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Abstract: The structural reliability of bridge piers under dynamic loading is a key factor in ensuring infrastructure
resilience, particularly in the face of high-speed vehicular impacts. While often considered less critical than seismic
or blast events, such impacts can significantly compromise pier capacity, thereby increasing vulnerability in multi-
hazard scenarios. Existing design codes provide well-established criteria for seismic and blast resistance, but offer
limited guidance for addressing high-velocity vehicle impacts, highlighting a critical gap in current engineering practice.
This study addresses that gap by investigating the energy dissipation behavior of reinforced concrete piers subjected
to high-speed impacts, employing a spring-action model that explicitly includes the contribution of concrete—an
aspect frequently overlooked in conventional modeling approaches. Comparative simulations are conducted with and
without the concrete’s energy-absorbing effects to evaluate its role in post-impact structural performance. Monte Carlo
simulations are used to assess failure probabilities and quantify post-impact energy dissipation, supported by uncertainty
analysis revealing up to a maximum 33% variation stemming from modeling assumptions. The findings underscore the
significant role of concrete in absorbing impact energy, improving damage prediction, and enhancing overall structural
reliability. This research offers valuable insights to guide the development of advanced design methodologies and support
the refinement of code provisions, ultimately promoting more resilient and efficient bridge pier systems capable of
withstanding short-duration, high strain-rate loading events.

Author keywords: High-velocity truck impact; RC prototype bridge pier; depiction of failure zone; resilience of pier due to
concrete contribution; Monte Carlo (MC) simulations; confidence interval of failure; and uncertainty assessment of normalized
limit state equation (LSE)

Introduction

As transportation infrastructure faces growing exposure to
high-velocity vehicular impacts—driven by increased traffic
volumes, higher vehicle speeds, and evolving threat sce-
narios—a significant gap has emerged in structural design
practice. While current codes offer well-established guide-
lines for resisting seismic and blast loads, grounded in
decades of research and embedded within performance-
based frameworks, they provide limited and often simplistic
treatment of vehicle-induced impact loads, particularly on
critical elements such as reinforced concrete (RC) bridge
piers. Unlike earthquakes and blasts, whose dynamic effects
are well understood and standardized,' vehicular collisions
remain insufficiently addressed, leaving bridges susceptible
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to localized failures or even progressive collapse, especially
when subjected to short-duration, high strain-rate loading.
To address this deficiency, it is imperative to develop refined
assessment tools and design methodologies that accurately
capture the distinctive features of vehicular impacts, includ-
ing short-duration dynamic load application, nonlinear
energy dissipation, and material degradation under extreme
strain rates. This analytical study contributes to that effort
by simulating the dynamic response of RC bridge piers
across a range of impact scenarios, from quasi-static to
fully plastic conditions, to evaluate their post-impact perfor-
mance and failure modes. Given the exposed positioning and
geometric vulnerability of bridge piers to diverse dynamic
actions such as seismic events, blast loads, and vehicular
collisions, a comprehensive understanding of their behav-
ior under such complex loading is essential for advancing
the resilience and safety of modern bridge systems. While
the behavior of RC bridge piers under seismic and blast
loads has been widely studied, the response of these piers
to vehicular impacts—ranging from low to high intensity—
has not received comparable attention. This is despite the
fact that vehicle impacts occur more frequently than both
seismic and blast events, highlighting a significant gap in
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the current body of research.”> A growing concern is that
increased vulnerability to vehicle collisions, which may be
exacerbated by factors such as driver negligence and the
exposed nature of RC bridge piers, can lead to catastrophic
structural failures. Such failures could result in the collapse
of the entire bridge. In less severe cases, localized damage
such as cracking can occur, which, if left unaddressed, may
lead to functional impairments that render the pier non-
serviceable. Investigations into the serviceability and age of
existing bridge structures suggest that many RC bridges, par-
ticularly those subjected to high-intensity or multi-hazard
loading events, are at risk of significant degradation. These
events can cause permanent deformation and irreversible
damage, further compromising the integrity of the structure.

In light of these concerns, there is a pressing need to revisit
and upgrade existing design methodologies to enhance the
robustness of critical structural elements that must withstand
such extreme load conditions. Present-day design codes typ-
ically focus on the application of individual hazardous load
types, such as flexural, axial, shear, and torsional forces,
each considered in isolation. Previous studies have typically
assumed no contribution from concrete in resisting vehicular
impacts, resulting in overly conservative models that may
underestimate the structural capacity and hinder opportu-
nities for design optimization. Furthermore, the influence
of high strain-rate loading conditions, such as those gen-
erated by vehicular impacts, is not sufficiently addressed
in current codes.>* This article compares the function of
concrete with the comparatively conservative approach of
considering no contribution from concrete during vehicle
impact. Unfortunately, research on multi-hazard scenarios,
especially those involving dynamic vehicle impacts, has been
limited, leaving a gap in the understanding of how these
events interact and contribute to the overall failure of bridge
piers. Although studies have been conducted on sequential
loading from blast and vehicular impacts, the focus has
generally been on the post-performance behavior of piers at
the collapse stage rather than on predictive models for multi-
hazard interactions.*’

To ensure satisfactory structural performance, RC bridge
piers must exhibit ductile behavior when subjected to short-
duration dynamic loads. Ductility allows the structure to
deform under high loads without experiencing catastrophic
failure, thereby providing crucial energy dissipation during
the impact event.® Several dynamic analysis methods have
been proposed to characterize the strength, deformability,
and energy absorption characteristics of RC bridge piers
under dynamic loading. A flexure-dominated approach to
analyzing these factors, with an emphasis on energy dissi-
pation, is presented in reference.” However, prior research
in this area has typically been conservative, often neglecting
the contributions of the concrete itself during impact events.
In contrast, the present study takes a more comprehensive
approach by evaluating both the conventional conservative
method (which assumes no contribution from concrete) and
a more holistic approach, considering the concrete’s role in
energy absorption, recoil, and spring action during vehicle
impacts.
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In an effort to create a more accurate and reliable model,
this study develops a method that accounts for all potential
energy parameters involved in short-duration impacts. This
includes the assessment of the aspect ratio and its func-
tion in dissipating energy during impact events. Limit state
equations (LSEs) are formulated to incorporate all relevant
energy parameters, allowing for a more robust prediction of
failure probabilities and the corresponding reliability of RC
bridge piers with high concrete compressive strengths.® The
vehicle specifications used in the study are based on data
from’ and the time of impact is treated as a nondeterministic
variable to account for the inherent uncertainty in real-world
scenarios. Monte Carlo (MC) simulations were employed to
generate a large dataset; more than 11,000 data points for
each case have been utilized to assess the reliability of the pier
under varying domains of energy dissipation conditions.

The primary objective of this study is to evaluate the
effects of vehicular impact on the structural reliability of cir-
cular RC bridge piers. This evaluation is carried out through
the lens of LSEs governed by energy dissipation principles.
The study also takes a comprehensive approach by assess-
ing the confidence levels, uncertainties, and risks associated
with potential failure scenarios. By analyzing the interaction
between various load types, this research aims to provide
valuable insights into the structural integrity of RC piers
under dynamic impact conditions. The results show strong
agreement with theoretical predictions, confirming that the
proposed model is both accurate and reliable. Consequently,
this model can be confidently used for both design and risk
assessment purposes, contributing to safer and more resilient
bridge infrastructure.

Precisely, the study bridges a significant gap in the existing
literature by not only examining the effects of vehicular
impacts on RC bridge piers but also by developing a more
nuanced and robust approach to predicting the structural
behavior under multi-hazard scenarios. With its focus on
energy dissipation, reliability, and the interaction between
various loading events, the findings from this research are
crucial for improving the safety, design, and resilience of RC
bridge piers subjected to dynamic loads.

Methodologies

This study employs a representative RC bridge pier as the
primary test specimen to showcase the effectiveness and
robustness of the proposed methodology for assessing struc-
tural integrity and performance. The pier is designed with
an unsupported length of 8 ft 6 inches (2.59 m), which
serves as a critical factor for evaluating the behavior of
the structure under various loading conditions. Notably,
both ends of the pier are restrained to prevent any yielding,
rotation, or distortion at the support points. This means
the boundary conditions of the pier are considered as both
ends being restrained from displacement in any direction and
from rotation at the top and bottom, as shown in Fig. 1.
This setup is essential for simulating real-world conditions
where bridge piers must maintain their integrity and resist
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deformation, even when subjected to external forces. The
choice of a circular cross-section for the pier, with an external
diameter of 21 inches (53.34 cm), contributes to a uniform
distribution of stress along its length, improving the overall
performance and durability of the pier under loads.

The longitudinal reinforcement in this pier is a key design
feature, providing essential tensile strength to resist typical
forces experienced by bridge components. It consists of six
#8 steel bars made from ASTM A706 Grade 60 steel, which
is a specification set by the American Society for Testing
and Materials (ASTMs). ASTM standards ensure that the
steel meets strict requirements for chemical composition,
mechanical properties, and performance, making it suitable
for critical structural applications. Grade 60 indicates a min-
imum yield strength of 60 ksi (413.68 MPa), combined with
excellent ductility, enabling the pier to sustain significant
deformation without failure. The reinforcement bars run
continuously from the top of the pier down to its foundation
and are strategically arranged to maximize the pier’s struc-
tural capacity while promoting efficient use of materials and
facilitating construction. Together, these bars enhance the
pier’s resistance to bending moments and axial loads, ensur-
ing reliable performance as a resilient component within the
bridge structure.

In addition to the longitudinal reinforcement, the shear
resistance of the pier is addressed through the use of #4
steel bars arranged at 2.5-inch (63.5 mm) on-center spac-
ing. These shear reinforcement bars are designed to prevent
shear failure, which is often the weak point in concrete
structures subjected to lateral loads or seismic forces. The
shear reinforcement is arranged in a spiral pattern, which
is particularly effective in distributing shear stresses evenly
throughout the pier, thus minimizing the risk of localized
failure. Moreover, the transverse steel ratio (p,) is maintained
at 0.06%, which adheres to the minimum requirements set
by the American Concrete Institute (ACI) in their 2011
standards. This ensures that the pier has an adequate level
of shear reinforcement, in compliance with industry best
practices and safety standards.

The consistent vertical pitch of the shear reinforcement
at 2.5 inches (63.5 mm) further contributes to the stability
and resilience of the pier, ensuring that the distribution of
shear resistance remains uniform along the entire length of
the pier. This attention to detail in the design of the shear
reinforcement is crucial for preventing any potential weak
points that could compromise the pier’s overall performance,
especially under extreme loading conditions. By adhering
to the minimum requirements outlined in the ACI 2011
standards,' the design ensures that the pier will not only
meet the necessary safety factors but also exhibit improved
durability and serviceability throughout its lifespan. The
shear reinforcement’s uniformity also plays a significant role
in mitigating the risk of cracking, which could otherwise lead
to structural degradation over time. The prototype RC pier,
complete with its detailed end conditions and cross-sectional
configuration, is visually represented in Fig. 1, providing
a comprehensive illustration of the specimen used in the
study. This visual aid helps to clarify the design choices
and structural elements incorporated into the pier, making
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it easier for researchers and engineers to understand the
significance of each component and ensuring precise engi-
neering in enhancing the safety, longevity, and performance
of critical infrastructure components such as bridge piers.

Using these dimensions, the aspect ratio (L/h) of the pier
is calculated as 4.85. The gross cross-sectional area of the
pier (A,) is 346.5 in? (2235.48 cm?), and the total area of
the cross-section of steel (A) is 4.74 in? (30.58 cm?). The
steel ratio is calculated as (p; = Ay/A,) 0.01368. The nominal
axial load Py pes.n Of the pier is computed to be 687.50
kips (3058.15 kN). Using these dimensions, a mathematical
model is developed by modifying equations from the liter-
ature and journals® to evaluate the geometries and design
parameters of the representative pier.

This research presents a performance-based damage
assessment methodology for RC bridge piers subjected to
vehicular impact. On impact from a vehicle, RC piers sus-
tain different levels of damage depending on the geometry,
material properties, and boundary conditions of the pier,
as well as the mass, velocity, and type of vehicle. Damage
incurred by the pier also depends on the impact duration
and, therefore, the maximum dynamic impact shock (Iayn)
transmitted into the RC pier. The severity of damage to the
pier depends on these factors and influences the decisions
to be made regarding further use of the pier. Some piers
sustain little damage and may be retrofitted and strength-
ened for continued service, while others, which suffer more
extensive damage, would require immediate replacement
should the bridge be kept in service. However, in post-impact
inspections to quantify the damage to the pier, it might be
impossible to accurately estimate the speed of the impacting
vehicle. Therefore, the practical method to determine post-
impact lateral deformation (A) and the effective stiffness
(Elr) of the pier shall be an alternative method to be used
as a field assessment by simple inspection methods.

The concept of maximum deflection (A.x) of the post-
impacted RC pier, with both ends restrained, preventing
displacement and rotation in all directions, under a concen-
trated and compressive load, is used to relate the dynamic
impact force (145 ), as shown in Fig. 1. It is also utilized as an
alternative method for the computation of dynamic impact
(Igyn). This relationship is shown in Eq. (1).”

3ELy(BL — 2a)* Apax
dm = 2a%b3

(1)

where El, is the effective stiffness (i.e., flexural rigidity) of
the pier; L is the unrestrained length of the pier; a is the
distance from the bottom of the pier to the point of impact;
b is the distance from the upper end of the pier to the point
of impact; and A, is the maximum post-impact deflection
occurring in the pier from the dynamic impact force (£ ).
Nearly all design codes emphasize the importance of
incorporating the effective flexural rigidity (El.y). In light of
this, some codes specifically call for the calculation of both
initial and effective stiffness values. The initial effective stiff-
ness, as commonly proposed, is typically defined as 0.5Eclg,
where E. represents the modulus of elasticity of concrete and
I, denotes the gross moment of inertia. This approximation is

BER Open: Int. J. Bridge Eng., Manage. Res.

BER Open: Int. J. Bridge Eng., Manage. Res., 2025, 2(3): 214250027



P = Axially Compressive Load

(Preloaded)
End Restrained
7 i P
4
RC b
L Pier
ammm - Impact Point
a
L !
N
Fixed Ended
(@)

d=18in _+ |
(54.72 cm)

he=15in
(38.1 cm)

TN,

/I /@6 Nos. #8 g

Main \
Reinforcing ?
® Steel Bar x ,)
A\ o/
%._’/' / #4 Transverse
= Reinforcement

with Steel Bar

(b)

Figure 1. (a) Pier end conditions, and (b) pier cross-section

based on the well-established fact that the flexural rigidity of
RC piers diminishes as lateral deflections and crack propaga-
tion increase.! However, the actual effective stiffness (El.)
is used in more precise computations of lateral deformations,
as described by the relationship in Eq. (1).’

Energy dissipation mechanism

The energy dissipation mechanism between an impacting
truck and a prototype RC bridge pier is a complex phe-
nomenon that refers to how kinetic energy from the moving
vehicle is absorbed, transformed, or redirected by the pier
and its surrounding system during a collision. Understand-
ing this mechanism is critical for designing crash-resistant
bridge infrastructure. This comprises:

(a) Material deformation, including:
Concrete Crushing: Upon impact, localized crushing
of concrete occurs at the contact region, converting
kinetic energy into internal strain energy and heat.
Steel reinforcement yielding: The internal steel rein-
forcement bars (rebar) deform plastically, absorbing
a significant portion of the energy. Yielding of steel
is one of the most efficient mechanisms for energy
absorption.

(b) Cracking and Spalling
Flexural cracking: If the impact induces bending,
cracks form along the tension face of the pier, espe-
cially at the base. These cracks absorb energy as they
propagate.
Shear cracking: At higher impact forces, diagonal
shear cracks may develop, leading to further energy
dissipation.
Concrete spalling: Layers of concrete may flake off
(spall) under intense stress, especially at the point of
impact. The energy used to fracture and eject this
material contributes to overall dissipation
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(c) Vibration and Wave Propagation
The impact generates stress waves that propagate
through the structure. Part of the energy is trans-
formed into vibrational energy, which may be damped
over time or by the surrounding foundation system.
(d) Damage to the impacting vehicle
The vehicle itself absorbs some of the impact energy
through crumpling and deformation. While not part of
the pier’s dissipation, it is relevant to the total energy
balance in the system. In this study, post-dissipated
energy due to the truck-impacted post behavior of the
representative pier has been investigated.

Prediction of plastic hinge length (L ,) of dynamic
impacted pier

For RC flexural members, the plastic (permanent) deforma-
tion is typically localized in a smaller zone after the yielding
of the member. The performance of the plastic hinge zone is
critical for flexural members, as it governs the load-carrying
capacities of the member.!! The overall energy dissipation
capacity of the RC member can be evaluated by using the
energy dissipated by the steel rebar, while the concrete con-
tribution is not typically considered due to its relatively small
ductility.!* Reinforcing steel, being isotropic, dissipates high
energy by exhibiting plastic behavior compared to concrete,
which dissipates considerably less energy.'* For that reason,
the overall energy dissipation is considered by the flexural
and tensile reinforcing bars. The maximum predicted plastic
hinge length (L) has been previously defined and is shown
in Eq. (2)."

L, =0.08%L+0.15%f, *d, Q)

where L, and L are the lengths of the plastic hinge and the
unsupported length of the pier, respectively; d, is the bar
diameter of the longitudinal steel reinforcement; and /', is the
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yield strength of the main reinforcing steel bar, considered as
60 ksi (413.685 MPa) for this study.

The plastic hinge length ratio (L,/L) can be defined as
P, and using this definition, after rearranging Eq. (2), yields
Egs. (3) and (4), respectively.

¥ = 0.08 + 9.0 % (dy/h)/(L/h) 3)

¥ =0.08+9.0 % (y/n) @)

where y and n are used to replace the ratios dp/h and L/h
(aspect ratio), respectively.

This replacement will help determine v precisely using
an analytical method that plays a pivotal role. The ratio v
helps characterize how much of the element is experiencing
plastic deformation relative to its total length. A higher ratio
indicates a larger region of plastic deformation, typically
associated with more inelastic behavior and greater potential
for energy dissipation in short-duration, high strain-rate
loading. In design, controlling this ratio can help pre-
vent excessive damage to structures during extreme loading
conditions.

Rate of plastic hinge formation considering
strain rate (¢) of reinforcing steel

A plastic hinge in a column refers to a localized zone where
the structural element undergoes significant plastic deforma-
tion under loading, allowing it to rotate without a substantial
increase in moment. This phenomenon occurs when the
stress in the material reaches the yield strength, causing the
section to behave plastically rather than elastically. In seismic
and structural engineering, plastic hinges are critical because
they represent regions where the column can dissipate energy
through controlled deformation, enhancing the ductility and
overall resilience of the structure. However, the formation
and location of plastic hinges must be carefully considered
in design to avoid premature failure or collapse, especially
in RC columns, which are confined by providing lateral
steel and main reinforcement details that influence hinge
behavior. Properly designed plastic hinges allow structures
to undergo large displacements while maintaining load-
carrying capacity, thus providing important warning signs
before failure. However, when enough plastic hinges form in
a structure (typically equal to the degree of static indetermi-
nacy + 1), the structure becomes a mechanism. This allows
rotation to occur freely at those hinges, and the structure can
no longer carry additional load, leading to collapse.

Plastic hinge formation in this research has been illus-
trated in terms of energy dissipation and the composite
behavior of concrete and steel. Concrete is a nondeter-
ministic, brittle material composed of aggregate and a
cementitious matrix, and the reinforcing steel bar is an
isotropic material exhibiting plastic and ductile behavior.
Eq. (4) can be rewritten in terms of strain (g¢) and modulus
of elasticity (Ey) in the steel bar, yielding Eq. (5).

Y =0.08+0.15% (Ey * &) % (dy/L) (5)

where d, expresses the diameter of the main reinforcing steel
bars, considered as 1 in (25.4 mm) (#8 steel bar); L, indicat-
ing the unsupported length of the pier, is 8.5 ft (2.591 m); and
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E,,, the modulus of elasticity of steel, is taken as 29,000 ksi
(2%10 3 MPa).

By taking the partial derivative of Eq. (5) with respect to
time (t) and by inserting all values, Eq. (6) can be developed
to incorporate.

W_ 4.35%10% % (¢) (6)

at
where reinforcing steel strain rate is represented by é. This
strain rate can therefore be evaluated as a function of the rate
of formation of the plastic hinge length ratio . This is rep-
resented in Fig. 2. Fig. 3 shows the comparative variations
of steel strain rate with respect to plastic hinge length (L)
and plastic hinge length ratio (v).

Evaluation of dissipation of energy (E,)

RC members, irrespective of being vertical or horizontal, dis-
sipate energy by experiencing inelastic behavior due to cyclic
loading caused by the dynamic response incurred by high
strain rate loading. In RC structures, the energy dissipation
can be defined as the sum of the energy dissipated by both the
concrete and steel. Concrete is a brittle material and hence
less ductile. The evaluation of dissipated energy for a circular
cross-section (ep) RC pier for equivalent static behavior in
car crash phenomena is as shown in Eq. (7).'

eis hy &
ep =4Rp*p xf, (T) D, * |:(1 =) (ﬁ ey *h)

2
+p(0.5— qf;’h) } 7

‘Bauschinger Effect’, where e is the dissipated energy con-
sidered for the reinforcing steel bar, ®, is the maximum
curvature; 4 is the overall diameter of the pier; /4, is the dis-
tance between the bar layers located between the boundaries;
g, is the yield strain of the steel bar, considered as 0.0021;
Jy is the yield stress of the steel bar (60 ksi); and p is the
ratio of lateral steel ratio (p,) to over longitudinal steel ratio
(p1), which can be calculated as p = p,/p;= 0.0178/0.01368
= 1.28. Rp represents the reduction factor comprising the
‘Bauschinger Effect,” and is considered as 0.75.'

The maximum ultimate curvature, ®,, can be computed
by using Eq. (8)."

D, =245%(g,/h) (8)

where ¢, and / are already explained.

The main steel yield strain, ¢, is considered to be 0.06'°;
as such, Eq. (8) yields @, as 0.007, which is a function of pier
dimensions and geometries.

The yield curvature of the steel bar ($y) can be determined
using Eq. (9).!718

&,
D, = agr * (ﬁ) )
where agr 1s the modification factor, considered as 2.12 for
RC pier'’; ¢, (¢, = f,/Ey) is the yield strain of steel, is
computed as 0.00207, where E; is modulus of elasticity of
steel; and / has already been explained.!®
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Energy dissipation capacity based on kinematic behavior
(exn) 1s a function of ¢, and &,, and is computed using
Eq. (10).

e =4+ M, * (b, — D)) (10)

where M, is the moment-carrying capacity of the circular
pier cross-section (i.e., moment of resistance), which can
be computed as shown in,” and ®, and ®, are already
explained and shown to be determined.

The total energy to be dissipated at the plastic hinge
as total energy, has been considered to be released during
collapse and is computed from Eq. (11).%!

ED =é€p (11)

For the representative pier, the moment carrying capac-
ity (M,) of the circular cross-section RC pier is computed
as 6275.30 kip-in (709.013 kN-m) from Eq.(11). Using
Eq. (11), Eq. (12) can be further rewritten as Eq. (12).

Ep=epx(L,/LYyxL=ep*xLxy (12)
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where ep_and L are already explained, and determining the
ratio ¥ (which is the ratio of the length of the plastic hinge
over the total length of the pier specimen, i.e., ¥ = L,/L)
can be determined using Eq. (13).

From Eq. (12), Ep can be expressed as shown in Eq. (13).

d
Ep=(epxL)*|0.008+0.15%f, %« { ——xh} | (13)

()

where Ep addresses the total energy dissipated during the
formation of the plastic hinge caused by impact and has

been illustrated in terms of — ratio, as shown in Fig. 3.

n
Additionally, ep, h, d;, f,, and L/h the aspect ratio have
already been explained.
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Fig. 3 shows a linear increment of Ep with the increment
of Z, whereas Fig. 4 comprises shows a hyperbolic decre-
n

ment of the aspect ratio (n) and a linear increment of Y

and E. !

Using Eq. (13) and simplifying yields Eq. (14), which is
a function of the aspect ratio () and pier dimension ratio
(y). Also, Fig. 4 includes a comparative estimate of E with

1, comprising Y Asthe ¥ ratio is a governing function that

includes pier geometry, it controls the energy dissipation as
a post-impact effect.

Ep = 0.08 + 86.94 % (Z) (14)
n

where 2 has been explained above.

n
In Eq. (14), y = dy/h = 0.048 and the aspect ratio, n =
L/h, which has already been determined as 4.86.

Estimation of energy during vehicle impact

In this research, a displacement-based approach has been
adopted considering the flexural response to high-velocity
vehicle impact. The shear criterion considers that the pier
might suffer brittle damage, localized spalling followed by
shear failure, and deflection.'®!® Vehicle data have been
taken from published journals.” When a heavy mass vehicle
moving at high velocity impacts an RC bridge pier, the pier
may undergo localized shear deformations at any point in
time.”?! In this study, kinetic energy of the moving vehicle
before impact, the crushing energy causing recoiling of the
frontal vehicle material, the post-impact potential energy of
the RC pier, the spring action of the concrete pier, and the
dissipation of energy due to impact are considered.

Crush energy

Crush energy refers to the amount of energy absorbed by
a vehicle’s structure during a collision as it deforms (or
“crushes”). This energy is a critical factor in vehicle impact
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dynamics and plays a pivotal role in determining the severity
of a collision and the forces transmitted to structures like
bridge piers. The crush energy of a vehicle can be described
as the amount of kinetic energy required to recoil the frontal
part of the vehicle. This value depends on the frontal stiffness
of the vehicle. Crush energy (Uy,) is given in Eq. (15).1%

1
UVL’/l = E(Fmax * M()) (15)

where F,,, 1s the maximum forced inserted by the vehicle
on pier during impact, and u, is the recoiling velocity of the
vehicle after impact.

In Eq. (15), u, can be determined from using Eq. (16).

U, = max/k (16)

where k is the vehicular frontal stiffness, considered as 1.028
kip/feet (1500 kN/m), and F,,,, has been already addressed.
Combining Egs. (15) and (16) yields Eq. (17)."

1 (F?
Uve — max 17
=5 (%) (7

where U, F..x, and k have already been explained.
Maximum vehicular force (F,.x) has been formulated and
can be estimated using Eq. (18).3>%

Enax = veh * Vnmx/ t (18)
where F o, My, Ve, and ¢ have already been explained.
In Eq. (18), M, is the weight of the moving vehicle
(42.11 kips or 187.32 kN for a semi-trailer as the maximum
load, and 26.02 kips or 115.72 kN for the most frequently
occurring vehicle load), V. is the maximum velocity of
the moving vehicle before impact (44.62 ft/s or 13.6 m/s for
the maximum case, and 31.8 ft/s or 9.7 m/s for the most
frequently occurring case), and t (time for impact) is the
impact duration, considered as 1073 to 10~ s, which governs
the strain rates of the steel rebar. In this study, the maximum
case has been considered for maximum mass and maximum
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velocity, whereas the most frequently occurring case has been
taken as the most occurring mass with velocity.”® Eq. (18)
yields maximum inserted forces of 1878.95/t kips/s and
827.3/t kips/s for the extreme and most frequently occurring
cases, respectively.

Potential energy of the pier

Potential energy of the pier (U,,) is the energy stored by
the pier itself due to the contribution of steel and concrete.
In this research, each case (i.e., the most vulnerable and the
most frequently occurring) is fragmented into two individual
cases. First, the concrete contribution is considered as spring
action to recoil; and secondly, in a more conservative way,
without considering the concrete spring action (recoiling
action). The potential energy stored in the RC pier is quan-
tified in Eq. (19)."

Smax
Vst = / F (5).d5 (19)
0

where F is represented as the resisting force inserted by the
pier, and § represents the deformation after impact, which
is the average displacement of the pier [§ = (1.34 in. 4+ 0.05
in.)/2 = 0.695 in. (17.653 mm)].

Spring action of the pier

To determine the energy responsible for providing the ade-
quate stiffness (E;) of the RC pier, the shear stiffness has been
computed.” The pier stiffness has been considered to pro-
vide resistance against the shear experienced from horizontal
dynamic impact. In this research, the pier displacement con-
cept has been adopted to account for the displacement due
to rebar slip in flexural deformations.?> The energy evolved
due to pier spring action (Ey) is introduced in Eq. (19) and
as depicted in Fig. 6.2

E, =0.5%k. + A* (20)

where k.,; and A represent pier stiffness and total deforma-
tion after recoiling.
In Eq. (19), the pier stiffness (k) can be computed from
Eq. (21).%
ket = 0.8 % E, % I, (21

where E. is the modulus of elasticity of concrete
(12247.45 ksi, calculated for 6 ksi compressive strength of
concrete), and /, is the gross moment of inertia of the pier
section.

Computation of k., using Eq. (20) yields 9.357 * 107
kip/in pier stiffness while considering the concrete contribu-
tion in the RC pier against impact.

The pier resisting displacement (A) can be computed by
considering the sum of the flexural (Afjexue) displacement
and shear (A ) displacement, and is shown in Eq. (22).'¢

A= Af/exure + Ashear (22)

where Ajjexure and Ay, represent deformations due to bend-
ing and shear, respectively.
Eq. (23) provides the determination of Afjexure.'®

Af/exure = ch * (L + Lsp)2/6 (23)
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where @, is the strain rate of steel at first yield (0.00021), L
is the total pier specimen length, and L,, is the strain pen-
etration length over which steel strain from the bar embeds
into the concrete, transferring force via the bond between
reinforcing steel and concrete. This can be evaluated from
Eq. (24).

Ly, =0.15%f, xd, (24)

where f, and d}, are explained. Ly, represents strain penetra-
tion length.

After computation, Eq.(23) yields Ly, as 9.0 in.
(228.6 mm). Furthermore, from Eq. (23), Afjexure 1S computed
as 0.05 in. (1.27 mm).

Shear displacement (Age,r) is given in Eq. (25).'

A,Yhear = Z:l:] (l";y + rz\-;l)/(z * hl) (25)

where !\, and r/! are the shear strains of the lower and upper
sections of the ith segment, and /; is considered as the height
of each segment (Fig. 6).

The shear strain is calculated from Eq. (26),

Iy = t//G (26)

where 7, is the shear stress and can be computed from
Eq. (27), and G is the shear modulus (3 x 103 ksi) (20.7 x
10° MPa).'¢ Eq. (26) yields r,, as 6.043.

Ty =M/(hxdyxL) 27

where M is the external maximum moment applied at the
base [F * 3ft) = 2.33 % 10% kip-in.) (as shown in
Fig. 5)] and hence computed as 2.33 x 10® kip-in (2.633 x
107 kN-m); / is the diameter of the pier; d; represents the end-
to-end distance of the longitudinal bar (18 in or 45.72 cm);
and L is the pier length as discussed already.

Computing Eq. (27), 1, has been determined as 6042.95
ksi (41.7 x10° MPa).

Combining Egs. (26) and (27) yields Agpear as 217.55 in.
(552.58 cm). The combination of Egs. (19)—(26) results in E
as 2.12 x 10'? kip-in. (2.4 x 10" kN-m).

Prediction of limit state equation for energy concept

Limit state equations (LSEs) incorporating failure predic-
tion using energy (E) analyses have been developed in this
research. Analytical models depicting LSE to assess failure
during dynamic impact have been determined for a repre-
sentative pier. Different dynamic cases are considered for
intensive assessment. Time (t) during impact for quasi-static
to plastic deformation is considered as 103~10~* s, hence
considered as nondeterministic for short-duration impact
and high strain rate loading. For that, the mean (1) and
coefficient of variation (V) considered in this research are
0.00055 and 0.1, respectively.* Thus, the standard deviation
(o) has been computed as 0.000055 (6 = u xV), and time
for dynamic impact is considered as normally distributed.
Steel strain rates are considered to evolve numerical model-
ing. Finally, MC simulations predicting individual cases are
carried out for 11000 data points to predict failure (statistical
parameters mean and standard deviation converged at about
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this number of simulations) and to determine reliability
indices (B) from the respective probabilities of failure (Py)
resulting from MC simulations, considering concrete con-
tribution as a spring effect, and the conservative approach
without concrete contribution as spring action as shown in
Fig. 6.

Without consideration of concrete contribution

The probability of failure, Py, is considered to be high-
est when the system’s energy condition reaches the critical
threshold, specifically when the elastic modulus E becomes
zero or negative. This condition is illustrated in Eq. (28),
where the kinetic energy of the vehicle involved in the impact
must not exceed the sum of the following:

e due to various types, frequent, and most frequent
occurrences of vehicle crashes to RC bridge piers due
to their exposed face at the roadside.

e the potential energy stored in the RC pier specimen,

e the amount of strain energy dissipated due to impact
forces,

e the energy associated with the recoil of the vehicle’s
frontal materials, and

e the spring energy generated by the deformation of the
sacrificial layer and core concrete.

While this conservative analysis approach provides a
higher safety margin, simulations have been conducted
excluding the spring action of the concrete. However, when
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spring action is considered, the results are more aligned with
practical and real-world scenarios, offering a more accurate
estimation of P; as shown in Eq. (28). These simulations,
which incorporate spring action, tend to provide a better
approximation of the actual system’s behavior under impact,
highlighting the importance of considering such dynamic
effects for more reliable and realistic failure probability pre-
dictions and resilience to withstand that shock.*

Py (E<0) = (Z_l E; < 0)

where P, is the probability of failure, and E; is the energy
dissipation at ith case.

In the conservative approach to structural analysis, the
spring action of concrete is typically excluded. Instead, the
focus is placed on the most frequent and extreme condition
cases, as represented by the limiting equations (Egs. (29)
and (30)). LSEs estimated without considering the concrete
contribution as spring action and recoiling are illustrated by
Eqgs. (29) and (30).

(28)

5

10
E, = 614.41+86.94 x L 1+3.32 « — = 05 % My % V2,
n
(29)
y 106 .
Ey=3195.81 +86.94 % =+ 172 5 — —4.2 % 10° (30)
n

where E, yin, k., M, and V.., t represent energy dis-
sipated, a ratio controlling post-impact energy dissipation,
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column stiffness, vehicle weight, maximum colliding speed,
and impact duration in milliseconds.

Considering concrete contribution as spring action

During a vehicle impact, concrete behaves like a nonlinear
spring, initially resisting deformation with increasing stiff-
ness via spring action. As the load intensifies, micro-cracking
reduces its stiffness, absorbing energy before potential fail-
ure. The contributions of spring action within the context
of the LSE (likely referring to a “Load-Displacement Sys-
tem” or similar model) are thoroughly examined using the
energy concept. In this context, spring action refers to the
force exerted by the spring in response to compression or
extension, typically governed by Hooke’s law. The energy
concept, in turn, helps quantify the potential energy stored
in the spring, which can be critical for understanding the
system’s mechanical behavior, such as in structural analysis,
elasticity, or dynamic response.

By incorporating the energy concept, the system models
how energy is transferred, stored, or dissipated as the spring
undergoes deformation. The potential energy stored in the
spring is usually expressed as 0.5 * k., * A2, where ke
is the spring constant in terms of pier stiffness, and A
represents displacement. This allows for a deeper analysis
of the spring’s behavior across different conditions, offer-
ing insights into how it contributes to the overall system
dynamics.

y 5 10°
E; = 614.41 + 86.94 % - 4+ 0.5 % koo ¥ A°+3.32 % "y

—0.5% My, x V2, (31)

E, = 319581 + 86.94 « L + 0.5 % k., A
n

106 \
S L2 % — —42 % 10 (32)
12

where E, y/n, ke, Men, Ve, and A represent energy dis-
sipated, a ratio controlling post impact energy dissipation,
column stiffness, vehicle weight, maximum colliding speed,
and displacement, respectively.

The behavior of the spring is captured mathematically in
two key scenarios:

e Eq. (31) represents the most common or typical case,
corresponding to situations where the spring oper-
ates under standard, expected conditions. In this
case, the spring’s response is likely linear, meaning
the force is directly proportional to the displace-
ment. This scenario typically involves moderate
forces and displacements, where the system is stable
and predictable. The energy considerations here are
straightforward, focusing on the elastic behavior of
the spring without significant deviations.

e Eq. (32), on the other hand, represents the extreme
or limiting case. This refers to conditions where the
spring is subjected to high stress, large displacements,
or nonlinear behavior. In these extreme scenarios, the
spring may approach or exceed its elastic limit, poten-
tially leading to permanent deformation or failure.
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The energy considerations here are more complex,
as they may involve nonlinear force—displacement
relationships, hysteresis, or damping effects. This case
is crucial for understanding how the system behaves
under high stress or near-failure conditions.

The LSE is then solved using the generated variables
by using the RAND function via EXCEL. This process is
repeated many times using randomly generated uniformly
distributed variables. The probability of failure (P) is then
estimated by dividing the number of times the LSE simula-
tion is less than O by the total number of simulations (N)
carried out. The § can be directly computed from Py as shown
in Egs. (24) and (25).2%3°

Pr== (33)

p=—-2"(F) (34)
where n is the number of times the limit state has been
exceeded (g(x) < 0), N is the total number of simulations
undertaken, P, is the probability of failure, p represents
reliability index, and @' is the inverse of the standard
normal cumulative distribution function (CDF).

MC simulation was employed due to its robust ability
to analyze the effects of uncertainty and variability within
mathematical models and real-world systems. By conducting
numerous iterations with randomly generated inputs, MC
enables a comprehensive exploration of potential outcomes.
In this study, four identical scenarios were simulated using
11,000 iterations each, an amount determined adequate as
the results had begun to converge beyond this point. The
outcomes of these simulations are illustrated in Figs. 6-9.

n
1

Risk assessment using confidence interval (Cl)

In this present study, the confidence interval (CI) is very
significant to be determined. CI is defined as the degree
of uncertainty for assessing the numerical results evaluated
from dynamic simulation using the normal distribution. CI
is also able to evaluate the probability that a parameter falls
between a pair of values around the mean by addition and
subtraction. Thus, the CI is utilized to assess uncertainty
using the mean (), standard deviation (SD), confidence level
(z), and sample size (N) (as shown in Table 1), as shown in
Eq. (35).77:%
SD

Cl=pn=+z. TN (35)
where u is the mean of the sample size, SD is the standard
deviation, N is the sample size considered as 1000 data
points, and z is the confidence or significance level consid-
ered as 98%.

The data used to capture and quantify the uncertainty
were obtained from Figs. 6 through 9. The CI has been deter-
mined from Eq. (35) and is detailed in Table 1. This table
provides a comprehensive overview of the various param-
eters and their associated uncertainties, offering valuable
insights into the reliability and precision of the results. By
analyzing these values, we can better understand the range
of possible outcomes and assess the degree of confidence in
the findings.
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Uncertainty assessment

In structural impact and its post-impact behavior, under-
standing and managing uncertainty is crucial for ensuring
the safety and resilience of structures exposed to dynamic
loads such as collisions, explosions, or earthquakes. These
impacts often introduce variables that are difficult to pre-
dict, including material properties, load characteristics, and
potential measurement errors. Uncertainty investigation
helps engineers assess and quantify these variables, enabling
more reliable designs and risk assessments. These have been
determined through characterizing structural serviceability
and resilience, comprising the limit state, particularly by
virtue of energy dissipation (E; for i = 1, 2, 3, and 4),
and need an insightful investigation before their widespread
implementation and incorporation into the design. To esti-
mate LSE scrupulously, uncertainty (Ug) investigation based
on the parametric results (R), considering independent vari-
ables as xj, X, X3, ..., X, becomes an indispensable task
for mitigating risk factors. Thus, the general formulation to
estimate R is as shown in Eq. (36).%

R = R(xy, x5, x3, , Xp) (36)

The overall uncertainty due to energy dissipation (Ug) can

be determined by normalizing the respective uncertainties
resulting from Eq. (37), as shown in reference.’® The overall
uncertainty in the result is given by carrying out the partial

derivative, as shown in Eq. (37).%
au ’ 18] ’ au ’
Ug=+=+ —Ug ) +{ =—Un ) +{ —=—70U
E (aUE1 El) (a[JE2 EZ) (BUE3 E3)
U
(37

12
+ —.U
( 8UE4 E4)

where Ug;, Ugs, Ugs, and Ug, are the respective uncertainties
in the independent variables.

Results

Using MC simulations

Energy dissipation at specific damage scenario

When a high-velocity truck collides with a RC column,
the truck’s kinetic energy is rapidly dissipated through a
combination of material and structural mechanisms. The
impact induces high strain rates, leading to concrete crack-
ing, crushing, and fragmentation, as well as yielding and
possible strain hardening of the steel reinforcement. Bond-
slip between steel and concrete further contributes to
energy dissipation. Structurally, the column may undergo
flexural and shear deformations, potentially form plastic
hinges, or experience brittle shear failure, depending on the
impact location and column detailing. Additional energy
is absorbed through localized damage at the impact zone,
such as punching shear or penetration, and some energy is
dispersed as vibrations and elastic waves. The extent and
mode of energy dissipation are influenced by the impact
velocity, column geometry, reinforcement configuration, and
boundary conditions.

Energy dissipation in a specific high-velocity impact dam-
age scenario occurs through complex mechanisms such as
concrete spalling, micro-cracking, crushing, and friction
within the concrete matrix. These processes convert kinetic
energy from the impact into irreversible material deforma-
tion, reducing the overall force transmitted. Results are
captured using the corresponding LSE to ensure safety and
serviceability by extracting energy dissipation. It also defines
the boundary between acceptable and unacceptable perfor-
mance of a structure’s viability and resilience under given
loads. This is shown below through Figs. 7 and 8.

Case I: Without Concrete Contribution.

Case II: Considering concrete contribution as spring or
recoiling action.

The values of failure probability (Py) derived from Figs. 7
and 8 are 0.0001 and 0.00012, respectively. These results indi-
cate a minimal contribution from the concrete in resisting
dynamic loads from trucks or semi-trailers, particularly in
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Figure 7. Results without spring action not frequently occurring
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Table 1. Input data for to estimate CI
Input variables M (in-kip) Z SD (in-kip) N CI (in-kip)
E, 5713 0.5 5712 1000 5713 + 31.62
E, 5713 0.5 5712 1000 5713 £ 31.62
E; 5896 0.5 5895 1000 5896 4+ 93.21
E, 6121 0.5 6120 1000 6121 £ 96.77

terms of recoil action. In contrast, Figs. 9 and 10 depict con-
crete as being modeled to contribute through both recoiling
and elastic (spring-like) behavior, yielding significantly lower
failure probabilities of 0.00005 and 0.000056. This highlights
the impact of modeling assumptions on structural response
under localized failure scenarios.

A conservative approach, which neglects any elastic con-
tribution from the concrete (i.e., assumes no spring action),
results in lower values of the structural response modifier f.
Although this method provides a higher margin of safety,
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it leads to more optimistic predictions of system reliability,
as it underestimates the structure’s capacity to absorb and
dissipate energy. Conversely, when concrete’s spring action is
considered—acknowledging its capacity to resist deforma-
tion and contribute to energy dissipation—the resulting 8
values are significantly higher. This reflects a system with
greater resilience and improved resistance to localized fail-

ure, as supported by prior findings.”
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Figure 10. Results with spring action for most conservatively occurring

Specifically, energy dissipation domains derived from
Figs. 7 and 8 show that p ranges from 2.25 < p < 4.1, cor-
responding to Py in the range of 10~* to 10~°. Conservative
modeling (Figs. 7 and 9) confines the reliable design region
to 2.25 < B < 3.75, where failure is less likely. On the other
hand, when the concrete’s spring-like behavior is integrated
(Figs. 8 and 10), a broader and higher reliability domain is
obtained, with B ranging from 2.25 < < 3.75.

Furthermore, in Fig. 11, various energy values (E) are
normalized against the most favorable corresponding f val-
ues. This plotting facilitates the identification of optimal f—E
relationships, establishing a comprehensive understanding
of how energy absorption capability scales with structural
robustness. These relationships serve as a basis for more
accurate failure predictions and improved performance-
based design strategies.
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Figure 11. Obtaining §§ from various E

From Fig. 11, a good trade-off between p and various E
values is obtained, as shown in Eq. (38), which provides a
steady relationship.

B=0.133 % E* — 1375« E> 44692« E—12 (38)

where p and E have already been explained.
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Using CI

The CI, utilizing key statistical parameters, serves as a
critical tool for examining energy dissipation criteria, as
illustrated in Table 1. By calculating the CI, we can quantify
the degree of uncertainty around energy measurements, pro-
viding insight into how reliable the observed data are when
making inferences about energy dissipation. This is particu-
larly useful when the measurements are subject to variability
or measurement errors, ensuring that we can assess the range
within which the true values likely lie. To fully leverage
this approach, a deeper analysis is necessary, especially in
terms of understanding how the CI can be applied to energy
dissipation patterns over time or across different conditions.

Specifically, the relationship between E4+ and E—, as
detailed in Table 1, plays a pivotal role in this analysis.
These two metrics represent energy values under different
conditions, E4+ could be indicative of energy dissipated
under certain parameters, while E— may reflect a contrasting
scenario. By comparing these values, we can gain a better
understanding of how energy dissipation behaves in different
environments or systems.

This relationship has been graphically represented in
Fig. 11, where the correlation between E+ and E— is visu-
alized. Such a visualization not only clarifies the nature
of the relationship between these two forms of energy but
also helps to illustrate trends, such as how changes in one
might influence the other. Furthermore, the graph offers
a means of visually interpreting the statistical results from
Table 1, allowing for a more intuitive grasp of the data. The
visualization enhances our understanding of the underlying
phenomena associated with energy dissipation, providing a
clear, empirical basis for examining the effectiveness and
efficiency of energy usage in various systems. Through this
combined use of statistical intervals and graphical represen-
tation, the significance and reliability of the findings from
the present study can be better assessed.

In Fig. 12, the estimated CI for the corresponding E.
and E— has been plotted with respective R? values of 0.98
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and 0.99, representing two degrees of polynomial equations.
These are captured from Fig. 12 and shown in Egs. (39) and
(40), respectively.

CI" =57.14 x E2 —119.3 % E, +5793.70  (39)

CI~ = 5536 % E* —161.80 x E_ + 5786.80 (40)

where CI*t and CI~ represent the positive and negative
values of the CI using Table 1, and E, and E— address the
positive and negative values of energies dissipated.

6400
6200
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5800
- I I I I I
5400
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B CIE+ HCIE-

CI (in-kip)

Figure 12. CI for corresponding E+ and E—

Eqgs. (39) and (40) are derived through the systematic
normalization of the energy-based formulations previously
defined in Egs. (29) to (32). This normalization process
serves two critical purposes. First, it transforms the original
equations into dimensionless forms, allowing for a more
generalized analysis that is not constrained by specific units
or scales. Second, and more importantly, it facilitates the
identification and exclusion of parameters that exert mini-
mal influence on the system’s energy dissipation behavior.

During normalization, dimensionless groups are formed
by comparing characteristic quantities such as material
stiffness, damping, loading rate, and deformation scales.
Parameters that consistently exhibit negligible contributions
across a wide range of scenarios, such as certain geomet-
ric tolerances, secondary inertial terms, or minor damping
factors, are systematically discarded. This simplification
does not compromise the accuracy of the model but rather
strengthens it by concentrating on the principal drivers of
the dissipation mechanism, such as strain energy in concrete,
contact friction, and dynamic interaction between structural
components.

As a result, Egs. (39) and (40) emerge as refined expres-
sions that retain the dominant terms governing energy
dissipation during impact or localized failure. These equa-
tions are not only easier to interpret and compute but also
more physically meaningful. They provide clearer insight
into the relationship between structural behavior (e.g.,
stiffness, resistance to failure) and energy absorption mecha-
nisms under dynamic loads, such as those imposed by heavy
vehicles or other transient forces.

By adopting this approach, the analysis achieves a
higher level of abstraction while maintaining fidelity to the
underlying mechanics. This makes Egs. (39) and (40) par-
ticularly useful for parametric studies, design optimization,
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and failure prediction in performance-based engineering
frameworks.*%*

The statement describes a model for the post-impact
behavior of a pier, where the energy response (E) is normal-
ized regardless of the type of energy dissipation involved.
It considers both positive (E;) and negative (E_) energy
responses, developing a generalized relationship with a
parameter (B) that influences the behavior. This relationship
is holistic, meaning it accounts for various factors and condi-
tions, and is illustrated in Fig. 13, showing how normalized
E and B are interrelated in the context of the pier’s behavior
after impact.

5
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4 6
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Figure 13. p from corresponding E where g and E
have already been addressed

Fig. 13 helps to capture a holistic relationship between
and E, and can be precisely determined from Eq. (41).

B=—-10""2 % E5+3 % 107% « E* —0.0003 % E°
+2.034 « E> —6048.50 « E+7 % 10° 41)

The model, comprising a fifth-degree polynomial with
a tight R? value of 0.996, presents a normalized energy
response (E) of a pier post-impact, considering both positive
(E+) and negative (E—) energy states, and independent of
dissipation type. It establishes a generalized relationship with
the parameter (B), as shown in Fig. 13.

Using uncertainty

Uncertainty analysis in vehicle impact energy dissipation
involves systematically identifying and quantifying the vari-
ous sources of uncertainty that influence how accurately we
can estimate the amount of kinetic energy absorbed or lost
when a vehicle collides with a structure, such as a bridge
pier. These uncertainties arise from multiple factors, includ-
ing variability in material properties (like concrete strength
and steel ductility), differences in vehicle speed, impact
angle, structural geometry, and modeling assumptions used
in simulations or experiments. By propagating these uncer-
tainties through analytical methods, the range of possible
outcomes and the confidence level of their predictions
regarding structural response and damage can be precisely
predicted. This process is crucial because it helps ensure that
safety assessments and design decisions for impact-resistant
structures are robust, accounting for the inherent variability
and incomplete knowledge present in real-world scenarios.
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Ultimately, uncertainty analysis enhances the reliability of
impact energy dissipation estimates, guiding more effective
design and mitigation strategies to protect infrastructure and
save lives.

During a vehicle impact, kinetic energy is rapidly trans-
ferred and dissipated through the vehicle structure and the
material it collides with—often concrete in the form of
barriers, walls, or road surfaces. In such scenarios, energy
dissipation plays a critical role in mitigating damage and
injury. When a vehicle crashes into concrete, the metal
components of the vehicle undergo significant deformation,
particularly in designed crumple zones, which absorb and
redistribute energy away from occupants. Concrete, being
a brittle and non-ductile material, behaves differently—
it resists initial deformation due to its high compressive
strength but fractures suddenly under high tensile stress.
Upon impact, concrete dissipates energy primarily through
cracking, fragmentation, and internal microcracking, which
propagate radially from the point of contact. Unlike ductile
materials that deform plastically and absorb energy grad-
ually, concrete exhibits a sharp loss of structural integrity
once its tensile threshold is exceeded, releasing stored elastic
energy through crack propagation. Additionally, part of the
kinetic energy is transferred into vibrations and heat, con-
tributing to overall energy dissipation. The horizontal spread
of these forces within both the vehicle and the concrete
structure is critical in understanding how the collision energy
is managed, and it informs the design of safer vehicles and
more resilient RC bridge piers.

Uncertainty plays a crucial role in predicting energy dis-
sipation. Factors such as material variability and imperfect
surface contact make it challenging to precisely quantify
energy loss in real-world collisions. Consequently, uncer-
tainty can affect the accuracy of energy conservation models,
necessitating probabilistic approaches to account for vari-
ations in material behavior and external influences. This
study presents the energy dissipation (E) and associated
uncertainties for various cases as shown in Fig. 13.

From the plotted Fig. 14, the estimated Ug; for the cor-
responding E; has been plotted with tight R? values of 1.0,

4.20

UEi (%)

El E2

representing third-degree polynomial equations. This has
been captured from Fig. 12 and is shown in Egs. (42).

Up =002 E'—021 x E>+0.46 x E,+3.84 (42)

where Ug; represents the percent uncertainty for the respec-
tive E;, wherei=1, 2, 3, and 4.

However, using Eq. (37) and via Eq. (42), the estimation
of overall U yields a trivial deviation of +8%.

Generalized LSE

The generalized Limit State Equation (LSE) technique has
been refined through the normalization and linearization of
key variables, specifically the parameters E, CI, and Ug;.
This refinement is achieved by performing a thorough data
analysis using regression methods. The core objective of this
approach is to adjust and control the parameter p, which
plays a crucial role in governing energy dissipation during
high-strain-rate vehicle impacts.

These impacts, typically marked by rapid deformation,
lead to complex energy behaviors driven by the intense
strain-rate load generated in high-velocity vehicle crashes.
By utilizing regression techniques, the model effectively cap-
tures the nuances of energy dissipation, providing a more
accurate understanding of how energy is transferred and lost
during such high-impact events.

This enhanced methodology offers deeper insights into
the dynamics of vehicle crashes, significantly improving the
accuracy and reliability of energy dissipation models under
extreme conditions. As a result, it contributes to better
predictive capabilities and more robust analyses of energy
behavior during high-speed collisions.

The final estimation of LSE used to precisely determine
B is given by Eq. (43), which provides an optimal estimate
by minimizing the sum of squared residuals between the
observed and predicted values.?®

B=—-095% E +038 % Ug —898 « CI  (43)

where B, E;, U, and CI have already been explained.

y=0.02x3-0.21x2 + 0.46x + 3.84

2=1

E3 E4

E (in-kip)

Figure 14. U for corresponding E;
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This is further addressed by complying with dependent
variables § and Upg; in terms of the dependent variable E, as
shown in Fig. 15.

45 3.00
4.00

3.00

a 8
3 200
235 1.00
2 . 0.00
5600 5700 5800 3500 5000 6100 6200
E (in-kip)
—fF —CE

Figure 15. B and Uy; observations from E;

Discussion and Analysis of Results

In RC bridge structures, piers are particularly vulnerable to
high-velocity vehicle collisions due to their exposed posi-
tions, yet current design standards lack clear performance
criteria for such impacts. This study addresses the urgent
need to evaluate and mitigate the susceptibility of RC
piers by focusing on crack initiation as a critical indicator
of energy dissipation during short-duration, high-impact
events. By employing advanced analytical methods com-
bined with extensive MC simulations, the research offers
a deeper understanding of material behavior, inter-material
interactions, and dynamic structural responses, ultimately
providing essential insights to improve resilience and prevent
catastrophic failure under collision scenarios.

From the simulation results, an LSE framework has been
developed to reliably assess structural performance under
impact. The outcome of the LSE is subjected to rigorous
validation through multiple checks, which lead to CIs and
uncertainty evaluations. A holistic, normalized version of
the LSE was derived using multivariate regression and sub-
sequent data analysis, allowing for more accurate reliability
predictions based on various input parameters.

While the developed approach shows promise, further
studies are required before it can be widely applied in prac-
tice. Based on the comparative analysis of the simulation
results, the following conclusions can be drawn:

1) This study investigates various dynamic impact sce-
narios by examining concrete’s inherent resilience,
particularly its spring-like action and its influence on
post-impact behavior. A detailed assessment of energy
dissipation mechanisms is conducted to quantify
damage to bridge piers, focusing on the critical time
frame of 10 to 10 s during which material behav-
ior shifts from quasi-static to plastic deformation.
Simultaneously, steel strain rates are mathematically
modeled to capture the complex energy dissipation
processes under high-velocity vehicle impacts. The

iii)

v)

214250027-16

total energy dissipation, along with the energy dissi-
pated specifically by the embedded reinforcing steel
bars due to time-dependent variation under high-
velocity impact, has been quantified and is illustrated
in Figs. 4 and 5. Utilizing a MC simulation approach,
the analysis explores a range of load and strain effects
(LSEs), with results expressed through the inverse
CDF, @ !(Pi), effectively depicting strain rate evolu-
tion across the quasi-static to plastic regimes. These
findings, illustrated in Figs. 6-9, provide a robust
framework for understanding and predicting con-
crete durability and resilience under dynamic impact
conditions.

The prediction of normalized reliability within the
model, as defined by Eq. (10), is calculated by esti-
mating the reliability index B, which incorporates the
energy dissipation parameter E under various con-
ditions. This approach enables a reliable evaluation
of pier performance through a normalized measure
of energy dissipation, highlighting the critical role
played by the sacrificial layer and pier cover in mit-
igating damage. The energy dissipation process is
closely linked to concrete cracking and, in some cases,
spalling, providing an indirect but effective means of
assessing pier integrity. This relationship between f
and normalized energy dissipation is formalized in
Eq. (38) and visually represented in Fig. 11, offering
valuable insight into how damage mechanisms influ-
ence overall structural reliability.

The determination of CI, together with the corre-
sponding dissipated energy from high-velocity vehicle
impacts, establishes an improved relationship that
enriches the understanding of the dynamic inter-
play among key response parameters. This integrated
framework clarifies the interconnection between the
CI, reliability index B, and normalized energy dissi-
pation (E), thereby enabling a more precise modeling
of post-impact behavior in structural systems. By
capturing these relationships, the analysis advances
the predictive capability for assessing damage and
resilience under dynamic impact conditions.

Figures 13-15, the energy dissipation trends for both
positive (E+) and negative (E—) values, when uti-
lizing CI, follow a similar pattern, with polynomial
equations showing a close fit (R> values of 0.98
and 0.99). Although there is a gradual increase in
the percent difference between E4+ and E—, rising
from 1.1% to 3.3%, this deviation remains small and
does not significantly impact the overall model. The
minimal increase in energy dissipation difference fur-
ther demonstrates the robustness and accuracy of the
model, confirming its ability to reliably represent the
energy dissipation behavior for both E+ and E—,
corroborating energy dissipation followed by post-
damage severity, overall reliability, and specific impact
withstanding ability.

A comprehensive investigation into the model’s
uncertainty was undertaken by first quantifying the
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individual uncertainties associated with various com-
ponents, followed by their aggregation to evaluate the
overall impact. These uncertainties were normalized
and graphically represented in Fig. 13, facilitating a
clearer and more consistent comparison by removing
the effects of differing scales and units. Subsequent
regression analysis of the normalized uncertainties
revealed a third-degree polynomial relationship with
an R? value of 1.0, indicating an exact fit between the
model and the observed data. This outcome under-
scores the model’s robustness, demonstrating that
even with an uncertainty margin of £8%, it con-
sistently delivers highly accurate predictions, thereby
confirming its reliability and practical applicability in
real-world structural impact scenarios.

vi) Eq. 42 has been rigorously developed using multivari-
ate regression analysis to produce a comprehensive
and reliable model that integrates key variables such
as Ei, the CI, and Ui, while systematically addressing
inherent uncertainties and variabilities. This robust
formulation for the reliability index p effectively
accounts for the complex interplay of factors influ-
encing structural response. To further elucidate the
normalized energy dissipation (E) as a post-impact
phenomenon, Fig. 14 presents a graphical depiction
capturing the holistic relationships among E, B, and
Ui. This visualization clarifies the interdependencies
among these variables, thereby deepening the under-
standing of their combined influence and enhancing
the precision of the model’s predictive capabilities.

vii) In essence, this article presents a comprehensive
investigation into predicting energy dissipation in
RC bridge piers subjected to high-velocity vehicular
impacts. By integrating MC (MC) simulations with a
rigorously developed and normalized limit state (LS)
model, the study evaluates the reliability of the struc-
tural system under dynamic loading. The research
intricately explores the complex behavior of concrete
as the primary energy-absorbing material, detailing
how it manages short-duration impact loads through
sophisticated mechanisms. Central to this work is
the formulation of limit state equations (LSEs) that
effectively quantify energy dissipation while rigor-
ously incorporating model uncertainties. This holistic
approach enables a robust assessment of the model’s
applicability to real-world conditions. Among the key
findings, strong correlations are identified between
energy dissipation (E), reliability index (), and nor-
malized variables (Ui), providing valuable insight into
the dynamic performance and resilience of RC bridge
piers under extreme impact scenarios.

Conclusions and Future Work

This study presents a detailed simulation-based investigation
into the failure behavior of a RC bridge pier subjected to
vehicular impact, with a specific emphasis on understand-
ing energy dissipation mechanisms. The pier is impacted
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at a height of 3 ft above its base, representing a realis-
tic collision scenario involving standard vehicle bumpers.
To capture a range of possible outcomes, multiple impact
scenarios are modeled, varying parameters such as vehicle
speed, mass, and angle of impact. These simulations eval-
uate the pier’s structural resistance and the evolution of
damage under dynamic loading. A key component of the
analysis is the implementation of lumped spring elements
(LSE), which allow for a simplified yet effective repre-
sentation of energy absorption and redistribution within
the system. By modeling the post-impact response through
LSE, the study captures the interactions between the vehi-
cle and the pier, including the transfer of kinetic energy,
material deformation, and localized failures. The findings
offer valuable insights into how RC piers dissipate energy
during impact events, supporting the development of more
resilient design strategies and improved predictive models
for dynamic structural performance under various short-
duration, high strain-rate loading conditions.

The analysis contrasts two approaches: conservative and
nonconservative, by assessing the concrete’s role in energy
dissipation and its ability to resist failure. In the conservative
approach, the concrete contribution is neglected, while in the
nonconservative approach, concrete is modeled as providing
spring-like action, which enhances energy dissipation and
reduces the load transferred to the steel reinforcement. This
spring-like action not only helps in absorbing impact energy
but also reduces the stress on the steel, which can lead to a
more efficient design by minimizing steel requirements.

In furtherance of this study, the nonconservative
approach contributes to the pier’s ability to avoid catas-
trophic collapse during an impact, thus improving the
residual capacity of the structure. The geometry of the
pier, including its aspect ratio, plays a critical role in its
performance under impact, influencing its capacity to
absorb and dissipate energy effectively. Overall, these factors
highlight the importance of considering both material
behavior and structural geometry when designing RC piers
for impact resilience.

To determine the amount of energy dissipation respon-
sible for plastic deformation, y/n plays a significant role.
Failure followed by plastic hinge formation due to impact
is only possible if the entire dissipated energy has been
governed by the steel bar in the ranges of quasi-static to
plastic strain within the 10 =3 to 10~* second time domain.
As an extension of this research, it is recommended that
further studies include the structure for a more realistic
design and reliability. It is recommended that the following
are incorporated into future studies:

i) Combinations of different grades of concrete with
different steel grades at various strain rates should be
investigated for quasi-static and dynamic loads.

il) Nonlinear analysis has been undertaken in this
research to study the crack propagation at differ-
ent strain rates. However, nonlinear analysis at static
conditions is highly recommended to calibrate fr. A
more conservative and comprehensive value is rec-
ommended to extend the boundaries for precisely
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predicting the dynamic behavior of post-impacted
materials’ interactive behavior during the application
of high strain rate loading.

iii) In this study, the maximum permissible crack-width
limit has been considered from the ACI crack limit at
moisture. However, different crack widths in different
exposures, weather conditions, different geometries,
and various types of vehicle impact scenarios demand
improved reliability analysis to ascertain the ability to
withstand necessary impact loads from high-velocity
car crash scenarios.

iv) Due to their geometry and exposed faces, the vul-
nerability of RC bridge piers to high-velocity impact
in terms of crack propagation has been thoroughly
investigated. This will help to provide a meticulous
understanding for estimating optimum resilience in
post-impact scenarios. Various geometries along with
different impact scenarios are recommended to be
carried out before reaching decisions. This will help
provide explicit insights into possible crack determi-
nation and collapse, to determine crack resistance
methodologies.

v) Furthermore, the study highlights the urgent need
to update and calibrate existing design codes to
more accurately capture the complex load-resistance
interactions observed in real-world impact scenarios.
These proposed refinements seek to enhance struc-
tural design standards, ensuring that bridge piers are
better prepared to withstand the intensified forces
generated by high-velocity vehicular impacts. By
integrating the research findings, engineers can sig-
nificantly improve the resilience and safety of critical
infrastructure, enabling bridge piers to more effec-
tively absorb and dissipate energy during extreme
impact events. Ultimately, this leads to enhanced
durability and performance, contributing to safer and
more reliable transportation networks.

Table 2 provides a detailed conversion chart that serves as
an essential reference for translating measurements between
the US Customary Units and their corresponding Interna-
tional System of Units. Given that engineering and scientific
disciplines often use both unit systems, this chart ensures
seamless and accurate conversion of data, minimizing the

Table 2. Conversion chart for the us customary to the
equivalent SI units

US customary ST unit

1 ksi 6.89 MPa (kN/mm?)

1 psi 0.00689 Mpa (kN/mm?)

1 kip-in. 0.113 kN-m

1 kip 4.45KkN

1 Ibs 0.00445 kN

1 mph 1.61 km/h

1 fi-Ib/s 0.00136 kN-m/s (1.36 N-m/s)
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risk of errors due to unit inconsistency. By standardizing
these conversions, the chart supports clear communication
and reliable comparison of results, which is especially impor-
tant in this article where data from various sources and
systems are integrated. Ultimately, it facilitates uniformity
and precision in measurement reporting, enabling readers
and practitioners to interpret and apply the information
confidently across different unit frameworks.
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