIDR SFA SFO
Value 1 1 1 150 Value 2 0 1 1

0 0
-01 -0.1
~0.2 -0.2
-03 ~03
8 -04 8 04
s 0.5 T -0.5
= 06 = 06
5 -07 £ -0.7
-0.8 © o8
-0.9 -09
-1 -1
-11 11
-1.2 -1.2
0 02 04 06 08 1 0 02 04 06 08 1
Time (s) Time (s)
(a) Dynamic Relaxation Curve (b) Transient Analysis Curve

Figure 8. An example of dynamic relaxation curves used in the temperature method.

3.1.2. Coupling

In prestressed concrete, the selection of an appropriate coupling mechanism plays a
crucial role in transferring the stresses between the strands and the surrounding concrete
elements. To accurately model the prestressing strands, tubular beam elements with the
Hughes-Liu element formulation (ELFORM = 1) and 2 x 2 Gauss quadrature were uti-
lized. The Lagrange-In-Solid constraint algorithm was used to represent the interaction
between prestressing strands and concrete. This algorithm allows for the efficient and
accurate simulation of the interaction of a Lagrangian element and an Arbitrary Lagrangian—
Eulerian (ALE) solid or fluid element. This method was chosen because it is more suitable
for large-scale problems with complex reinforcement details than the shared nodes ap-
proach. This approach assumes that initial stresses are equal to effective stresses. Therefore,
if prestressing losses are to be considered in the analysis, they must be determined and
integrated into the calculation of the equivalent temperature needed to produce the desired
prestressing force.

The prestressed concrete beam illustrative example, shown in Figure 3b, was utilized
to validate the accurate transfer of stresses. The achievement of the camber, as shown
in Figure 9, represents the first sign of stress transfer. To further validate the results,
the maximum stresses in the top and bottom concrete fibers were calculated using ACI
analytical Equations (3) and (4) and compared to the LS-DYNA results. Figure 10 shows the
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stress contours of the LS-DYNA model. As shown in Figure 11, an acceptable agreement
was obtained, confirming the reliability of the approach for modeling prestressed concrete.

_ Ftotul Fstrund'e
ftop - Ac + St (3)

Ftotal Fstrand‘e
= - —— 4
fbottom A, Sb ( )

where, fiop, and fpos,, are the stresses at the top and the bottom fibers of the concrete,
respectively. Fy, is the total prestressing force for the concrete cross-sectional area A..
Fitrang is the applied prestressing force in the strand elements with an eccentricity of e from
the neutral axis. S; and S, represent the section modulus.
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Figure 9. Achieved camber in the prestressed concrete beams (scaled 50 times).
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Figure 10. Stress contour of the prestressed concrete beam.
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Figure 11. Achieved stresses at the top and the bottom fibers of the prestressed concrete beam example.
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Utilizing DR, we established a connection between the prestressed concrete stage and
the transient analysis stage. The DR approach was able to limit the dynamic effect and
maintain a constant stress over time. However, this method required carefully selecting the
DR parameters, such as convergence tolerance and dynamic relaxation factors. As can be
seen in Figure 12, without the application of dynamic relaxation, models undergoing explicit
analysis often exhibit oscillations in the stresses around the desired values. However,
when DR is used with an appropriate convergence tolerance, these dynamic effects are
diminished, and the results show a constant stress value.

No DR —1.00 E-02
—1.00 E-03 —1.00 E-04
30 T T T T 76'0 T T T T
(@) ] (b)
2.5 -6.5 i
~7.04 -

2.0 1
w = 1
=¥ A, -7.54 4
2 1.5 =
N’ Nt
2 g 80 .
7] ¥ -85+
> >

0.5

-9.0
0.0 9.5 :
~05 - - T T -10.0 T T T T
00 02 04 06 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Time (sec.) Time (sec.)

Figure 12. Stresses at the top and the bottom fibers of the prestressed concrete beam example at
different DRTOL values: (a) top side, (b) bottom side.

3.2. Constitutive Material Models
3.2.1. Concrete

In this study, four concrete material models (CSCM, CDPM, KCC, and Winfrith) were
compared in terms of their response under impact loads using the experimental testing
methods of Fujikake et al. (2009) [46] and Kelly (2011) [31].

The Continuous Surface Cap Model (CSCM MAT_159) is an elastic—plastic damage
model that considers the strain rate effect [47,48] and kinematic hardening [49]. A three-
dimensional yield surface is constructed using three stress invariants in the model. The
material shows plastic behavior and possible damage when the stress exceeds the yield
surface [50]. Damage is represented by strain softening and elastic modulus reduction [49].
Neglecting the damage parameters leads to an elastic—perfectly plastic material [51], be-
cause the damage parameter plays a crucial role in capturing material degradation and
failure mechanisms. In the CSC model, the damage parameter represents the degree of ma-
terial degradation due to loading, such as microcracking or matrix degradation. When the
damage parameter is neglected, the model assumes that the material remains undamaged
and behaves elastically until it reaches its yield stress, at which point it transitions abruptly
to a fully plastic state. The CSC model allows for defining separate damage thresholds
for brittle and ductile behaviors, eroding elements when the damage parameter exceeds
certain values. Strain rate effects are included through a dynamic increase factor, which
accounts for the increase in concrete strength with the increase in strain rates. To define the
dynamic increase factor for concrete tensile strength, the model uses a modified Comite
Euro-International du Beton (CEB) formula [47,48].

The Concrete Damage Plastic Model (CDPM MAT_273) is a constitutive model devel-
oped by Grassl and Jirdsek [52,53] that integrates plasticity and damage models (plastic
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strain). We used LS-DYNA to implement the CDPM, with separate models for tension and
compression damage.

The Winfrith concrete model (MAT_084) is a four-parameter model that includes a
plasticity portion based on Ottosen’s failure surface [54]. This model also accounts for
strain softening under tension. The model is well known for displaying crack patterns on
distorted parts during analysis. Broadhouse used smeared cracking to allow for tensile
cracking [55], and each element could have up to three orthogonal crack planes. The fracture
energy (GF) is required to propagate a unit-area tensile crack, and the Winfrith concrete
model takes strain rate effects into consideration [54]. The aggregate size determines shear
capacity over the cracking surface and has no bearing on the model’s ability to account for
strain rate effects [51].

Concrete Damage Rel3, also known as the Karagozian & Case (K&C MAT_(072) con-
crete model, was developed by Malvar et al. (1997) as an advanced LS-DYNA concrete
model [56]. The model under consideration was a plasticity damage-based structure with
three invariants, designed to evaluate the impact of quasi-static and dynamic stresses
on structural elements [57,58]. The model’s parameters were set for unconfined normal
concrete with a compression strength of 45.6 MPa, and the failure surface characteristics
were scaled using a scaling coefficient defined as the ratio of the user-specified f, to the
original model. To handle strain softening in tension, a crack band approach was applied.
The model reduces mesh dependencies for tiny elements by internally scaling the softening
branch of the damage function [58]. In addition, the model includes a dynamic increase
factor that considers strain rate effects in dynamic load instances.

3.2.2. Steel Reinforcement

In this study, the behavior of steel rebar was modeled in LS-DYNA using the *MAT_-
PLASTIC_KINEMATIC (MAT_003) model [59]. The MAT_003 model allows for the consid-
eration of the strain rate effect. The Cowper-Symonds formula [60] was utilized to calculate
the dynamic yield strength of the steel.

3.3. Contacts and Constraints

*AUTOMATIC_SURFACE_TO_SURFACE contact was used in this study for the im-
pact analysis. The distinction of slave and master surfaces is arbitrary, despite the fact that
it is totally symmetric. However, it is recommended that the slave surface be designated as
the component with the faster speed of motion [42]. The slave node’s penetration force (F)
is calculated as a function of the penetration distance (Equation (5)).

mgAL

FP = A2

)

where m; is the mass of the slave, n is the master surface’s normal vector, and AL is the
penetration distance.

The main output parameter of interest in impact analysis is the impact force obtained
during the contact process. As a result, the “\DATABASE_NCFORC and DATABASE_BI-
NARY_INTFOR interface force files should be integrated in order to record the relevant con-
tact data. Another method for obtaining the impact force results is to use “FORCE_TRANS-
DUCER_PENALTY contact, in which the surface of the concrete segment is designated as
the slave, and no master is assigned.

4. FE Verification and Validation

A rigorous validation procedure was carried out to ensure the accuracy and reliability
of the FE bridge model. Three experimental tests were selected from the existing literature
to serve as validation benchmarks. The primary objectives of these tests are summarized in
Figure 13.

The first experimental test involved the impact testing of reinforced concrete beams
under varying drop heights, as performed by Fujikake et al. (2009) [46], which served as
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a crucial benchmark study for researchers in the field. This test was used to validate the
impact response of four different material models—CSCM, CDPM, KCC, and Winfrith—
alongside a sensitivity analysis of two different stiffness-based hourglass types. In the
second stage of validation, we utilized a free-falling drop weight impact test, as conducted
by Kelly (2011) [31], to validate the response of prestressed concrete beams under impact
loading conditions. This phase not only provided further validation under impact but
also confirmed the effectiveness of the selected method for applying prestressing force,
ensuring a consistent stress distribution over time through the transient analysis stage. The
third stage of validation involved the utilization of the impact parameters and material
models validated in the initial stages to construct a bridge model. This bridge model
was then validated against laboratory bridge tests conducted by the lowa Department of
Transportation, with a focus on validating the global response of the bridge, including the
deck, diaphragms, and abutments. This comprehensive validation approach ensured the
accuracy and reliability of the developed FE model, increasing confidence in its utility for

future analysis and further investigations.
Prestressed Prestressed
Concrete Beam Girder Bridge

Validate the impact response of’

four material models (CSCM,
CDPM, KCC, and Winfrith) under
impact loads.

Conduct hourglass sensitivity
analysis of concrete material
models.

Select constraints and contact

Validate the impact response of Utilize material model and

four material models (CSCM,
CDPM, KCC, and Winfirth) under
impact loads.

Validate the effectiveness of the
utilized method for modeling
prestressed  concrete  under
impact loading conditions.

hourglass parameters that have
been validated through rein-
forced concrete beam and pre-
stressed concrete beam analyses.
Validate the global response of a
large scale prestressed girder
bridge under static loads.

parameters.

(Section 4.1) I (Section 4.2) | I (Section 4.3) I

Figure 13. Objectives of the experimental data selected for the FE model validation.

4.1. Impact Testing of a Reinforced Concrete Beam
4.1.1. Experimental Data

In Fujikake et al.’s 2009 study [46], the experimental work involved performing a drop
hammer impact test on reinforced concrete (RC) beams to investigate the impact response
under varying drop heights. As shown in Figure 14, the RC beams had cross-sectional
dimensions of 250 mm x 150 mm. All beams had a span of 1700 mm, with longitudinal
deformed bar reinforcements 16 mm in diameter and a yield strength of 426 MPa. The
stirrups were 10 mm in size with 75 mm spacing and a yield strength of 295 MPa. All
specimens achieved a concrete compressive strength of 42 MPa. A 400 kg drop hammer
was released from two heights, 0.3 m and 1.2 m, and the results were recorded for analysis.

In this paper, we developed two different FE beam models using two drop heights:
0.3 m and 1.2 m. The impact force, deflection, and damage patterns obtained from the FE
models were compared to the experimental results to evaluate the response of different
material models under impact load. A 3D non-linear FE model of the RC beams was
developed using LS-DYNA, as shown in Figure 15. The concrete beams and the impactor
were modeled using hexahedral elements with one integration point, a maximum mesh
size of 10 mm, and an aspect ratio of 1. The impacting hammer was replaced with a rigid
sphere of the same weight (400 kg) and radius (90 mm) as the original hammer to simplify
the modeling process and improve computational efficiency. *SURFACE_TO_SURFACE
contact was used with a friction coefficient of 0.3. A preliminary step to determine the
impact velocity of the striker was carried out, taking into account the impact of the drop
height and gravitational energy. The impactor speed was then included using the *BOUND-
ARY_PRESCRIPED_MOTION_RIGID or *INITIAL_VELOCITY_GENERATION keyword.
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Figure 14. Details of reinforced concrete beam impact test performed by Fujikake et al. (2009) [46].
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Figure 15. FE model of the reinforced concrete beam.

4.1.2. Impact Force and Displacement

This study investigated the impact response of four different concrete material models:
the CSCM, CDPM, KCC, and Winfrith models. When using under-integrated finite elements
in computational mechanics, non-physical deformation modes known as hourglass modes
(HG) can arise. The use of HG will not only alleviate computational costs but also contribute
to a reduction in the overall model’s energy, consequently leading to a more flexible FE
model. However, it is critical to carefully select an appropriate hourglass coefficient to
mitigate the potentially harmful consequences of these modes that negatively affect the
accuracy of the results. This allows for the effective management of the associated hourglass
energy, lowering the risk of numerical instability and other negative effects. This study
investigated two different forms of hourglasses type 4, recommended for low-velocity
impact [41], and HG type 6 [61]. The objective was to evaluate the sensitivity of the material
models using three different hourglass coefficients: 0.10, 0.01, and 0.001.

Figures 16 and 17 show the impact force and displacement time history of RC beam
models with HG type 6 and drop heights of 0.3 m and 1.2 m, respectively. The present study
included the sensitivity of the CSCM to HG in terms of impact force and displacement.
The results at a 0.3 m drop height are presented in Figure 16a,b. With an HG coefficient
of 0.001, the FE model accurately predicted the initial peak impact force with an error
of less than 2%. However, the maximum displacement was underestimated by up to 9%
with the same coefficient. Similarly, Figure 17a,b show the corresponding results for the
1.2 m drop height. It can be seen that an HG coefficient of 0.1 produced the closest results
to the experimental data. However, it underestimated the first peak impact by 7% and
overestimated the maximum displacement by 7%.
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As can be seen from Figures 16 and 17, the HG 0.01 hourglass coefficient produced
the most accurate results for the CDPM, with errors of less than 10% when compared
to experimental data. Similarly, with an HG of 0.01, the Winfrith model performed best,
predicting the impact force with an error of less than 6%. These results indicate that a
HG of 0.01 is a reliable solution for precisely modeling impact events using the CDPM
and Winfrith model. The KCC model produced the most accurate results for the 0.3 m
drop height with an HG of 0.001 and for the 1.2 m with an HG of 0.1; however, the model

produced exaggerated displacement results.
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Figure 16. Impact response of the RC models, in the case of 0.3 m drop height.
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Figure 17. Impact response of the RC models, in the case of 1.2 m drop height.

The findings indicate that all material models could produce results close to those of
the experiment when using the appropriate HG coefficient. However, in order to establish a
reliable model, it was critical to identify that with the least sensitivity to changes in the HG
coefficient. When comparing the two hourglass types used in this study, HG type 4 and HG
type 6, HG type 4 showed the closest results to the experimental data (Figures 18 and 19).
It can also be seen from Figures 18a and 19a that the CSCM and Winfrith model were the
least sensitive to the hourglass, with the variation between the maximum and minimum
predicted values not exceeding 15%. On the other hand, similar to the findings presented
in [41], both the KCC model and CDPM were shown to be very sensitive to the HG

coefficients, with deviations of up to 36% and 40%, respectively.
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In conclusion, selecting the optimal hourglass coefficient is not always obvious and
requires a sensitivity analysis adjusted to the specific model conditions. It is critical to
consider the impact energy and potential consequences of selecting an inappropriate coeffi-
cient. Using an excessively low coefficient, for example, may result in obvious hourglass
forms of deformation. Using an excessively high coefficient, on the other hand, may result
in overly stiff behavior that does not truly reflect the material response. Therefore, a careful
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Predicting the level of damage caused by the impact is an essential part of impact
analysis. Because of the variances that occur when formulating mathematical equations,

each model has unique possibilities for providing damage patterns. Figure 20 shows the

different damage patterns experienced by the different material models. It can be seen
that the CSCM showed the pattern most closely correlated with the experimental work,
followed by the CDPM and KCC model. The CSCM predicted both vertical and diagonal

data, in the case of 1.2 m drop height.

4.1.3. Damage Pattern
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shear cracks in the beam. The CDPM overestimated the extent of the damage but still
provided a reasonably close prediction of the observed damage. The KCC model predicted
close damage, especially for the drop height of 1.2 m. The Winfrith model has the unique
ability to map cracks in solid elements, but it underestimated the extent of the cracks. In
general, of the four models evaluated, the CSCM yielded the most accurate prediction of
the crack pattern in the RC beam models under study.

i 0.3m - i 1.2m “

Experimental Experimental

1.0e+00

—e—— R A " WE— o A A RS 9.5e-01
~ 9.0e-01

0.0e+00 _|

Winfirth Winfirth

(a) Drop Height = 0.3 m (b) Drop Height = 1.2 m

Figure 20. Effective plastic strain damage patterns of the RC FE beams using different concrete
constitutive models: (a) drop height = 0.3 m, (b) drop height = 1.2 m. Effective plastic strain values
quantify the amount of plastic deformation that a material undergoes beyond its elastic limit under
loading conditions.

4.2. Impact Testing of a Prestressed Concrete Beam
4.2.1. Experimental Data

In Kelly’s 2011 study [31], the experimental work involved performing a drop weight
impact test on prestressed concrete (PC) beams. The experimental setup is shown in
Figure 21, with the test beam measuring 3000 mm in length, 130 mm in width, and 200 mm
in depth and featuring a concrete compressive strength of 40 MPa. Two steel prestressing
strands with a cross-sectional area of 150 mm? and a grade of 1860 MPa were utilized, with
a 32.5 mm eccentricity, resulting in a prestressing force of 390 kN. There were two primary
reinforcements with a 6 mm diameter, as shown in Figure 21. The stirrup size was 6 mm,
with 200 mm spacing. The mid-span of the beam was immediately impacted by a 221.4 kg
solid steel impactor dropped from a height of 1.25 m.

The FEA of the prestressed concrete beam, similar to the beam model discussed
in Section 4.1, also utilized constant-stress eight-node solid elements with a maximum
mesh size of 10 mm and an aspect ratio of 1. The temperature-induced shrinkage method
described in Section 3.1.1 was employed to model the prestressing strands. A prestressing
force of 390 kN was applied with a temperature drop of 65 °C and a valueof & = 1 x 10~4/°C.
Figure 22 shows the FE model of the prestressed beam.
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Figure 21. Schematic diagram of the impact test setup performed by Kelly (2011) [31].
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Figure 22. FE model of the prestressed concrete beam.

4.2.2. Impact Force and Strain Rate Effect

The impact response of the prestressed concrete beam under impact load is addressed
in this section. The study involved comparing the four different material models with
the experimental results and investigating the effect of activating the strain flag on the
material models (Figure 23). The CSCM_CONCRETE model was found to have the highest
accuracy, with an error of less than 8% in predicting the peak impact force. On the other
hand, the CDPM underestimated the peak impact force by 32%, while the Winfrith model
underestimated it by 19%. The KCC model, on the other hand, overestimated the peak
impact force by 16%. Overall, the findings highlight the importance of choosing an appro-
priate material model and accounting for the strain rate effect when analyzing the impact
response of prestressed concrete beams. After analyzing both RC beam and prestressed
concrete beam models, it was found that the CSCM demonstrated substantial accuracy in
predicting the peak impact force and the deflection, low sensitivity to hourglass effects,
and accurate predictions of damage patterns. Therefore, the CSCM was selected for the
large-scale bridge model.
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Figure 23. Impact response of the prestressed concrete beam with different material models and
strain rate effect analysis.

4.3. Static Testing of a Prestressed Girder Bridge
4.3.1. Experimental Data

The present study utilized the same parameters that were validated through the rein-
forced concrete beam and prestressed concrete beam analyses illustrated in Sections 4.1 and 4.2
to model a large-scale prestressed girder bridge model. The laboratory bridge test con-
ducted by the lowa Department of Transportation [62—-65] was used to validate the global
response of the FE bridge model.

The Iowa experimental bridge was made up of three prestressed concrete (PC) girders,
which were spaced at 1.8 m intervals on the center. The girders utilized in this study were
Iowa DOT LXA38 girders; see Figure 24. The three girders supported a 102 mm thick
reinforced concrete deck that was 12.3 m long and 5.5 m wide, with a 0.9 m wide overhang
measured from the center of each exterior girder; see Figure 25. A reinforced concrete
abutment measuring 1 m in depth and 0.5 m in breadth supported the ends of the PC
girders at each end of the bridge model, with the abutments resting on the laboratory floor.
The distance between the bridge abutments was 11.6 m.

At each end of the PC girders, a 200 mm thick reinforced concrete end diaphragm
was cast to provide further support and stability to the bridge. The lowa A38 girder
reinforcement details are shown in Figure 24. Three intermediate diaphragm cases were
studied in [65]: reinforced concrete, steel, and steel X-braced diaphragms. This experimental
bridge model provided a realistic representation of a typical bridge structure and allowed
for the accurate analysis of the overall bridge response under impact loads.

The FE model of the bridge without intermediate diaphragms is shown in Figure 26.
The deck, girders, end diaphragms, and abutments were all modeled using hexahedral
SOLID elements with a maximum mesh size of 25.4 mm and an aspect ratio of 1. BEAM
elements were used to model the strands and rebar reinforcement, while TRUSS elements
were used to represent the girder hooks. Two intermediate diaphragm cases were selected
in our model validation, the RC diaphragm and steel channel diaphragms, which were
modeled using SHELL elements.
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Figure 24. Jowa A38 girder details (dimensions in mm; 1 mm = 0.04 in).
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Figure 25. Jowa laboratory bridge cross-sectional view (dimensions in m; 1 m = 3.28 ft).
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Figure 26. FE model of the Iowa laboratory bridge.
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The concrete was modeled using the CSCM with a compressive strength similar to
that of the experimental study in [62]. The girder was made of concrete with a compressive
strength of 40 MPa, while the concrete deck used concrete with a compressive strength of
32 MPa. The end diaphragms were made of concrete with a compressive strength of 35 MPa.
The *MAT_PLASTIC_KINEMATIC model was used to model the prestressing strands and
reinforcement rebars. The girder and deck were reinforced using ASTM A615 grade 40
No.5 bars with a yield strength of 276 MPa. The low-relaxation prestressing strands, grade
270, measuring 15.2 mm, had a yield strength of 1860 MPa and a modulus of elasticity of
196 GPa. When intermediate diaphragms were used, reinforced concrete diaphragms were
modeled using the CSCM, while steel channel intermediate diaphragms were modeled
using PLASTIC KINEMATIC. The temperature-induced shrinkage method, described in
Section 3.1.1, was used to produce an equivalent axial force of 1823.77 kN in each girder.

The FE model assumed shared nodes between the abutment and end diaphragm
to allow monolithic behavior, given the presence of reinforcing bars. The connections
between all the concrete elements were similarly idealized using shared nodes. Regarding
boundary conditions, the two 0.5 m thick abutments rested on the laboratory floor. As a
result, the abutment was constrained regarding vertical movement. Only one end of the
finite element model was given lateral supports, while the other was modeled as a roller.
An illustration of the boundary conditions and constraints is shown in Figure 27.

Merged Surface Merged Surface Merged

0,Uz #0,Ux+0

MergedSurface:Merged:Nodes:Surface Merged:Nodes:SurfaceMerged

Uy=0,Uz #0,Ux+ 0

Uy

Uz=0,Ux=0,Uy+0 J
Cross Section View

Figure 27. Boundary conditions and constraints in the FE bridge model.

In the static experimental testing in [62], vertical and horizontal loads were applied at
several points on the bridge, and the corresponding deflection was recorded. In this study,
to validate the overall response of the bridge, the same vertical and horizontal loads were
used at the mid-span of the outside girder (referred to as point 1), and the corresponding
displacements at point 1 and the mid-span of the interior girder (referred to as point 2)
were measured. A hydraulic jack was used in the experiment to apply the vertical load,
which was gradually increased up to 111 kN. The horizontal load was also gradually raised
to 333 kN. To avoid stress concentrations, the load was applied to the girder uniformly as a
pressure on a 305 mm X 305 mm area equal to that of the neoprene bearing pad used in
the experiment.

4.3.2. Load Displacement

To validate the global response of the bridge, vertical and horizontal loads were applied
at point 1 (the mid-span of the exterior girder), and the corresponding displacements were
measured at points 1 and 2 (the mid-span of the exterior girder), as described in Section 4.
Three different intermediate diaphragm cases were modeled, including the absence of
intermediate diaphragms, a reinforced concrete intermediate diaphragm located at the
mid-span denoted as RC.1, and a steel channel intermediate diaphragm at the mid-span
denoted as C.1. The validation findings, shown in Figures 28 and 29, show that the
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FE model successfully predicted the load-vertical and load-lateral displacements in all
cases investigated.
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Figure 28. Validation of the bridge FE model through load-vertical displacement analysis.
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Figure 29. Validation of the bridge FE model through load-lateral displacement analysis.

5. Impact Study

Following the validation process, an impact study was conducted to demonstrate the
FE model’s efficacy and to provide significant insights for future implementation. In line
with previous research findings, this study recognized impact speed and mass as critical
parameters in impact analyses. Consequently, the investigation included three impact
speeds ranging from 8 to 32 km/h and four impact masses: one ton, two tons, three tons,
and four tons. In addition, as one of the main contributions of this study was considering
the prestressing effect in the analysis under impact loads, the influence of prestressing force
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existence was also considered. Details of the parameters utilized in the study are provided
in Table 1. The study utilized a cylindrical steel rigid impactor with a diameter of 1 m and
a length of 1.2 m, with an appropriate unit weight to achieve the desired impact mass. The
rigid impactor was positioned to strike the entire bottom flange of the girder, with a contact
area of 45,000 mm?, as shown in Figure 30.

Figure 30. Rigid impact scenario of the FE bridge models.

Table 1. Impact study parameters.

Parameter Values

Impact speed (3 variables) 8,16, and 24 km/h (5, 10, and 15 mph)
Impactor mass (4 variables) 1,2,3,and 4 tons

Prestressing force (2 variables) Existing, and No Prestressing Force

5.1. Impact Speed and Mass

Impact speed and mass showed a considerable influence on the resulting peak impact
force experienced by the girder. The kinetic energy (K.E.) carried by the impactor increases
as the impactor’s speed increases following the fundamental equation K.E. = 1/2 x m X 0.
This relationship is illustrated in Figure 31a, which shows a considerable increase in the
kinetic energy, reaching a value up to nine times greater at 24 km/h compared to 8 km/h.
This higher kinetic energy translates into a greater amount of energy transferred to the
girder upon impact. Consequently, the peak impact force experienced by the girder tends
to increase with higher impact speeds. As can be seen in Figure 32, the peak impact
force increased by approximately 2.5 times as the impact speed increased from 8 km/h to
24 km/h.

Furthermore, the mass of the impactor influences the peak impact force. A heavier
impactor possesses more momentum, resulting in a greater force applied to the girder upon
impact. The momentum increased by up to four times as the impactor mass increased from
1 ton to 4 tons (Figure 31b). As a result, an increase in the impactor’s mass led to an increase
in the peak impact force experienced by the girder. As shown in Figure 32, our FE models
showed a slight increase in the peak impact force with a mass increase.

Figure 33 presents the maximum lateral and vertical displacements observed during
the impact of the rigid impactor at various speeds and masses. The results show that as the
impact speed and mass rose, the girder’s lateral and vertical displacements increased due
to the increased kinetic energy transferred by the impactor. However, the damage became
more localized at the impact location beyond a certain energy level, causing early failure
before significant deformation occurred.
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The composite behavior of the bridge can be addressed through energy analysis, which
explains how kinetic energy from the impactor transforms into internal energy within the
structure. Upon computing energy distribution across various bridge components, it was
observed that at lower impact speeds, the impacted girder absorbed approximately 55-60%
of the total energy, with the remaining energy being absorbed by other bridge compo-
nents. This finding underscores the composite response of the bridge and emphasizes
the importance of analyzing the bridge as a whole entity rather than focusing solely on
individual girders. However, with an increase in impact energy resulting from higher
speeds or masses, there may be a shift towards localized responses, potentially leading to a
higher energy transfer to the impacted girder in such scenarios.
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Figure 31. Kinetic energy and momentum of the rigid impactor at different speeds and masses:
(a) kinetic energy, (b) momentum.
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Figure 32. Peak impact forces at different impact speeds and masses.
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Figure 33. Lateral and vertical displacements due to impact at different speeds and masses: (a) lateral
displacement, (b) vertical displacement.

5.2. Prestressing Force

A prestressed girder bridge was compared to a model with no prestressing force
applied to the strands, enabling them to operate purely as reinforcements. The absence
of the prestressing force reduced the impact force by around 16% to 20%, as shown in
Figure 34. This decrease underscores the significance of considering prestressing effects,
as neglecting them may result in an underestimation of the impact capacity of prestressed
concrete elements. Furthermore, the presence of compressive stress induced by prestressing
forces reduced lateral displacements when compared to reinforced concrete, as shown in

Figure 35.
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Figure 34. Comparison of impact forces for the FE prestressed and reinforced concrete girder bridge
models subjected to a one ton impactor at different speeds: (a) 8 km/h, (b) 16 km/h, and (c) 24 km/h.
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Figure 35. Comparison of lateral displacements for the FE prestressed and reinforced concrete girder
bridge models subjected to a one ton impactor at different speeds: (a) 8 km/h, (b) 16 km/h, and
(c) 24 km/h.

5.3. Damage Pattern

Shear cracks appeared in the damaged external girder. At an 8 km/h impact speed,
the severity of damage increased as the impactor’s mass increased (Figure 36a). For impacts
at 16 km/h, relatively narrow diagonal cracks originated near the impact location and
propagated along the girder’s length, with greater severity observed for impactors of
greater mass (Figure 36b). The majority of observed patterns showed global damage,
and the extent of diagonal cracks increased with the increase in impact energy. Finally,
in all cases, significant stress concentrations were observed along the flange, particularly at
the deck connection point.

Using the FE models, we were able to determine the change in the strands’ prestressing
stress. Figure 37 shows the changes in the axial stress of the most severely damaged strand
during the impact event. Notably, significant reductions in stresses were observed at impact
speeds of 24 km/h and 16 km/h for impactor masses of 3 and 4 tons. These reductions in
stress indicate instances of strand severing during impact incidents. This approach enabled
us to comprehend the behavior of prestressing strands under impact loading conditions.
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Figure 36. Effective plastic damage patterns of the prestressed girder bridges at different impact
masses and speeds: (a) 8 km/h, (b) 16 km/h, and (c) 24 km/h. Effective plastic strain values
quantify the amount of plastic deformation that a material undergoes beyond its elastic limit under
loading conditions.
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Figure 37. Variation in the axial stress of the most severely damaged strand during the impact event.

6. Future Works

This study presents a meticulously developed FE model of the behavior of a pre-
stressed girder bridge under impact loads. The model underwent rigorous validation and
verification procedures to ensure its accuracy and reliability. The impact study involved
low-velocity impact, with rigid impact masses ranging from 1 ton to 4 tons. Future research
will include a wider range of parameters, including high impact speeds, various impact
situations with varying contact areas and locations, a wider range of impactor types, and an
investigation into the effect of using intermediate diaphragms. In addition, the potential
load redistribution dynamics, which could cause changes in bridge live load distribution
and possibly trigger progressive collapse, will be investigated.

7. Conclusions

This study developed a comprehensive FE model for analyzing the response of pre-
stressed girder bridges subjected to impact loads. Utilizing the dynamic relaxation (DR)
approach, we effectively minimized the dynamic effect inherent to explicit analysis, allow-
ing us to precisely capture the response of prestressed girders under impact loads. Our
research included a thorough discussion of alternative methods for modeling prestressed
concrete in LS-DYNA, including stress initialization, axial beam force, and temperature-
induced shrinkage. The response of four different concrete constitutive material models,
CSCM, CDPM, KCC, and Winfrith, under impact loads was also investigated. Further-
more, an impact study was carried out to investigate the effect of impact speed, impact
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mass, and prestressing force on the behavior of prestressed girder bridges. The following
conclusions were drawn:

*  The three preloading techniques, stress initialization, axial beam force, and temperature-
induced shrinkage, could effectively preload the prestressing strands with the desired
stress. However, the initial axial force method requires the use of specific spotweld
material model and beam elements, which limits its applicability in some instances.

¢ Utilizing dynamic relaxation within explicit analysis, alongside an appropriate con-
vergence tolerance, is crucial for minimizing the dynamic effect and achieving greater
stability, leading to steady-state conditions.

*  Among the four material models evaluated, the Continuous Cap Surface Model
(CSCM) was the most accurate, with a peak impact force prediction error of less
than 8%. Furthermore, the model demonstrated a strong ability to predict crack
patterns effectively.

* Impact speed and mass demonstrated a significant influence on the resulting peak
impact force experienced by the girder. Higher speeds correspond to greater kinetic
energy, leading to increased impact energy transferred to the girder. Similarly, a heav-
ier impactor possesses more momentum, resulting in a greater force applied to the
girder upon impact.

*  The energy analysis revealed the complex relationship between kinetic energy trans-
mission and internal energy distribution within bridge components. In low-velocity
impact scenarios, the impacted girder absorbed approximately 50-60% of the total
energy, with the remainder distributed among other bridge components. This under-
scores the composite nature of the bridge’s response and emphasizes the importance
of analyzing the bridge as a whole rather than focusing solely on individual girders.

e The presence of prestressing force showed a significant effect under impact loads,
with an increase in the girder’s impact capacity of approximately 16% to 20%.

*  The majority of observed damage patterns under impact showed global damage,
and the extent of diagonal cracks increased with the increase in impact energy.

*  The developed FE model was able to determine the variation in the strands’ prestress-
ing stress, indicating instances of strand severing and cutting.
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Abbreviations

The following abbreviations are used in this manuscript:

AASHTO  The American Association of State Highway and Transportation Officials
CSCM Continuous Surface Cap Model
CDPM Concrete Damage Plastic Model

DIF Dynamic Increase Factor
DOT Department of Transportation
DR Dynamic relaxation

FE Finite element
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FEA Finte Element Analysis

HG Hourglass

IE Internal energy

KCC Karagozian & Case Concrete
KE Kinetic energy

RC Reinforced concrete
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