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Executive Summary

This report investigates the performance assessment of highway bridges with
conventional and integral abutments against extreme flooding events. Several numerical
simulations have been carried out to examine these bridge behaviors during flooding. In the new
integral abutment system, which was introduced during recent decades, bridge superstructures
are constructed as integral parts of the substructures using high-performance concrete material.
The results showed the integral abutment system demonstrated high resistance to lateral flood
loading. This could be because integral abutment systems are not vulnerable to the dislodging
failure mode that affects conventional bearing systems. While this study indicates that integral
abutment systems can experience more complicated modes of failure, more research is needed to

completely understand their behaviors under extreme flooding events in vulnerable areas.
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Chapter 1 Introduction and Background

After Hurricane Ivan in 2004 and Hurricanes Katrina and Rita in 2005, the Federal
Highway Administration (FHWA) initiated a research project and assigned funding to publish
guidelines for bridge owners in areas vulnerable to flooding (Kulicki 2010). The final product is
AASHTO’s Guide Specifications for Bridges Vulnerable to Coastal Storms (AASHTO 2008).
The prevalent failure mode of highway bridges in flood-prone zones is attributed to a dislodging
and unseating phenomenon in which bridge spans are pushed away from their original locations
and eventually drop into their conduits (Padgett et al. 2012; Ataei & Padgett 2013a; Azadbakht
& Yim 2015). In addition to the unseating failure modes in simply supported span bridges, other
types of failure modes across various bearing systems should be investigated (Ataei & Padgett
2013b; Saeidpour et al. 2018).

This report studies the performance of a representative highway bridge with a newly
developed bearing system (integral abutment/pier caps) and compares it to the same model with
a conventional bearing system. After constructing a comprehensive numerical model of the
representative bridge, the loading patterns extracted from AASHTO code are imposed on it.
Failure modes and extreme stress levels in various bridge components (concrete deck, rebar,

girders, and stringers) are investigated.



Chapter 2 Hydrodynamic Loading to Vulnerable Bridges
There are several simplified methods in the literature that can be exploited with high reliability to
calculate the storm surge loads on the bridge superstructures (Yim & Azadbakht 2013; Azadbakht & Yim
2015; Azadbakht & Yim 2016). These simplified methods separate the impact of storm surges upon the
bridge superstructures into two incident stages: (1) initial impact and overtopping flow over the deck, and

(2) full inundation. The parametric simplified formulas are expressed as follows:

Fu,... = Fnns + Fa = 0.5y, h§ + 0.5C4p,,v2ho; ho < Ly, (2.1)
Fy,... = Fyns + Fq = 0.5%,,(2hg — Ly)Ly + 0.5C;p,02Lp; ho = Ly (2.2)
FpVmay = Cov(Fyns + Fs) = Cov[vw(ho = Lg = Ta)Ly + 0.5C, pyv°Lgy | (2.3)
Fyppe = Cup(Fy + F) = CyplyV + 0.5C,p,,v%Ly)] (2.4)

where Fy; , Fpy,and Fyp_ are maximum horizontal force, maximum downward vertical
max max max
force, and maximum uplift force, respectively. Also, Cy, C;, C,, Cpy, and Cyp are the drag

coefficient, lift coefficient, slamming coefficient in the vertical direction, empirical downward
vertical force coefficient, and empirical uplift force coefficient, respectively. Fy, , E,, , F,, Fa,
F,, and F; are the hydrostatic horizontal force, hydrostatic downward vertical force, slamming
vertical force, drag force, buoyancy force, and lift force, respectively. y,,, p,, = 2slug/ft3, g,
V, and v are specific weight of water, density of water, acceleration of gravity, volume of the

bridge per 1-ft length, and storm flow velocity, respectively. The other geometric parameters are

shown in figure 2.1, and Ly, = 4L,.
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Figure 2.1 Bridge superstructure cross-section schematic with prescribed geometric parameters
and imposed load directions.



Chapter 3 Numerical Modeling of Bridge
A representative bridge was selected to be a single-span bridge, which sits on a
conventional bearing support over an active streamway in the state of lowa with an FHWA
number of 31690, shown in figure 3.1. As-built detailed plans and records of the bridge geometry
plus its material information were collected from the lowa Department of Transportation and

then used to construct a finite element (FE) model of the testbed.

Figure 3.1 Real FHWA 31690 bridge superstructure and its numerical model simulated in
Abaqus.



The bridge model was simulated using Abaqus® software (Dassault Systémes Simulia,
2021). Full composite action between the concrete slab and girders was imposed by a surface-to-
surface contact algorithm, while the multipoint constraint algorithm was used to connect bridge
components. The concrete body was modeled with a 3D 8-node iso-parametric element
(C3D8R), and the reinforcement rebars were modeled as a 3D wire truss element member
(T3D2) plus embedded-region constraints inside the concrete medium. The steel cross beams and
girders were modeled with eight nodal points, six degrees of freedom, and a reduced integration
shell element (S8R). The mesh sensitivity analysis was carried out in order to obtain an
acceptable mesh size in which all initial 25 natural frequencies varied by less than 1%.
The numerical properties of the conventional bearing system, rocker and roller bearing systems,
plus their associate limit-states were selected from the literature (Pan et al. 2007; Pan et al. 2010)
as shown in figure 3.2. For the integral abutment system, the bridge model was fixed by encastre

constraints plus embedment length, which are buried inside a concrete medium.
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Figure 3.2 Conventional roller (low type and high type) and rocker bearing used as bridge
supports.



Chapter 4 Results

4.1 Conventional Bearing System

The conventional bearing system of the bridge under the simulated flood loading
responded as expected by undergoing an unseating phenomenon, as shown in figure 4.1. The
individual structural components at the moment of failure are shown in figures 4.2 through 4.5.
Based on what can be seen in the latter figures, the maximum stress levels of all components at
the instant of unseating happened at midspan; also, inclined plastic hinges are initiated around

the end-span of the exterior girders as shown in figure 4.5.
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Figure 4.1 Bridge superstructure cross-section view with conventional roller and rocker bearing;
its performance with excess drift unseated it from the pedestals.
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Figure 4.2 Bridge with conventional roller and rocker bearing; maximum bridge displacement at
failure moment.
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Figure 4.3 Bridge with conventional roller and rocker bearing; maximum concrete deck stress
level at failure moment.
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Figure 4.4 Bridge with conventional roller and rocker bearing; maximum rebars stress level at
failure moment.
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Figure 4.5 Bridge with conventional roller and rocker bearing; maximum girders stress level at
failure moment.

4.2 Integral abutment system

In the second scenario, the conventional bearing systems were substituted by the integral
abutment, in which the bridge end-span is embedded into the concrete body in practice. Bridge
end-span elements were constrained with encastre boundary conditions with predefined

embedded lengths, which would be integrated with the abutment concrete in practice. The
9



displacement around the end-span of the bridge with various maximum stress spots in its
components is shown in figures 4.6 through 4.10. The deflections of the bridge deck are reduced

substantially, as are the peak stresses in the girders.
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Figure 4.6 Bridge with integral abutment system; concrete deck displacement at failure moment.
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Figure 4.7 Bridge with integral abutment system; maximum bridge girders displacement at
failure moment.
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Figure 4.8 Bridge with integral abutment system; maximum concrete deck stress level at failure
moment.

Figure 4.9 Bridge with integral abutment system; maximum rebars stress level at failure
moment.
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Figure 4.10 Bridge with integral abutment system; maximum girders stress level at failure
moment.
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Chapter 5 Conclusion

This report studies the behavior of a common type of highway bridge under extreme
flooding incidents, focusing on the effects of the bearing system of the bridge during failure
mode. To do so, a representative highway bridge was selected, and its numerical model was
simulated in a robust software package (Abaqus). Extreme flood loadings were imposed on the
bridge to capture when and where each bridge component would fail. Two numerical bridge
models, one with a conventional rocker-roller system and one with an integral abutment system,
were defined in the software. The unseating phenomenon of the conventional bridge bearing
system was observed, while excess deflection from the pedestal/baseplates that would cause
dislodging in practice can be clearly seen in the figures of Section (4.1). For this system, the
bridge model experiences excessive stress levels at the midspan, where all concrete deck, rebars,
and girders reach their associated yielding stress in a manner similar to a simply supported beam
loaded laterally and uniformly.

The integral abutment system demonstrated higher resistance to lateral flood loadings but
behaved in a more complicated way under extreme flood loadings. In this case, different
structural components surpass their associated yielding stress in various locations along the
bridge span length. This means that rather than a single failure mode, several failure patterns
would be possible. For such a system, as shown in Section (4.2), steel girders and embedded
rebar fail around the midspan, initiating a failing domain that starts from the flood angle of attack
(right to left). The concrete deck fails at the end-span over the girders, as shown in figure 4.8.
Also, the connections between the girders and stringers have most likely experienced plastic

hinges, as plotted in figure 4.9. Due to the excessive plasticity in the numerical model in various

13



spots, the failure mechanism could be initiated by any of the numerous plastic hinges scattered
along the bridge superstructure.

The greatest obstacle to future research on such systems lies in the considerable demand
upon computer processors to run numerical models with many nonlinearities incorporated and
with high accuracy demands. This bridge is categorized as a small span length. Several
numerical simulations are ongoing to investigate moderate span length and large span length
models. However, due to the nature of the problem and the need for accuracy and nonlinearities
incorporated in the study, much more investigation is required to completely understand bridge

structural behaviors during extreme flooding events.
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