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EXECUTIVE SUMMARY

This report presents the findings of NCDOT Research Project RP-Gf)28med at addressing the
challenges associated with assessing damage to bridges with prestressed concrete girders caused by
overheight vehicle collisions, particularly during construetiOverheight impacts are a frequent issue,

with over 12,000 bridg®ehicle collisions reported annually in the U.S., often leading to costly delays,
litigation, or safety risks due to inadequate visual inspectionsrtagfail to detector underestimatthe

severity ofinternal damage like strand debonding or prestress loss. The primary objective was to develop

a fundamental understanding of how the impacting object characteristics (e.g., type, velocity, location),
bridge features (e.g., girder type, diaphragms), andtamtion stage influence external and internal
damage in prestressed concrete girder bridges. A practical goal was to createhasezictools and
guidelines for rapid, risknformed damage assessments to gdiaothingfepair/replacelecisions.

The research leveraged hifidelity finite element (FE) modeling with advanced constitutive and contact
models using LDYNA, while building on verified techniques for collision simulations. A key innovation

was the development of a Collision Analysis HEeg(CAE), an automated script library that generates
detailed 3D models of bridge superstructures from basic parameters, incorporating elements like girders,
decks, diaphragms, reinforcement, and elastomeric bearings. This CAE allows for the rapichuvelop

of highfidelity finite element models of bridge superstructures from bridge plans, ensures consistency in
model development, and afforded the research team with a means to perform parametric analysis at a scale
significantly larger than any prior rearch. Models were initialized to replicate construction sequences,
ensuring accurate prestress and camber simulation. Constitutive models were evaluated and selected for
concrete (e.g., CSCM for higgtrainrate behavior) and steel, by benchmarking mpddlormance against

data from impact experiments. Novel contributions included the development of a finite element model for
a dump truck with raised beds to provide a means of simulating one of the most frequent culprits of
overheight collisions. A casstudy involving accidental collision of a raised bed dump truck with girders

of a bridge under construction was simulated to provide validation of the plausibility of this dump truck
model. A series of parametric analyses were then performed to adulesssgecific gaps in the existing
knowledgebase. The first investigated differences in failure modes and susceptibility of prestressed
concrete girders to damage from overheight vehicle impact at different stages of constsusttiraghe

influence of the presence and type of intermediate diaphragm on the girder response. Significantly different
failure modes and significantly reduced resistance to lateral impact forces were predicted for girders prior
to the placement of the decihe vulnerabiliy of such girders to severe damage adjacent to the sole plate
connection a damage mechanism also observed in awedt case studywvas specifically highlighted.

The second parametric analysis examined the effect of initial truck velocity, angle of raised bed, impact
location, and vertical underclearance violation on the severity of damsagg model of a representative
prestressed concrete girder bridge. This parametric analysis resulted in the development of a framework
for creating simplified anehtuitive isodamage curves that could be used by bridge engineers to quickly
estimate the likelihood of superficial, moderate, or severe damage without running additional
computationally intensive finite element analysis. Lastly, a large parametricsianabnsisting of 864
simulations conducted with models of three different bridges was performed to investigate the effect of
bridge and dump truck features on the impact force characteristics needed to utilizeltihreage curves

in practice. Specifally, prediction models for peak lateral impact force and impulse assogidtedised



bed dump truck impacts were successfully develagsgdg nonlinear regression and the modefsre
shown toexhibit high confidence.

The research advances the state of knowledge by providing the first comprehensive parametric study of
raised bed dump truck collisions with prestressed concrete girder bridges, revealing critical insight into the
effects of bridge characteristics and trugdocity, angle of raised bed, impact location, and vertical
underclearance violation on the impact force characteristics and resulting damage. Products include:
0 Extensive software libraries for rapid and automated generation offiladity finite element

models from bridge plans, enabliagentspecific simulations to support forensic analysiscaf

world incidents.

0 Unigue capability to explicitly simulate the collision of dump trucks with raised beds using-a high
fidelity model of a representative construction vehicle.

0 A framework for riskbased, simplified assessment of the likelihood and severity of damage to
prestressed concrete girders from overheight collisions based-darismge curves.

0 Statistical models to predict the impact force characteristics needed for practical utilization of the
iso-damage curves.

0 Guidance related to the inspection of prestressed concrete bridge girders when subjected to

accidental lateral impacts prior to the construction of the bridge deck.

These tools could empower NCDOT engineers to mitigate risks, reduce litigation, and ensteentong

bridge safety over 75 to 18f&ar service lives. Additionally, this work could enhance bridge management
practices, potentially saving costs and improyaudplic safety. Since the developed framework for-risk

based, simplified assessment of the likelihood and severity of damage is basedamage curves that

are described with only three parameters, the framework is suitable for being generalizgud¢steegsed

concrete girder bridge. Future research should be directed towards the development of a surrogate model
for predicting this limited set of isdamage curve parameters from bridge characteristics sa tbat
applicable to the entire inventory of the stateobs
by practitioners. Additional recommendations for future research, such as expanding the research to
excavators carried on flatbed trailease also provided.

Vi
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1. MOTIVATION AND BACKGROUND

In 2022 alone, 12,339 vehicle collisions with bridges were reported throughout the United States (National
Center for Statistics and Analysis, 2025). Overheight collisions with bridge girders occur significantly
more frequently than vehicular collisionsthvbridge piers or abutments and the majority of overheight
collisions are attributed to trucks and trailers carrying construction equipment, materials, and other objects
(Agrawal, et al. 2011). Although minimum underclearance standards generally enitigatisk of
overheight collisions to kservice bridges by vehicles of legal heidbith overpass bridges under active
construction as well as overpass bridges in service are at particularly elevateadskiental collisions

from dump trucks with unintentionally raised beds and overheight excavators on flatbed trailers.

Bridges of all materials and design types may be affected by overheight vehicle collisions, but prestressed
concrete girder bridges are of particular concern to NCDOT due to their prevalence and the challenges
associated withtheir damage assessment. According to 2025 National Bridge Inventory data (LTBP
InfoBridge, 2025), prestressed concrete girder or beam bridges account for over 40% of all bridges
constructed in North Carolina within the past five years and over 20% of the stattewide bridge
invertory owned and maintained by NCDOT. Although prestressed concrete generally offers greater
resistance to impact loading than reinforced concrete, the collision of overheight vehicles with prestressed
concrete girders can produce significant damage thaiaimy cases may not be visually apparent and is
difficult to accurately assess. Specifically, the following unique challenges are associated with damage
assessment of prestressed concrete girders: 1) debonding of the prestressing strands and ltge of effec
prestressing force can often not be visually observed since the strands are embedded in the concrete; 2)
even if spalling exposes strands, it is difficult to assess the redevelopment of prestressing force to
undamaged regions of the girder; 3) the mm@mmon damage pattern associated with impacts from
overheight vehicles is torsieénduced shear cracking, but the nature of the prestressing can causes crack
closure making complete observation of the damage pattern difficult; and, 4) exterior girgidnavaa
beneficial composite action with the barrier wall and other structural components that may be compromised
by impact damage (Harries, 2012). The significance of damage in prestressed concrete girders introduced
by overheight impacts is not limited direct reductions in the strength of the section. Harries et al. (2012)
summarized additional considerations that inform decisions to repair damaged girders. For example, cracks
and minor spalls may reduce the durability of the girder by accelerafimgde ingress and weakening the
resistance to corrosieinduced damage. Also, effective prestress losses may extend beyond visibly
exposed or ruptured strands, as compromised concrete may inhibit the ability of nearby strands to fully
transfer prestress

Based on analysis of the incident rate of collisions involving prestressed concrete girder bridgégesver a
yearperiod in Texas, Feldman et al. (1996) estimated that at leaghinde of all overheight collisions

with prestressed concrete girder bridges result in only minor damage limited to cracks, shallow spalls, and
scrapes. Moderate damage, characterizeditbgr large cracks or spalling extensive enough to expose
undamaged strands, occurred in 20% of the incidents, while severe damage was ardieti4% of the

reported incidents. This finding is generally consistent with an earlier NCHRP study that surveyed 36 state
DOTs and found that 72 percent of incidents to prestressed concrete bridges resulted in only minor damage
(Shanafelt and Horri,980). These statistics are based on accidental overheight collisions occurring to fully
constructed, irservice bridges. Existing research on damage to highway bridges from overheight collisions



has focused almost exclusively onservice bridges. However, prestressed concrete bridge giniges

active construction may be particularly vulnerable to damage from overheight collisions, as the beneficial
stiffness and inertial contributions provided by intermediate diaphragms, the deck, and parapets or railings
may or may not be provided depending on the stage of construction during the impactimpast
assessment of such girders requires a determination of whether to accept repair oreqglgugment of

the affected bridge components while considering the near anddongisks of acceptance, effect on
project timeline and cost, and potential for litigation by the responsible party.

1.1 Research Needs and Objectives

This research is in response to the NCDOTs need to perform timely and accurate assessment of prestressed
concrete girder bridges impacted by overheight vehicles and equipment while overcoming the significant
challenges related to visual inspection of toastruction type. This need is most frequently associated
with active construction sites, where overheight collisions result in a difficult decision presented to NCDOT
engineers on whether to accept or reject the affected gardgirders Unnecessagl requiring the
replacement of an impadamaged girder can lead to significant delay and cost to the responsible party,
especially if the collision occurs when the bridge is near completion. The party carrying such liability for
the replacement may pussiitigation, which further adds to scheduling delay and project costs. However,
accepting a repaired girder based only on visual inspection presents a safety risk to the public since safety
critical damage mechanisms in prestressed concrete, such aslidghaf strands and loss of prestress, can
occur without exhibiting clear, externally visible symptoms. Furthermore, this risk is carried for the
remainder of the 75~106fkear service life of the bridge. A related challenge faced by NCDOT engineers is
the accurate assessmeifitin-service prestressed concrete girder bridges following accidental overheight
vehicle collisions to inform appropriate and eeffective denothing/repair/replace decisions.

The research leverages existing verified and validfi@e elementmodeling techniques to analyze the
impact of overheight collisions on prestressed concrete girder bridges, expands the modeling methodology
to include active construction site objects and vehicles, and integrates both into an analysis framework that
is referred to as a Collision Analysis Engine (CABhe CAE is an automated workflow that accepts a set

of parameters defining the general bridge characteristics and the nature of thgbt/gnipact, constructs

an input file forfinite elementanalysis of the scenario, and performs nonlinear analyses to generate high
fidelity predictions of both observable and internal damages to the affected structure. The CAE is used to
conduct largescale parametric analysis to develop an understandintgecfdrrelations between impact
object/location, velocity at impact, and bridge characteristics with the location/type/severity of damage
developed from the collision. By introducing novel models ¥ehicle collision analysis at active
construction sites (i.e. dump trucks with raised beds) as well as producing the first comprehensive
parametric analysis of factors affecting the impact resistance of prestressed girders, the research addresses
fundamendll gaps in the current knowledge base. Strategically, the design of the research approach also
results in valuable products thaduld enable NCDOT to perform rapid assessments of probable damage
and associated girder capacity reduction without placing an increased burden on Structures Management
Unit engineers, produce actionable guidance for damage inspection, and mitigate risk atidl pote
litigation following overheight collisions at active bridge construction sites.

The principal research objective of this project is to develop a fundamental understanding of the effect of
impact object, intensity, and location, as well as bridge characteristics (such as girder type, number of
girders, and intermediate diaphragm depign external and internal damages in prestressed concrete
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bridges resulting from overheight vehicle impacts occurring during either active construction or during
service. This research objective builds on recently published literature that has established verified and
validated higHfidelity finite elemenmodels for simulating the collision of typical construction objects and
vehicles with prestressed concrete bridge girders. However, the research conddiatedh&s focused on
utilizing such higHfidelity modeling to improve the design of prestressedceet girders against
overheight collisions, rather than to inform damage inspections and condition assessments of bridges
following impacts. Furthermore, the modeling of impact forces on highway bridges in the literature has
largely been limited to vehicleend objects likely to collide with a bridge during service, rather than on
construction vehicles and objects likely to collide during construction. Consequently, there are significant
gaps in the existing knowledge base on how to appropriately modedpghetifrom construction equipment

and how the properties of the object impacting the bridge, location of the impact, intensity of the impact
force, and characteristics of the bridge affect the severity and nature of damage and the capacity of the
structure

The practical objective of satisfying these gaps in the existing knowledgebase is to prodbeseaisk
guidelines and tools for damage assessment and inspection of-olapzeged prestressed concrete girder
bridges that are informed by the underlying ptysas predicted by higfidelity finite elementanalysis.
Statistical classification of the results from the lasgale parametric analysis results in easily implemented
iso-damage curves that will inform NCDOT engineers of the -saseific risk of acepting impact
damaged girders during construction or choosingnatbing action following irservice collisions.
Furthermore, the analysis tools developed to conduct the-dapje parametric analysis lead to an
automated framework of scripts capablegyeherating sitspecificfinite elemenimodels and establishing

the required analysis steps with only simple parametric input from the user on the general bridge design
characteristics and nature of the impact fortleis developed capability enables theearch team to assist
NCDOT with simulation of specific reatorld incidents to investigate the likelihood and nature of internal
damage resulting from overheight collision of raised bed dump trucks with girders of prestressed concrete
bridges.

1.2 Literature Review

1.2.1 Field observations of damages to bridges with prestressed concrete girders

Several prior studies have documented-vealld cases of accidental overheight collision damage in
bridges with prestressed concrete girdeFobel, et al. (1997) described damages to four prestressed
concrete girder bridges following accidental overheight vehicle impact. One incident involving impact
from the boom of a trueknounted crane resulted in total collapse of a span. From direcvatise of the
collapsed span, the authors were able to conclude that shear failure at the interface betwelemide

upper flange of the girders led to the collapse. Another incident involving a vehicle with unknown
overheight cargo resulted in severe damage in the form of exposed and severed strands in the exterior girder
at the location of impact. Notablhjhe authors also described moderate damage in the adjacent girder that
was also impacted, while highlightimyidenceof a reinforced concrete intermediate diaphragm near the
impactlocationacting as a reaction point based on the propagation of cracksegveld in the bottom

flange. Furthermore, instrumentation anditu load testing of the damaged span and a nominally identical
undamaged adjacent span revealed little difference in the deflection of the spans despite the complete
severing of at least tw strands. The authors concluded that the damage was repairable based-on the in
situ testing. Harries et al. (2012) provides photographs of additional damage observations from overheight
vehicle collisions, although commentary on the individual incslentimited.
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Both Zobel et al. (1997), Harries et al. (2012), and Brice (2013) describe typical failure modes for
prestressed concrete girders subjected to overheight vehicle impacts. A typical observation in a severely
damaged girder is depicted graphically in Figlwe The bottom flange on the impacted side of the girder
often experiences localized spalling across the surface directly impacted by the vehicle. In some cases, the
spalling is significant enough to expose strands, which can lead to rupture. Tdresesgpthe girder to

the impact force is characterized by shiasional behavior, which can lead to shear cracking throughout

the web and bottom flange of the girder and horizontal cracking along thwagbflange transition. In

cases of severe dage, a Bshaped shear failure of the girder is often observed on the rear surface of the
girder. Zobel et al. (1997) also observed in two incidents the presence of cracking along the bottom surface
of the girder extending to the location of an intermedidiaphragm. The presence of this cracking was
attributed to the stiffness of the diaphragm introducing a reaction force to the girder under the lateral impact
load. A typical observation in a moderately damaged girder is depicted in Figure 1.2. taseshthe
observable damage is often restricted to the bottom flange of the girder. In addition to any spalling on the
impacted surface, a shear puslt failure is developed that is characterized by delamination symmetrically
extending diagonally frorthe location of the impact. In some cases, the delaminated concrete will separate
from the girder and prestressing strands will be exposed.
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Figure 1.1. Depiction of typical case of severe damage to a prestressed concrete girder from
overheight vehicle impact
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Figure 1.2. Depiction of typical case of moderate damage to a prestressed concrete girder from
overheight vehicle impact

1.2.2 Damage assessment for prestressed concrete bridges

Each year, there are approximately a thousand reported cases of impact damage to highway bridges (Gangi
et al. 2017), with impact damage identified as the third most significant cause of bridge failures (Nguyen
and Brilakis 2016). This widespread issue Hmen examined by various state Departments of
Transportation (DOTSs), primarily focusing on the repair of impact damage to prestressed bridge girders
(Shanafelt and Horn 1985; El Safty and Graef, 2012; Harris et al. 2012; Pino and Nanni 2015a; Ghaffary
and Moustafa 2020, among others). Notable studies regarding the behavior of prestressed girders under
impact damage have been conducted by Rizkalla et al. (2011), Xu et al. (2013), Nguyen and Brilakis.
(2016), and Oppong et al. (2021), which include exterfgiite element modeling and laboratory analyses.

To evaluate and determine suitable repair options, several recommendations have been proposed, including
assessing the prestressed tendon stress levels at various sections (Tabatabai et al. 2019h@urzch utiliz
evaluation table (Table 1.1) that categorizes damage levels (Das et al. 2022). Nevertheless, there is a notable
lack of specific literature addressing impact damage on prestressed girder bridges during coristruction
highlighting a critical gap ithecurrent research.



Table 1.1. Damage Classification (Das et al., 2022)

DEEYS SEVERE | SEVERE II SEVERE Il SEVERE IV
Classification
. Preventing
hﬁggg”h further ULS only ULS and SLS -
P pny deterioration
Action Not required Non post- or pre- Post- or pre- Replace
tensioned repair | tensioned repair
Live load capacity - Up to 5% Up to 30% 100%
replacement
Ultimate load
capacity - Up to 8% Up to 15% 100%
replacement
Replace lost < 5% strand 2-3 strands Up to 8 strands >8 strands
strands loss (>5%) (>20%) (>35%)
Vertical deflection | Partial loss of Complete loss of Up to 0.5% of
>0.5% of span
(camber) camber camber span

Literature regarding the inspection of prestressed concrete bridge girders was surveyed as part of the
research effort. Several reports proposed qualitative rankings of damage severity. For instarid€ CABC
(2020) introduced a fievel damage severityassification. Table 1.2 describes this damage classification

to aid in determining repair strategies. Tabatabai et al. (2019) elaborated on these five levels, categorizing
them as Minor, Moderate, Significant, Serious, and Severe, and provided addjtialitative metrics for
assessing crack widths and the percentage of severed strands. For an automatable assessment process, a
flowchart or algorithm is typically required, such as one suggested by Feldman et al. (1996). However,
Fel dmano6s actogmeahensivenmss hsat ddessnot take into account minor and moderate damage
scenarios. Harries et al. (2012) conducted a thorough review of collision damage and repair strategies for
concrete girders. Their report includes a decision flowchart for tlagr negrsus replacement of prestressed

| girders, addressing damage classifications from minor to severe, as well as a table estimating the number
of strands that could be replaced with CFRP in typical sections.

Table 1.2. Damage Classification (ABC-UTC, 2020)

Damage Classification
) Severe
Minor Moderate
| Il 1]
Damage does Damage does .
. : Damage is too
not affect not affect Requires Requires structural .

. ; expensive to
member member structural repair repair repair
capacity capacity P

Repair is Repair is done

Repairs are for P Repair is done to restore both

. done to . L The member
aesthetic or to restore the ultimate limit

. prevent ; L must be

preventative ultimate limit state and the
further U replaced

purposes deterioration state service limit
state




In his influential work, Scheer (2010) identified that bridge failures often result from operators' failure to
monitor the loading height. Notably, none of the 19 reported bridge failures referenced were associated
with incidents during construction. Dunegal. (2020) conducted a thorough review of state responses to
collision impacts on bridge structures, revealing that between 2013 and 2018, there were between 13,000
and 18,000 collisions with bridges. Various states have published studies on thefiiegaacted bridges,
including research by Feldman et al. (1998), Erki and Meier (1999), Schiebel et al. (2001), Nanni (2001),
Nanni et al. (2004), Miller (2006), Kim et al. (2008), Pantelides et al. (2010), Rizkalla et al. (2011), Kasan
(2012), Kasan eal. (2012), Aimi and Sennah (2013), Cerullo et al. (2013), Gangi (2015), Gangi et al.
(2018), Jones (2015), Cai and Xia (2015), Pino and Nanni (2015b), and Pino et al. (2017). The earliest
studies on this topic were published in the early 1980s (ShaaaftlHorn, 1980). The most extensive
research on the repair of collisiolamaged prestressed girder bridges can be found in the works of Harries

et al. (2009, 2012a, and 2012b). Harries et al. (2012a) presented a comprehensive flowchart to aid in
decisionmaking for determining bridge repair strategies. Additionally, Ghaffary and Moustafa (2020)
compiled an extensive list of damaged bridges from various states, though without clarification regarding
whether the damage occurred during construction. While stadies concentrated on rédction damage

to girders, Pantelides et al. (2010), Hasenkamp et al. (2012), and Andrawes et al. (2018) specifically
examined damage at the ends of girders. This focus is critical, as impacts may result in lateral displacement
of girders, leading to damage at their ends.

1.2.3 Experimental research

Experimental testing of prestressed concrete bridge girders under lateral impact has been extremely limited,
presumably due to the cost and logistical challenges associated with impact testing of girders under
controlled conditions representative of oveghe vehicular collisions. The only fulicale experiment

known to the authors was conducted by Jing et al. (20di@ga single AASHTO Type | section with a
narrow portion of composite slab that was subjected to a lateral impact to the bottom flamgen fro
essentially rigid impactor with a 10 inch square steel plated head. Based-apééghvideo observations,

the authors described the failure of the girder occurring through the development of a diagonal cracks in
the bottom flange of the girder adgnt to the supports, followed by a horizontal crack along the intersection

of the bottom flange and web through the majority of the span, spalling of concrete from the bottom flange,
and, ultimately, flexural failure about the major axis of the sectiaracterized by the formation of a hinge

at the midspan and large upward displacement. While the study provided this valuable direct observation
of the response of a prestressed girder to lateral impact, several limitations of the published test program
render the use of this case study for validation of numerical models challef@isg.he girder specimen

had previously been subjected to a static load test resulting in shear failuedttamagh the girder was
configured with a reduced span to ex@ulde damaged ends, the extent of damage, including visible section
loss, or any prestress loss within the tested span from the prior static load test was not characterized.
Additionally, the majority of the instrumentation failed to produce useful datiing the measurement

of the girder response to only the vertical displacement at the midspan, strain adjacent to one support, and
a sequence of still images of the girder response from aspiggd video recording (Jing, 2017). Lastly, it

is notable hat the type of failure observed in this experimental test program is not typical of those reported
following overheight vehicle collisions to actual prestressed concrete girder bridges. The distinct mode of
failure observed in this case study can bdbatted to the nature of the experimental setup. Since the
specimen was a single girder with only a narrow portion of composite slab representing the deck, the girder
responded to the impact loading independently rather than interacting with the ressopénstructure



components, as would occur in a complete bridge. Furthermore, the girder was configured with supports
near the first and third quarterpoints rather than the ends, which produced a very short span of only 26 ft
and significant negative flexural moments téhe nearly 15 ft long cantilever regions at each end created

by the support locations.

Recently, a laboratory study was conducted to observe the effect of the presence of a bridge deck on the
impact response of scateodel prestressed concrete bridge girders (ElGawady and Abdulazeez, 2024).
This study provides additional insight into théfelient failure mechanisms that may be observed when a
prestressed concrete girder is subjected to lateral impact as an isolated member, which may be the case for
overheight collisions occurring during construction, or as a member of a complete supgestideich

would be the case for collisions occurring during service. In the study, two nominally identical girders
were examined, with one of the girders tested as an isolated member and the other wiih-jal azzest

tributary section of composite deslab. The girders were doubly symmetrighlaped sections contaig

two prestressing strandsith a 12inchtotal depth, @nch wide by 3inch deep flanges, and aiBch wide

web. The slab cast on the second specimen vish4hick and 36inch wide. A 660 Ib rigid impactor

with a steel plate at the contact interface. The impact force was measured using a load cell and the girder
response was measured with an array of accelerometers, string potentiometers, and strain gauges. Despite
subjecting eackyirder to the same impactor mass traveling at the same velocity, the peak force measured
during impact to the girdéeaturing gportion of deck slab was approximately twice that developed for the
impact to the isolated girder and the maximum lateral @igphent at the midspan was difith of that

measured for the isolated girder. While these differences are indicative of the expectedly stiffer response
of the girder with the connected portion of slab, the observed failure mechanisms were also significan
influenced by the presence of the deck slab. Figure 1.3 provides a depiction of the spalling and cracking
across the specimens, approximated based on photographs provided within the referenced report. Damage
in the isolated girder was characterizedlicalized spalling at the impact, visible flextgleear cracks
throughout the entire cross section and along a significant portion of the span on the impacted side of the
girder, and significant localized shear cracks visible on the rear side of the gitte authors of the report
described the initiation of the failure as a localized punching shear mode of failure, as evidenced by the
shear cracks on the rear side of the girder, followed by biaxial flexural failure with hinging about the damage
regionleading to significant residual deflection in both the lateral and vertical directions. In contrast, the
girder with the portion of deck slab was reported to exhibit localized failure characterized by extensive
spalling and predominantly shear crackst tvare concentrated primarily within the girder web. The
authors specifically noted the absence of damage to the top flange of the girder, which was attributed to the
restraint provided by the attached portion of deck slab.
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Figure 1.3. Depiction of observable damage in girder specimens reported in EIGawady and
Abdulazeez (2024): a) isolated girder; b) girder with portion of deck slab

1.2.4 Numerical research

Due to the logistical challenges, risks, and significant costs associated witbdigllexperimental impact
testing of prestressed concrete girders, particularly given the necessity to either test a complete
superstructure or realistically simulate tlestraint provided by the bridge deck, diaphragms, and adjacent
girders, much of the research on the behavior of bridges with prestressed concrete girders subjected to
lateral impact has been performed using numerical simulation. Early numerical motfelitsgfecused

largely on the role of intermediate diaphragms on the resistance of bridges to lateral loads (Abendroh et al.
1995; Qiao et al. 2008). However, due to the technological limitations of the time of these studies, they
were performed using crse meshes, simplified constitutive models, idealized boundary conditions,
reduced models, neglect of strain rate effects, and simplified modeling of the collision using prescribed
force time histories rather than explicit modeliwfgcontact with an impdor. A critical review of this

earlier research recommended the pursuit of-figdity modeling to address the computational limitations

(Cai et al. 2007).

Recently, several studies have utilized Hiiglelity finite element analysis with advanced constitutive
models to investigate the response of prestressed concrete girder bridges to overheight vehicle impacts. Xu
et al. (2013) investigated damage mechasis prestressed concrete girder bridges by explicitly modeling

the collision using finite element models of container, tipper, and tank trucks. The authors also presented
a simplified model to predict the impact forces without requiring the usehighdidelity model of the

vehicle. Oppong et al. (2021) predicted impact force characteristics associated with overheight impact from
several objects by simulating collisions using finite element analysis. Specifically, the study included
models of a hollow concretgipe, a cylindrical steel tank with closed ends, a PVC pipe, a wooden box
container, and a tractor trailer, all of which were modeled with nonlinear material models. Two bridge
girder models were used, one with an AASHTO Type | girder and aheawiAASHTO Type IV girder.



However, the girders were modeled as having only mild reinforcement and therefore were not modeled as
prestressed concrete girders. The complete superstructure was not explicitly modeled, instead the nodes of
the model along the top surface of the gird@re restrained against translation in all directions to
approximate the restraint provided by the bridge deck. The primary results discussed in the paper were
developed with a 40 ft span length and translational restraint of all nodes at the girdersimigate an

integral abutment, however the authors noted that span length and support boundary conditions were found
to have little influence on the peak impact force and impulse. The steel tank model produced the largest
peak and mean impact forceslléwed by the concrete pipe, and consequently the most significant
prediction of damage in the girder. The tractor trailer model introduced significantly lower impact forces
on the girder and, likewise, lateral displacements an order of magnitude tanahbse developed with

the steel tank for each girder type. Empirical models to predict the peak and mean impact forces for concrete
pipes and steel tanks were developed by performing nonlinear regression on databases of 24 simulations
conducted for edcobject with different variations of diameter, wall thickness, and contact area. The study
found that greater peak and mean impact forces developed on Type IV girders compared to Type | girders
subject to impact from the same obijects travelling at threeseelocity. This was attributed by the authors

to be a result of greater stiffness of the Type IV girder, however the empirical models were able to account
for differences in girder type by accounting for the contact area, which differs between thelen®as a

result of differences in the depth of the bottom flange. Collectively, the results from this paper suggest that
differences in contact stiffness arising from bridge characteristics and location of impact produce only
minor variations in the geral characteristics of impact force time histories associated with overheight
impacts from construction objects and vehicles. This result supports the development of empirical
prediction models for representative construction vehicles to alleviateeth@ flor computationally
expensive simulation of impact using hifitielity models of the vehicle.

ElGawady et al. (2024) used {LHYNA to perform a limited parametric analysis of factors influencing the
response of prestressed concrete girder bridges subject to overheight collisions frorseraittailers.

The study used the National TransportatiResearch Center (NTRCI) tracteemitrailer model and the
parametric analysis consisted of eight simulations with different girder types, truck speeds, and truck mass.
As a component of the study, the authors compared simulation results obtained witbl @fham entire

50 ft bridge span with six Missouri DOT Type Il girders to those obtained with a reduced model featuring
only a single girder and portion of bridge deck with a fixed boundary condition introduced along the edge
of the deck to approximatae stiffness provided by the rest of the superstructure. The peak impact force
was moderately higher and the contact duration and associated impulse were significantly greater for the
full bridge model than for the simplified model. Furthermore, lowsesty of damage was predicted

when the full bridge superstructure was modeled, suggesting that the idealized restraint used to represent
the contribution of the remaining superstructiaréhe response afie impacted girder was unrealistically

stiff in the simplified model. Despite the noted differences, simplified single girder models were used to
perform the parametric analysis due to the advantage offered by reduced computational cost.

Elshazli et al. (2025) investigated the behavior of prestressed concrete girder bridges under lateral impacts
using highfidelity finite element models developed in{C5YNA. Specifically, the study used a numerical

model of a 45 ft bridge span with thigléissouri DOT Type Il girders supporting afir&h thickreinforced

concrete deck. In the study, a simplified rigid impactor model in the shape of a solid cylinder 3.2 ft in
diameter and 3.9 ft in length was used. Due to the size and rigidity of the impactor, the majority of the
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simulations presented resulted in prediction of significant damage to the impacted girder, even at lower
initial impact velocities. The authors highlighted a transition from a global deformation response of the
girder at low initial impact velocities tolacalized failure mode as the impactor velocity increased. This
observation is expected due to increased inertial forces and has been demonstrated in drop height impact
testing of reinforced concrete beam specimens (Saati and Vecchio, 2009). A liandetepic analysis

was also presented in the study to highlight the ability of intermediate diaphragms to reduce lateral
displacement of the girder under lateral impact. Predicted displacement time histories presented in the
paper suggest that girderghvieinforced concrete intermediate diaphragms exhibit significantly less lateral
displacement than those with steel channel intermediate diaphragms, but indicated that the reinforced
concrete intermediate diaphragms may crack if impacts occur at higpeagss

1.3 Identified Research Gaps

While recent studies have demonstrated the ability of-fiigity finite element analysis to produce
plausible predictions of the damage developed within prestressed concrete bridge girders when subject to
lateral impact, the literature review identified several gaps needing to be addressed.

1. Foremost, bridge engineers are unlikely to performiigglity finite element analysis in parallel
with visual inspection to assess bridge condition after overheight vehicle collisions, so a simplified
surrogate to casspecific finite element analysis heeded. Although some parametric analysis
has been performed in recent studies, the influence of bridge characteristics and impactor
characteristics on the response of prestressed concrete girders to lateral impacts has not been fully
addressed. Comgeently, a basis for simplified modeling of the problem is lacking.

2. Numerical research conducteddate has relied on only rigid impactor models, pipe and tank
models, and a tract@emitrailer model. The development of finite element models of dump trucks
with raised beds and excavators on flatbed trailers is needstntdate the vehicles most
frequently involved in overheight vehicle collisions. Prediction models are also needed to estimate
key impact force characteristics for these vehicles.

3. Research on damage to prestressed concrete girder bridges from overheight vehicles has focused
nearly exclusively on fully constructed,-&ervice bridges. The performance of prestressed
concrete bridge girders during construction has not been studied.

4. The role of intermediate diaphragms and the effect of intermediate diaphvaigmal and design
on the resistance of prestressed concrete bridge girders to impact damage received significant
attention in the |l ate 19906s and early 200006s
2008). However, the limited experimentation supporting théearch was based on static load
testing (Abendroth et al. 1995) and, as discussed in the prior section, numerical studies on this topic
were hindered by compational limitations imposed by the technology available at the time.
Furthermore, the effect of the presence and type of intermediate diaphragm has only been studied
for fully constructed bridges.
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2. HIGH-FIDELITY FINITE ELEMENT MODELING OF BRIDGES

One of the products of this research effort is the development of an extensive library of verified scripts to
automatically generate higfidelity finite element models of highway bridges with prestressed concrete
girders. This library, referred to hereas the Collision Analysis Engine (CAE), enables the expedited
development of detailefihite elementmodels of complete bridge superstructures based on encoding a set
of geometric dimensions and material properties that can be readily populated froenpbaialg into a
defined database structure. The CAE then reads this database structure and, without further manual
intervention, generates all files necessary to initializdittie elemenimodel and prepare simulations for
collision analysis. The models generated by the CAE are highly detailed and include all girders, internal
reinforcement, diaphragms, deck, sole plates, @tilize elasticboundary conditions to simulate the
behavior of elastomeric bearings. Figure 2.1 depicts the workflow of tredogped CAE. Figure 2.2
provides a wireframe rendering of a representative bridge model where the components included in the
model are identified. Additional information on the elements, connectivity, meshing, constitutive models,
and initialization of te models performed with the CAE is provided in this section of the rapovell as

in Samadzad et al. (2024).

/Bridge Plans ) ﬂinite Element Model and Analysis Decks \
) (Kemord Files )
I
ik Step 1: Initialization of Girders
\ Step 2: Initialization of Other Bridge Components
@ Manual Extraction
/Database File N
Parameter Assignment
Girder Type v |:>
Girder Length 78 ft0in Automated
Span Length 76 ft5in Generation
Strand Locations (X,Y) pairs Step 3: Impact Analysis
/Impact Scenario )
Parameter Assignment
Vehicle Type Dump Truck |:>
Velocity 55 mph Automated :
Location 23 ft from bearing Generation Y
. J A\ ) J

Figure 2.1. Schematic of developed Collision Analysis Engine (CAE)
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Figure 2.2. Wireframe rendering of a representative finite element model of a bridge span
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Automated model generation can facilitate the rapid simulation of actual overheight collision incidents to
provide physicdased insight into potential failure mechanisms and severity of internal damage that are
not always readily ascertained by visual ixon. Furthermore, the automated model generation enabled

the research conducted as part of this project to encompass a larger number of bridge models and impact
scenarios than feasible if manual preparation of models was required, while also ecmusisgency in

the modeling and assignment of critical material and contact parameters across the set of FE models, which
is challenging when models are developed manually. The CAE was developed to generate keyword files
for LS-DYNA, an advanced mulphysics finite element analysis solver. Version R15.0.2 in the shared
memory processing (SMP) mode was used to conduct all of the numerical analyses contained in this final
report. High Performance Computing (HPC) resources at UNC Charlotte were leverageddite the
simulations through parallel processing.

2.1. Elements and Connectivity

The CAE develops a higfidelity threedimensional finite element model of complete bridge
superstructures to facilitatbe simulation of collisions of representative overheight vehicles with bridge
girders using advanced contact models. Constant stress hexahedral solid elements are used to model the
concrete in the girders and bridge deck. The CAE accepts the skew angladmdf the deck as inputs

and automatically adjusts the girder positions and elevations to correctly model the geometry of the
swoerstructure. The mesh for the girders is created by replicating a planar mesh at uniform increments
along the length of the girder to produce a structured 3D mesh with aspect ratios close to unity and minimal
distortion. A database of planar meshesstandard girder cross sections, including AASHTO, Modified
Bulb-Tee, and Florida-Beam(FIB) sections, was developed by the research team using HyperMesh to
ensure high element quality while constraining the minimum edge size to prevent a small number of
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elements from establishing an unnecessarily small required time step. Based on a convergence study, a
maximum mesh edge size of 2 in was used in the generation of bridge models presented in this report,
which was found to produce a reasonable balancesleataccuracy and computational time. The haunch

is included in the model of the deck and connects the deck to the girders using shared nodes. Reinforced
concrete end and thru bent diaphragms are likewise modeled with constant stress hexahedral mtements a
connected to the girders by merging nodes from the diaphragms to the girders and deck to create shared
nodes. Merging of nodes in end diaphragms with the girders to introduce shared nodes for continuous, or
monolithic, behavior between these componems performed in Elshazli et al. (2025). Figure 2.3
presents renderings of portions of a finite element model of a bridge with AASHTO Type IV girders
generated by the CAE, where the discretization of the girders, deck, and bent diaphragms is visible. Th
sole plates at the girder bearing locations are modeled with shell elements. The inclusion of the sole plates
in the model allows for the ability to prescribe boundary conditions at the locations of anchor bolts as well
as introduces rotational degrad<reedom at the boundary that are not otherwise available when constant
stress hexahedral solids are used to model the girder. This allows for the modeling of both the translational
and rotational behavior of the elastomeric bearings using elastigspshich is described in the

Al nitialization of Model s0 section. The shell s

elements of the girder using shared nodes.
Shared Nodes with Deck and Girders

Shared Nodes with Deck and Girders

Thru Bent Diaphragm End Bent Diaphragm

Figure 2.3. Representative meshing of the girders, deck, and bent diaphragms

The prestressing tendons were modeled using truss elements, while mild reinforcement was modeled with
HughesLiu beam elements to ensure stabilityaofy shear reinforcement that is not fully embedded in the
concrete prior to the introduction of the dedla simulate the bond between the internal reinforcement and

the concrete, the constrained beam in solid constraint was used to couple the nodes of the respective
elements. The approach assumes a perfect bond between the reinforcement and conclistgendiiaty
assumed valid for the impact response of reinforced concrete since the bond strength and development
length have been experimentally observed to be significantly enhanced under higher strain rate loading
(Weathersby, 2003).

The developed CAE provides capabilities to automatically generate intermediate diaphragms of the
following types: steel channel, steetiiface, and reinforced concrete. Steel channel diaphragms are
modeled with 4node Belytschkal'say shell elements, based the depth of the channel, web thickness,
flange width, and flange thickness. The Belytscfikay shell includes membrane, bending, and shear
response. Similarly, the angles connecting the steel channel to the girders are modeledodéh 4
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BelytschkaTsay shell elements. Tied surfacesurface constraints are used to connect elements in the

web of the channel to those in contact with elements defining the angles. Spot weld constraints are used to
tie two nodes from the opposite leg of drggle to the girder. These spot weld constraints are intended to
model the bolted connection of the angle to the girder. In addition, automatic dorfaséace contacts

are defined along this interface to model compressitun normal forces resultgnfrom direct contact of

the angle with the girder. Friction is defined along this interface using a static coefficient of 0.57 and
dynamic coefficient of 0.456, which are consistent with experimental measurements of static friction
between steel and dopncrete surfaces (Rabbat and Russell, 1985). Figure 2.4 provides a rendering of a
representative steel channel intermediate diaphragm with the location of the spot weld constraints indicated.
In related studies, steel channel diaphragms have been mhaddieshell elements and the connectivity
between diaphragms and connecting angles, as well as between connecting angles and girders, has been
idealized as continuous using techniques such as shared or merged nodes (Elshazli et al., 2025). The use
of a mmbination of spot welds at the location of bolts and automatic sttdemraface contact at the girder
interface is expected to improve the fidelity of the model by allowing for slip and eliminating the potential

for any tensile forces to develop acrtiss interface where no bolt exists.

Steel
Channel
(shells)

N

Spot Weld Constraints

Figure 2.4. Modeling of steel channel intermediate diaphragms

Steel kbrace intermediate diaphragms are modeled similar to steel channel diaphragms, as shown in
Figure 2.5, except that the bracing members are modeled with truss elements. Shared nodes are used to
connect these elements to shell elements that maglahigies connecting the diaphragm to the girder.

As with the modeling of the steel channel diaphragm, the angle is connected to the girder with spot weld
constraints at the location of bolts. An automatic surfaeirface contact is also defined betwéae

angle and the girder to model compressioity normal contact and friction using the same friction
coefficients as prescribed for the steel channel diaphragm model.
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Shared Nodes

Spot Weld Constraints

Steel Angle (truss elements)

Steel Angle (shells)

Figure 2.5. Modeling of steel K-brace intermediate diaphragms

Reinforced concrete intermediate diaphragms are modeled with constant stress hexahedral solid elements.
The CAE constructs the mesh for the reinforced concrete diaphragm to follow the contour of the surface
profile of the web of the girders, as shown igUfe 2.6. Reinforced concrete intermediate diaphragms are

not cast monolithically with prestressed concrete girders, but rather supported by the girder through a
combination of bearing and friction on the girder and a single tie rod passing througdptiragin. To

promote faithful replication of this interface, reinforced concrete intermediate diaphragms were modeled
as separate parts with independent nodes from the girder along the contact interface. Automatic surface
to-surface contact is definedtieen the reinforced concrete intermediate diaphragms and the girders to
enable compressieonly normal forces along this interface. The frictional contact is also defined at this
interface with a static coefficient of friction of 0.60 and dynamic cdefiicof friction of 0.48. Since
reinforced concrete diaphragms are secured to the girders with a tie rod that runs through hole in the
midheight of the web, a spot weld constraint is included in the model to tie the node at the center of each
end of the caphragm to the corresponding node on the girder. Similar modeling of the interface between
reinforced concrete diaphragms and girders was described in Andrawes (2001) and Abendroth et al. (2004).

Spot Weld Constraints
Reinforced Concrete
(solid elements)

Figure 2.6. Modeling of reinforced concrete intermediate diaphragms
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2.2. Initialization of Models

To accurately initialize the internal state of stress and initial camber in the complete bridge model, a staged
development of the FE models that replicates aspects of the construction sequence is required. Since the
bridge deck and bent diaphragms aeeptl or cast over prestressed girders that were previously prestressed
and erected at the site, it is necessary to introduce the prestress force in a model that initially consists of the
girders without the deck and bent diaphragms to ensure that trseestdesamber in the model is accurately
developed. The staged development of bridge models, which was accomplished using the full restart
capability of LSDYNA, is depicted in Figure 2.7. In this process, a complete bridge model is initialized

in the first two steps. By leveraging the full restart capability, a finite element model of a specific bridge
only needs to be initialized once. Multiple collision analyses (i.e., Step 3) can be performed on the
initialized model by consistently restarting frahe same d3dump file created at the conclusion of Step 2.

This capability reduces the computational time associated with parametric analysis and ensures consistency
in the model when parametric analysis is performed.

I
bent diaphragms " * Nonlinear dynamic time history
+  Apply gravity load to all | analysis of full bridge model
1
1

/ components /

Initialization of Full Bridge Model

[ Step 1 Step 2 : Step 3

I

. Initialize Girders Initialize Additional ) ! Impact Analysis )
1 Components |

I

1| * Apply prestressto tendons + Introduce deck ! + Introduce the impactor to the
I| = Apply gravity load to girders - « Introduce end bent and thru ‘ full bridge model

I

I

I

I

subject to impact loading /

Figure 2.7. Staged development of bridge models to accurately replicate construction sequence
and enable efficient parametric analysis

The prestressing forces in the model are introduced by applying an equivalent temjiedatee strain

in the elements representing the prestressing tendons. This general approach was detailed in Jiang and
Chorzepa (201%)however the equation provided for the temperature change in this source does not
account for elastic shortening. When elastic shortening is included in the strain compatibility, the
temperature changey Y associated with a desired prestress fofga the model is:

Y -+ £ =z (Eq. 2.1)
where is the temperature coefficier®d, is the modulus of elasticity of the prestressing ten@biis the
modulus of elasticity of the concrete, is the cross sectional area of the tendonss the cross sectional
area of the concret®is the moment of inertia of the concrete, &id the eccentricity of the strands.
When using this approach, prestressing losses are first estimated, since the resulting prestress force
introduced into the model equates to the desired prestress force. In other words, the analysis established by
the CAE does not explicitly account for phenomena that lead to prestressing loss, aside from losses due to
damage from the overheight vehicle impact. Gravity body forces are introduced simultaneously with the
prestress. To avoid switching of the solver,ithigalization of the models is performed through transient
analysis with explicit time integration. The analysis extends over a multiple of the natural period of the
fundamental major axis flexural mode of the girder and mass proportional dampingesl aoping the
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initialization to suppress resonance of vibration modes during the introduction of the static loads. The mass
proportional damping is removed from the model after the initialization so as to not influence the response
of the bridge model during the simtitan of overheight vehicle collisions.

During the application of prestressing and gravity loads, ideal pin and roller supports are prescribed to the
node in the center of each sole plate, as shown in Figure 2.8(a). Following a full restart of the model, these
idealized boundary conditions aemoved from the model and replaced with linear elastic translational
and rotational springs to approximate the behavior of the elastomeric bearings, as shown in Figure 2.8(b).
These springs are introduced by applying the linear elastic discrete beanalmadelel to zerdength

beam elements connected between the node in the center of each sole plate and a ground node. The spring
stiffnesses are calculated for compressive, shear, flexural, and torsional behavior of teensteetd
elastomeric beamngs using guidance provided in AASHTO LRFD Bridge Design Specifications (2012).
Whelan and Janoyan (2011) provided empirical evidence that the dynamic response of bridge
superstructures supported by steghforced elastomeric bearings can be accuratrelgicted with the use

of such translational and rotational elastic springs.

Ideal
Boundary

f Conditions N
L Ideal Boundary Conditions

L Zero-length Elastic Beams
a) b)

Figure 2.8. Boundary conditions applied to sole plates: a) during introduction of prestress force;
b) during simulation of overheight vehicle collision

2.3. Constitutive Models

LS-DYNA offers an extensive library of advanced constitutive models capable of simulating the behavior
of a wide variety of structural and natructural materials. The choice of constitutive models adopted for
different components of the bridge model wigiven by a need to balance the fidelity of the model with

the computational requirements. Since the concrete in the girders is subject to direct contact with the
overheight vehicle and exhibits extensive fracture and spalling, significant attentiatireded toward
selection of the most suitable advanced constitutive model for the concrete. A comprehensive evaluation
of available concrete constitutive models was performed as part of this research and is summarized at the
end of this subsection of tieport.

The nonlinear and straiate sensitive response of steel reinforcement was modeled using a bilinear elastic
plastic constitutive model with hardening (MAT_PLASTIC_KINEMATIC). For the prestressing tendons,

an elastic modulus of 29000 ksi, yield stres258.5 ksi, and tangent modulus after yield of 124.7 ksi were
assigned. To allow for the simulation of rupture, a failure strain of 0.057 in/in was prescribed, which
enables erosion of elements from the model when strains exceed this threshold. HRofoticegesteel,

a similar bilinear elastiplastic constitutive model with hardening was used, except the yield stress was
prescribed as 60 ksi, the tangent modulus after yielding was set to 217.6 ksi and the failure strain was set
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to 0.20 in/in. For any steel intermediate diaphragms, a yield stress, tangent modulus after yielding, and
failure strain of 50 ksi, 217.6 ksi, and 0.20 in/in, respectively, were prescribed. To account for strain rate
effects on the yield stress of alést components, the Cowper and Symonds model was implemented with
parameter® 4 @ andny 5®. The assignment of these parameters was based on empirical results
presented in Cowper and Symonds (1957).

None of the incidents reviewed by the research team, either sourced from the literature, NCDOT
supplemental inspection reports, or site investigations, indicated any damage to the bridge deck following
collision of overheight vehicles with prestressed cetegirders (aside from cases involving collapse).
Consequently, the elements associated with the deck were assigned a linear elastic constitutive model for
computational efficiency. Likewise, the end bent and thru bent diaphragms and sole platégatinige
locations were assigned linear elastic material properties consistent with concrete and steel, respectively.

The capabilities of available concrete constitutive models were reviewed to identify those WADWNAS

that are both suitable for simulating responses at high strain rates and offer either automatic parameter
generation or initialization with a minimakét of mechanical properties that can be readily estimated from

the compressive strength. Five constitutive models were identified: Continuous Surface Cap Model
(CSCM); KaragoziarCase Concrete Model (KCC); RieddiermaierThoma (RHT), Concrete Damage
Plasticity Model (CDPM); and Winfrith concrete model. Each of these constitutive models differs in
theoretical foundation, replication of phenomenological behaviors under different types of loading, and
empirical calibration of settings when automatic partan generation is employed. Subsets of these
constitutive models have been previously evaluated for their ability to accurately predict the behavior of
reinforced concrete under impact loading (Saini and Shafei, 2019), but the comparisons to experimental
data presented in these studies have been limited to a single beam specimen. Furthermore, no comparison
of the ability of these constitutive models to simulate{joogiact response of damaged reinforced concrete

to subsequent static loading was idendifie the existing literature.

To address these gaps in the current knowledgebase and inform the selection of an appropriate constitutive
model for the CAE, a comprehensive evaluation of these five concrete constitutive models was performed
using a set of experimental drop weight impestts encompassing a range of different gpadepth,
longitudinal reinforcement, and transverse reinforcement ratios published in Adhikary (2014) as well as an
extensively studied experimental benchmark in Fujikake et al. (2009). In both of thesss,studi
instrumented simply supported beam specimens were subject to midspan impact from a mass dropped from
fixed elevations. The Adhikary (2014) test program additionally provided experimental measurement of
the residual capacity of the damaged specimemaidin thregpoint bendingstatic loadtests performed

after each impact. The dimensions and reinforcement details for all of the beam specimens included in the
comparison are presented in Figure 2.9. The beam specimens in the Adhikary (2014) studchvere e
subjected to impact loading from a 660 Ib impactor dropped from three different elevations, while the beams
in the S1616 set of the Fujikake et al. (2009) study were subject to impact loading from 880 Ib impactor
dropped from heights of 5.9 in, 11.8 iB3.6 in, and 47.2 in. All of the specimens were conventional
reinforced concrete beams. A literature review was conducted to identify published data for impact
response of prestressed concrete beams, but this review largely identified a few casefstnilided tests

of single prestressed beams with insufficient detail to sufficiently model the experiments. The few
experimental studies that included a range of prestressed concrete beam specimens subject to multiple
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impact intensities were performed using mestsle beams (Hughes and Mahmood, 1984; Chan, 1986),
which would be unsuitable for evaluating the performance of the available concrete constitutive models
due to issues associated with scaling effects and atioparameter generation for microconcretes. The
beams in Adhikary (2014) study were cast with normal weight concrete with a compressive strength of
5570 psi and a maximum aggregate size of 0.4 inch, while the concrete used in the beam specimen from
the Fujikake et al. (2009) had a reported compressive strength of 6092 psi and a maximum aggregate size
of 0.4 inch. All of the specimens are flexxrentrolled, but the ratio of the shearflexural resistance

varied significantly across the specimens. $hearto-flexural resistance ratio for the DR5176-0.15
specimen was 1.19, for DR5176-0.20 was 1.33, for DR3-8.8-0.11 was 1.38, for DR3.8.8-0.15 was

1.51, and for the S1616 specimen was 2.55. This is significant because reinforced concretteabaagns
flexure controlled can fail in shear under impact loading (Saatci and Vecchio, 2009), especially if the shear
to-flexural resistance ratio to static loading is close to unity. The likelihood of shear failure is also more
significant as the impawelocity increases, with higher velocity impacts typically tending to result in the
formation of a local shear plug.
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Figure 2.9. Dimensions and details for reinforced concrete beams subject to impact loading in
Adhikary (2014) and Fujikake (2009) and included in model comparisons (all dimensions
provided in mm units)

Finite element models were developed for all five of the beam specimens and analyses were conducted for
all drop heights for each series (a total of 16 different combinations of beam specimen and impact intensity)
using the explicit solver of L®YNA with all simulations performed using release 13.0.0. The beam
specimens were modeled consistent with the modeling techniques previously described for the modeling
bridge girders within the CAE (i.e. constant stress hexahedral solid elements for the coulckaighees

Liu beam elements for the internal reinforcement with a b@asolid constraint used to enforce
connectivity of these beam elements representing the reinforcement to the solid elements representing the
concrete). Likewise, the same straatte @ahancement models were utilized. Based on a mesh convergence
study and consistent with prior studies (Saini and Shafei, 2019), a uniform edge size of 0.4 in (10 mm) was
used to mesh the concrete in the S1616 beam specimen, which corresponds to 26lemaentd through

the depth of the beam. To maintain consistent discretization, an element&G&®& iofx 0.39 in x 0.39 in
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(9.6 mm x 10 mnx 10 mm) was used to model the DR3083-0.11 and DR3.4.8-0.15 beam specimens

and an element size 6f27 in x 0.30 in x 0.29 i mm x 7.5 mm x 7.27 mrwas used to model the
DR5.7-1.6-0.15 and DR5.1.6-0.20 beam specimens. Figure 2.10 presents a rendering of the finite element
model developed for the DR3®B8-0.11 beam, where the solid elements representing the concrete are
hidden across one half dig beam length to permit visualization of the internal reinforcement. In this
figure, the model is shown for both stages of analysis: the transient analysis of the beam response to impact
from dropped spherical mass, and static analysis of the beam residual capacity following the simulation of
the impact. The impactor and cylindricalpports were modeled with constant stress hexahedral elements
and both parts were assigned a rigid material model. Similarly, for the analysis of the residual static
capacity, the loading bar was modeled with constant stress hexahedral etbatemtsetreatedasa rigid

materid. The automatic surfade-surface contact algorithm was employed to model contact between the
impactor, supports, loading bar, and the beam. Static and dynamic friction were included in these contacts
using Coulomb friction coefficients of 0.3, based on assumptions utilized in prior research (Saini and
Shafei, 2019).

Impactor

~ / Loading Bar ~

® ®
=N

Supports

/

Stirrups
Longitudinal Bars

a) Concrete b)
Figure 2.10. Representative finite element models of reinforced concrete beam specimens to

simulate drop weight impact and residual capacity experiments

Simulation of the impact response and gogtact static response to concentrated loading at the midspan
was performed across all five of the concrete constitutive models for all 16 combinations of beam series
and impact intensity. The reported unconfirminpressive strength of the concrete and maximum
aggregate size were used to automatically generate parameters for the CSCM, KCC, and RHT constitutive
models. The CDPM and Winfrith constitutive models were initialized using mechanical properties
estimate from the unconfined compressive strength and maximum aggregate size using empirical models
provided in the CEB-IB Model Code 2010 (Comite Eutaternational du Beton, 2013). These estimated
mechanical properties included the tensile strength of thereten elastic modulus, fracture energy, and
tensile threshold value. Forthe CDPM constitutive model, tfiadar damage formulation was used with

the default assignments for the threshold values at the transition between the two linear portions of the
damage law. For all of the constitutive models, element erosion was not enabled to avoid introducing a
dependency of the results on the erosion criteria and thresholds used. Since the drop weight impactor did
not penetrate into the beam specimens, darbresponse and damage mechanisms should be able to be
predicted without erosion of elements. It should be noted that the comprehensive assessment of the
available constitutive models performed for this study was limited to evaluating the performémneseof
constitutive models with automatic parameter generation and default options. It is plausible that any of
these constitutive models could be calibrated using extensive materials characterization and produce strong
correlations to the experimentallyeasured displacement time histories and observed damages. However,
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since the mechanical test results necessary to calibrate these models is not typically available in either
design or in posimpact forensic analysis, the performance of the constitutive models with automatic
parameter generation is often of greatest Bance from a practical standpoint.

An hourglass coefficient sensitivity analysis was conducted for each of the constitutive models. Hourglass
stabilization is a technique used with undgegrated solid elements, such as the constant stress hexahedral
solid element, to suppress nonphyktwaurglass modes of deformation that may arise. In this sensitivity
analysis, both the Flanag&elytschko stiffness and viscous forms of hourglass control with exact volume
integration were evaluated for all drop heights and all beam series usirgg aight hourglass coefficients
ranging from 0.0001 to 0.1. The hourglass energy relative to the internal energy was assessed for each
simulation as well as the principal strain distributiotisexamine the effect of the hourglass coefficient on

the predicted response of each beam. Ultimately, the hourglass coefficients for each constitutive model
were established by identifying the lowest coefficient required to suppress any visual frestatuitoss all

of the models. This resulted in the use of the stiffness form of FlarBegischko hourglass control with

exact volume integration and hourglass coefficients of 0.01 for CSCM, 0.001 for KCC, 0.0025 for RHT,
0.0075 for CDPM, and 0.001 f@vinfrith. Additional information, results, and discussion of this sensitivity
analysis can be found in Samadzad and Whelan (2024).

For every model, dynamic relaxation was first performed to introduce initial stress and deflection due to
selfweight. Explicit dynamic analysis was then conducted to simulate the response of each beam to the
associated drop weight impact. Subsequentlg, impactor was removed from the model and mass
proportional damping was temporarily introduced for a period of time to attenuate oscillations and restore
the beam to static equilibrium. Lastly, the loading bar was introduced to each model and lo#éaéing of
beam in a threpoint bend configuration was simulated by prescribing vertical displacement of the loading
bar at a constant rate of 0.5 inch per second. This loading rate was determined to be sufficiently slow to
avoid exciting the modal responsetb& beam and strain rate enhancement was removed from all of the
constitutive models prior to restarting the analysis for the residual static capability determination. The use
of full restart analysis to modify the parts within the model and assignrhpatameters is similar to the
staged construction of the prestressed girder bridge models previously discussed in the development of the
CAE; the simulation of the reinforced concrete beam experiments assisted in establishing familiarity and
competence inising full restart analysis.

Assessment of the five different constitutive models included comparisons with experimentally measured
midspan displacement time histories, failure modes as evidenced by maximum principal strain distributions,
computational time, and residual static capaestimates. Figure 2.11 presents representative comparisons
between the experimentally measured displacement time histories and those predicted by each of the five
constitutive models for a subset of the beam series included in the investigationSChg BRHT, and
Winfrith models produced the strongest correlation with the experimentally measured peak displacement,
with each predicting the peak displacement with an accuracy of 3% on average. However, the CSCM
constitutive model consistently predictbeé peak displacement with high accuracy regardless of the impact
intensity, while the RHT and Winfrith models tended to overpredict the peak displacement for lower
intensity impacts and underpredict the peak displacement for higher intensity impac@DHMemodel
consistently underpredicted the peak displacement, especially for beams with high¢o-fbgaral
resistance ratios. Conversely, the KCC model exhibited strong accuracy in predicting the peak
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displacement for beams with high shé&aflexural resistance ratios, but significantly overestimated the
peak displacement when the shaaflexural resistance ratio fell below 1.5. Computationally, the RHT
and KCC models required the least processor time, followed closely by the CSCM model which
required only 9% more time. Use of the Winfrith and CDPM models was found to require 27% and 79%

more processor run time, respectively.
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Figure 2.11. Displacement time histories predicted by different concrete constitutive models for
drop weight experiments performed on reinforced concrete beams
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Although the concrete constitutive models, with the exception of the Winfrith model, do not directly predict
the location or orientation of cracking, the maximum principal strain distributions can serve as a surrogate
to indicate the nature and likelihoodl cracking. Figure 2.12 presents a comparison between profiles of
visible surface cracks and spalls in select specimens (as obtained by superimposing a layer over published
photographs of each specimen) and the maximum principal strain distributitoveirfgl the transient
analysis of the beam response to the impact using each constitutive model. As observed in this figure, there
is a wide variation in the nature and severity of damage predicted by each constitutive model, despite the
often similar midpan displacement time history predictions. Overall, CSCM produced damage estimates
that were most similar to the experimental observations. The maximum principal strain distributions
developed with the CSCM model reflect flexure and flexaivear cracksiithin the same general portion

of the span as observed experimentally and significant strain in the region of localized concrete crushing
around the impact location. Consistently, the correct failure mode was predicted when using the CSCM
constitutive mdel and the severity of the damage increased with impact intensity. The Winfrith concrete
model also produced damage estimates similar to CSCM, however damage in the region of localized
concrete crushing was absent when using the Winfrith model due abtbace of compression softening

in this constitutive model. The RHT constitutive model failed to predict fleshear cracking and
routinely limited the flexure crackintp a smallconcentrated region around the midspan of the beam.
Furthermore, at increased impact intensities, the RHT model suggested the formation of a local shear plug
that was not reflected in the experimental results. The KCC model similarly predicted théciomwhat

local shear plug, except a greater severity of damage istegflen the maximum principal strain
distributions. The deformed shape of the beam and maximum principal strain distributions for the beam
series with low sheao-flexural resistance ratios where KCC significantly overpredicted the peak
displacement re\a that the reason for the overprediction was the occurrence of localized shear failure of
the beam within the simulation. Lastly, the CDPM model predicted only flexure cracks at the midspan of
the beam for all beam series and impact intensities.

While several of the concrete constitutive models achieved strong correlation with the experimental
observations for the drop weight impact simulations, the prediction of residual capacities of the reinforced
concrete beam specimens proved to be partigutdmallenging. The beam specimens included in the
comprehensive assessment were flexamatrolled designs and therefore should not experience significant
reductions in load capacity when the damage is limited to flexure or flskea cracking, althgh the

ductility will be reduced. However, the beam specimens subjected to higher intensity impacts experienced
crushing of concrete in the compression zone around the impact location. As a result, many of the impact
damaged specimens exhibited lowdfistiss, load capacity, and ductility than that exhibited by undamaged
reference beam specimens. Figure 2.13 presents the experimental results for the.®&R318Bbeam

series alongside the applied load versus midspan displacement response predigtedchsod the five
concrete constitutive models. Likewise, Figure 2.14 presents similar results for the IDRR®.20 beam

series. While the constitutive models were generally able to predict the stiffness and load capacity of the
undamaged beam specinse none of the models replicated the experimentally measured results for the
impactdamaged beams with high accuracy. As a result of this difficulty to reliably predict thenpast

residual capacity of simple reinforced concrete beam specimens laaswbE significant computation
demand associated with this analysis, a decision was made to forgo determination of the severity of damage
in the bridge models developed with the CAE using simulation of static loading and instead rely on
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alternative measures for classification of damage severity, such

obtained during the simulation of overheight collisions.
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Figure 2.12. Comparison between crack and spall maps from experimental test and maximum

principal strain distributions predicted for reinforced concrete beam specimens with different
concrete constitutive models
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An expanded evaluation of the concrete constitutive models can be found in Samadzad et al. (2025).
Collectively, the CSCM model produced the strongest correlation with the experimental observations across
all of the five concrete constitutive models ewdfd with automatic parameter generation. As a result of

the strong performance of the CSCM concrete constitutive model across all beam series and impact
intensities included in the comprehensive assessment, it was selected as the default concnatigeconstit
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model for the CAE and was used when modeling all prestressed concrete girders in the results presented
subsequently in this report. To support the validation of the modeling technique and selection of the
constitutive model, Figure 2.15 is presented widhmparisons between the experimentally observed cracks

and regions of localized concrete crushing and the maximum principal strain distributions obtained with

the CSCM model.
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Figure 2.15. Comparison between crack and spall maps from experimental test and maximum
principal strain distributions predicted for all reinforced concrete beam specimens with CSCM

constitutive model
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2.4. Verification of Collision Simulations through Benchmark Comparison

A literature review conducted during the development of the proposed research plan identified guidance for
constructing higHidelity finite element models of construction objects to investigate overheight vehicle
impacts to bridge girders in the work of Oppong et al. (2021). This reference presented descriptions of
concrete conduit pipe, steel tank, PVC pipe, and wooden nentaiodels representative of cargo objects

that might be involved in overheight collisions. The impact force characteristics, namely peak force and
mean force, were investigated for different velocities and girder profiles and empirical equations were
proposed by the authors to predict the peak and mean forces associated with overheight collisions involving
concrete conduit pipes and steel tanks of arbitrary dimension and vertical underclearance violation.

Consistent with the research scope of work, an effort was undertaken to replicate impact force time histories
presented in this paper to verify the implementation of modeling techniques and contact algorithms within
the developed CAE. However, one sigrdfit difference between the modeling strategy used in the CAE
and adopted within Oppong et al. (2021) is that the CAE develops models of the complete bridge
superstructure, including the girders, deck, diaphragms, and bearings, while the Oppong i) aty@p2
modeled only single girders. In an attempt to account for the contributions of other components in the
superstructure, the authors of this prior study introduced translational restraints in all directions along the
entire top flange of the girddo mimic stiffness provided by a deck and translational restraints in all
directions along both ends of the girder to mimic stiffness provided by abutments. Consistent with the
models used to develop the published results, two girder models were ddveloezify the modeling
technique: a 40 ft long AASHTO Type | girder and a 40 ft long AASHTO Type IV girder. The published
paper did not consider these girders to be prestressed and included mild reinforcement at all of the typical
locations where pregssing tendons might be placed within these AASHTO sections. Shear reinforcement
was also included in the models. The concrete for the girders was represented with the CSCM constitutive
model using automatic parameter generation assuming an unconfmptcessive strength of 5.8 ksi and
maximum aggregate size of 0.4 in. The concrete pipe, steel tank, and<eanttailer models described

in the paper were replicated. Renderings of these objects are provided in Figure 2.16 alongside the girder
model b provide a reference for the relative scale. The concrete pipe modebpemaendedhollow

cylinder with an outside diameter of 7 ft 2 in, a wall thickness of 7 in, and a length of 7 ft 6 in. The total
weight of the concrete pipe model is 13605 Ibon§tant stress hexahedral solid elements were used to
model the concrete pipe and the CSCM concrete constitutive model with erosion enabled was used to model
the concrete behavior. The steel tank model is a closed ended hollow cylinder with a walsshidkine

and the same outside diameter and length as the concrete pipe. The total weight of the steel tank model is
6162 Ib. A plastic kinematic material model consistent with the material model used for mild reinforcing
steel in the CAE was used to dab the nonlinear and strarate dependent behavior of the steel in the steel
tank model. Lastly, the tractsemitrailer model was the National Transportation Research Center
(NTRCI) model developed and enhanced by Battelle, Oak Ridge National Lappeatdrthe University

of Tennessee at Knoxville over several project phases (Miele et al. 2010). It was sourced from an Oak
Ridge National Laboratory website (Oak Ridge National Laboratories, 2025). For all simulations,
automatic surfacéo-surface contet was used to model the interaction between the girder and the respective
impacting object.
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Figure 2.16. Overheight impact object and vehicle models replicated from Oppong et al. (2021)
study: a) steel tank; b) concrete pipe; c) tractor-semitrailer

LS-DYNA was used to simulate impacts for each object striking the bottom flange of the girder models
with an underclearance violation of 13 inches. The location of the impact was assumed to be at the
guarterpoint of the span and simulations were perfofioreithpactor velocities of 45 mph and 75 mph to

allow for direct comparison with impact force time histories presented in the published study. Table 2.1
presents comparisons between the peak impact force recorded during each simulation with the values
reported in the published study
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Table 2.1. Comparison between peak impact forces obtained from simulation and reported in
Oppong et al. (2021)

Impacting Object
Concrete Pipe Steel Tank Tractor-Semitrailer
. Peak Oppong et Peak Oppong et Peak Oppong et
Velocity TYPe | Force (k) | al. (2021) | Force (k) | al. (2021) | Force () | al. (2021)
I 1945 1945 4512 4690 1266 1079
45 mph
Y, 2880 3436 7102 7588 1620 1274
I 2825 2584 7088 7423 3197 2582
75 mph
v 4351 4690 11577 12606 3327 2898

In addition to using the Oppong et al. (2021) study to verify the modeling techniques incorporated in the
CAE, anextended analysis was conducted to evaluate the influence of simplified modeling techniques that
were employed in the Oppong et al. (2021) study. Specifically, as previously discussed, the finite element
models used in this prior study consisted of ongmgle girder with translational restraints incorporated
along the entire top surface of the girder and across the ends to representetheepséthe bridge deck

and supports in a simplified manner. These simplified models offer the advantage of significantly reduced
computational time and memory requirements compared to modeling a complete superstructure, so the
research team sought emedi evidence to justify the extent of modeling required to conduct the parametric
analysis presented later in this report. To provide a comparison, a finite element model of a complete bridge
superstructure was developed in the CAE using design detailsesiofrom bridge plans provided by the
Steering and Implementation Committee. The bridge span wass76 &nd consisted of six AASHTO

Type IV girders spaced at 81ftinon center. The girders were prestressed with 26 low relaxation tendons

of 0.6 in diameter, which were all straight and bonded over the full length of the span. The specified
compressive strength of the concrete for the girders was 6 ksi, which was sintile assumed concrete
strength utilized in the Oppong et al. (2021) studyhe developed model included the steel channel
intermediate diaphragms located at the midspan, as well as the reinforced concrete partial depth end bent
diaphragm and full depth continuous bent diaphragm. Since the bridge girders are prestressed| the mode
was initialized using the staged technique previously described in section 2.1 and depicted in Figure 2.7.

For the complete bridge model, impact simulations were performed using both the concrete pipe and steel
tank impactor models with collisions occurring at a quarterpoint, gordt, and midspan. Simulations

were performed for initial velocities of 45 mph, 55 mph, 65 mph, and 75 mph. Analysis of the impact force
time histories revealed that the longitudinal location of the impact along the length of the girder did not
have a gnificant effect on the impact force time history, peak force, or impulseim#as finding was

reported in the Oppong et al. (2021) study. Similarly, the severity of damage was observed to be less
sensitive to the location of the impact along the span of the girder than to the velocity of the impact.
However, the duration of tHepact force when performing the simulation with the full bridge model was
approximately twice as long as presented in the published results for the simplified single girder models.
Likewise, the mean impact force, and consequently the impulse, was fout@ significantly
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underestimated by the empirical prediction models developed in Oppong et al. (2021) using the simplified
single girder models. The significantly shorter contact durations reported for the simplified single girder
models reflect an overly stiff response the girder resulting from the application of the idealized
translational restraint boundary conditions along the top of the girder model to represent the presence of a
bridge deck. These findings are consistent with similar results obtained by EIGavwad2@24), where

impact force time history characteristics were compared for a 50 ft bridge span comprising six Missouri
DOT Type Il girders against a simplified model consisting of a single girder with simplified boundary
conditions. This study furtheeported that the single girder model resulted in prediction of greater severity

of damage due to the unrealistically stiff conditions produced by the simplified boundary conditions. Given
the numerical results generated as part of the current resffodhand the supporting evidence in the
published literature, the research team chose to perform all finite element analyses reported in subsequent
chapters of this report with detailed finite element models that included the entire bridge superstructure
rather than adopting a simplified modeling technique. The additional computational time and memory
requirements were deemed tojbsgtified by the advantage provided by full bridge models in assuring that

the fidelity of the predictions for impact forcharacteristics and girder response to the impact loading are

not compromised by simplifications and idealizations required for the creation of single girder models.
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3. DEVELOPMENT OF MODELS FOR CONSTRUCTION VEHICLES

As referenced earlier in this report, prior studies have analyzed the rates of overheight vehicle collisions
with highway overpasses and have determined that overheight construction vehicles account for the
majority of incidents. However, there is a laakinformation in the published literature regarding the
relative incidence rates for specific types of construction vehicles. To better inform the development of
relevant models of construction vehicles for this research effort, news articles repotlisigns of

vehicles with bridges in the United States and Canada were sourced and reviewed. A total of 93 reported
incidents were collected over a three and a half year period from January 2020 to July 2023. A complete
list of the identified incidentis provided in Appendix B of this report. The majority of the incident reports
came from 2022 and 2023, which is attributed to greater accessibility to the archived news articles and
should not be interpreted as a trend toward greater actual incidenit ratethermore, it should be
acknowledged that actual incident rates will always be ureggrted in news articles since minor impacts

that do not impact traffic or that occur on kmwlume roads are typically not newsworthy. Figure 3.1
presents a pie chart depicting the relative frequency of incidents involving different categories of vehicles.
As shown in the figure, nearly 80% of all of the incidents involved either a dump titlhcmaccidentally

raised bed or the boom of an excavator being haurdedl trailer, with each of these vehicle types having
nearly equal rates of occurrence. Trucks with raised booms but no cargo on the boom, trucks carrying
overheight objects, and tractor trailers accounted for the remaining incidents. Typically,idie@tfnc
involving a truck carrying an overheight object were garbage trucks with objects that extended beyond the
vertical dimension of the truck. Notably, collisions of tractor trailers with overpasses accounted for only
4% of the discovered cases andnire ar | 'y hal f of those cases the tra
di mensionedo | oad. The few discovered incidents
damage to the trailer, but no noted damage to the structure. Early in thehre@aauthors considered

using a higHidelity model of a tractor trailer for simulation of overheight vehicle impact due to the
availability of the existing model and the use of the model in a prior paper investigating overheight
collisions with overpsses (Oppong et al., 2021). However, due to the infrequent occurrence of tractor
trailer overheight collisions with bridges and low probability of damage to the structure, the use of the
tractor trailer model was limited only to verification of the gaherodeling technique through comparison

to the referenced published literature.
Tractor trailer:
4% Truck carrying
overheight objects:
6%

Truck with
raised lift:

0,
Dump Truck: L

40%

Excavator:
39%
Figure 3.1. Vehicle type reported for overheight vehicles collisions in discovered news articles
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Prior to developing a finite element model of a dump truck to facilitate the research, the existing literature
and opersource model databases were reviewed to determine whether an existing model could be sourced
and, if not, the modeling strategies usegiior research to explicitly model overheight vehicle collisions.

Xu et al. (2013) presented finite element models for a deaMdgetruck, container truck, tipper truck, and

tank truck, however results from simulations involving the deakle truck vere the primary focus of the

paper. In a study focused on collisions of large trucks with bridge piers, Buth et al. (2010) developed a
finite element model of a dump truck by first modifying the NCAC tratitmiter model to produce a single

unit truck aml then introducing a model of a dump truck bed. A detailed description of the modeling
technique was not provided in the report, but renderings suggest that shell elements were used to produce
the walls of the bed, stiffeners, and shield. Since thiystag focused on collisions with bridge piers, the

bed was not raised in the model.

3.1 Description of Dump Truck Model

A high-fidelity finite element model of a dump truck with raised bed was developed to enable the research,
since no existing model could be sourced. To expedite the development of the model and to ensure accurate
modeling of the mass and stiffness of thuek portion of the model, a strategy similar to that employed by
Buth et al. (2010) was adopted. However, instead of modifying the NCAC tteaiter model, a detailed

finite element model of a Ford F800 singieit truck developed by FHWA at NCAC wasodified to

develop a dump truck model. This approach was taken since the F800 is regularly configured as a dump
truck. The F800 model was freely sourced from a web site hosted by Oak Ridge National Laboratory and
has undergone extensive developmedtaraluation (Simunovic and Zisi, 2005). It has been also validated
against experimental data collected from impacts with roadside safety hardware (Mohan et al. 2007) and
bridge piers (Gomez and Alipour, 2014). Figure 3.2 shows the original F800 moub#l wets configured

as a box truck, and this model with the box, internal cargo, and supporting steel structure removed from the
model.

b)
Figure 3.2. NCAC model of F800 single-unit truck: a) complete truck model; b) with box and
cargo removed from the model

To develop the dump truck model, a finite element model for a representative dump body was created. The
geometry of the dump body, thickness of individual components, and material properties were informed by
a product brochure published by a dump bed rzenturer. The developed dump body has a length of 20
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ft, width of 9 ft, and height of 6 ft. The developed finite element model of the dump body with individual
components labeled is presented in Figure 3.3 alongside a rendering of the complete dump truck model
developed by coupling this dump body to the ified NCAC F800 singleunit truck model. Since all
components of a dump body are manufactured from either plate steel or rolled steel shapes, shell elements
were used to model each component. The floor, walls, and gate of the dump truck were assawveedl to h
plate thickness of 0.25 in. The sides of the dump bed were stiffened mithy® in by 0.25 intop and

bottom rails as well as 1B by 9in by 0.25 inribs. The subframe of the dump body inclu@ed by 2 in

by 0.25 incross members supported by a pai8 a@f by 2.5 in by 0.25 itongsill beams. A representative

cab shield design was modeled as a 2in26ng and 4.75n deep hollow section formed froh25 in

steel. A singlé).25 inthick stiffener plate was included along the centerlihéhe shield. All steel
components of the dump body were assigned a plastic kinematic constitutive law with mechanical
properties consistent with AR450 steel, an abrasion resistant steel typically used in the fabrication of dump
trucks. A vyield stressf 180 ksi, tangent modulus of 145 ksi, isotropic hardening, and strain rate sensitivity
were included in the material definition. The total weight of the dump truck model was 20,340 Ib (10.17
USton), with the dump body accounting for approximately 56%he total weight.

~———— (Cab shield

Sidewalls

Rails
Subframe

Cross-members

Figure 3.3. Developed model of dump body and assembled model of dump truck with raised
bed

The dump body model was connected to the modified NCAC F800 singleuck model using spot weld
constraints between the longsill beams of the dump body and the two primary frame members of the truck.
These spot weld constraints enforce connectidgtipoth frame membersear the gate end of the dump

body. Likewise, instead of explicitly modeling the hydraulic cylinder that raises the bed of the truck, spot
weld constraints were used to connect the frame of the truck to the longsill beams of thedymvpdre

this hydraulic cylinder would be located. A benefit of modeling the connection between the dump body
and the truck with only constraints between nodes of the dump body and nodes of the truck is that the
inclination of the raised bed can be easitodified without having to remesh any explicitly modeled
components connecting these objects together. A MATLAB script was written to perform coordinate
transformations on the nodes within the dump body model to allow for the angle of the raisedded to
prescribed according to any user assigned value. Likewise, a script was developed to adjust the elevation,
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longitudinal position, and angle of incidence of the truck to enable parametric analysis of different
overheight collision scenarios without manual intervention. These scripts enable the automated generation
of different impact scenarios, which provides rapid replication of actual reported incidents as well as
generation of large parametric analyses with assurance of consistent modeling.

3.2 Validation of Plausibility of Model Based on Case Study Comparison

In March 2024, a dump truck with raised bed impacted a bridge under construction in Raleigh. At the time
of the incident, all five 4%nch Florida FBeams FIBs) were placed and connected together with
intermediate steel channel diaphragms at the midspan. Fillet welding of the girder embedded plates to the
sole plates of the elastomeric bearings at each end had also been completed. During the accidental collision,
the exterior girder was impacted by the dump truck, but the underclearance violation atiénisngst

have been relatively mild, as damage to this girder was limited to two shallow spalls on the bottom flange
of the girder and hairline cracking adjacent to the sole plate connection. However, three of the interior
girders, girders 2, 3, and 4, hekited deeper spalling across a wider surface area at the locations of the
impacts and severe damage adjacent to the sole plate connections. The supplemental inspection report noted
that no damage to the sole plate welds was visible and, furthermoreltthsonic testing of the anchor

bolts found no indication of anchor bolt rupture. For girders 2 and 3, the bottom surface of the flange showed
significant scraping, indicating that the dump truck maintained contact with the underside of the girders as

it passed underneath them, and shallow spalling was also present on the rear side of the bottom flange. The
spalling and scraping damage to the girders appeared to be cosmetic or superficial in severity, but the
damage adjacent to the sole plate connectibhsth ends of the girders was severe and ultimately required

the replacement of all of the girders in the span. Figure 3.4 provides photographs of the bridge that the
research team collected shortly after the incident, which document the status adgkecbmpletion at

the time of the incident and representative visible damage to the girders that was observed.

Newscast footage of the dump truck following the incident revealed significant damage to the shield of the
dump body and overturning of the entire dump truck, but no evidence that the bed separated from the truck
during the impact. While difficult to confin from the postncident state of the truck, the angle of the raised

bed appeared to be relatively shallow based on the images contained in the news broadcast. Based on the
resear c hsite aosenvadions ob damage, the damages documented in tbetioispeport, and the

nature of the damage to the dump truck, it appears most probable that the shield of the dump truck struck
the girders during this incident and, furthermore, the underclearance violation of the raised bed was such
that the dump trucknade only mild contact with the exterior girder. From the perspective of validating the
developed dump truck finite element model, this specific incident provided a very valuable case study for
the research effort, since photographic evidence of the d was available, the damages resulting

from the impact were visible and consisted of both localized damage at the impact and connection damage,
and the elevation of the raised bed could be estimated with relatively high confidence.

The bridge span consisted of five-#ish AB sectionseach 85 ftl1 inin total length. Figure 3.5 presents

a drawing of the crossection of the partially constructed bridge. The girders were prestressed with 32 fully
bonded, 12 partially debonded, and 2 slack strands, each being 0.6 in diameter low relaxation Gr 270
strands. The specified 2y compressive strength of the concrete for these girders was 8500 psi. The
girders were spaced 88tin on center, the span had a skew of 22 degrees (skew ainijle bent line of

112 degrees), and the grade of the deck and elevation of the girders sloped in one direction. The intermediate
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diaphragms, which were present at the time of the incident, were steel MC12x31 channels bolted to
L6x6x1/2 angles that were connected to the girders with thrbatik. These diaphragms were oriented

perpendicular to the girders, rather than aligned viéhskew of the bridge, which is standard NCDOT
practice for bridges with skew angles exceeding 20 degrees.

i

c)i i

Figure 3.4. Photographs of partially constructed bridge subject to accidental overheight vehicle
collision: a) status of bridge construction at time of incident; b) spalling of impacted side of
bottom flanges; ¢) scraping of underside of girder and spalling on rear side of flanges; d) severe
damage adjacent to sole plate connections

[T

o
-

0.030

81t 8in 81t 8in 8t 8in 81t 8in Direction of Traffic
Underneath Bridge

Figure 3.5. Dimensions and design details for under construction bridge impacted by dump truck
with raised bed

A finite element model of the partially constructed bridge was created using the developed CAE. A model
consisting of only the components present at the time of the incident was created by simply suppressing the
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subroutines responsible for creating the meshes for the deck, end bent diaphragms, and thru bent
diaphragms. During the field visit to the bridge, the research team collected LIiDAR scans of the bridge and
the roadway underneath the bridge (Figure 3.6).ddiet cloud data generated from this scanning was
analyzed to determine the precise difference in elevation between the surface of the roadway and the
underside of the girders at the longitudinal location of the impact. Figure 3.7 presents an imdgpe of a s

of the actual point cloud data that has been annotated to indicate the measured elevation of each girder
relative to the roadway. In this image, the point cloud is limited to the bottom flange for all but one exterior
girder due to lineof-sight restictions from the scan used. The rightmost girder in the image corresponds to
the exterior girder that was first impacted by the raised bed of the dump truck. As can be seen in the
elevation difference measurements, the vertical underclearance redueehfgiréer, which explains why

the shield of the dump truck would have struck multiple girders with significant force even if the impact
force from each collision was significant enough to damage the shield. The vertical underclearance
measurements obtaithérom the LIDAR scan were used to prescribe a ground plane in the finite element
model to represent the roadway in a way that would be consistent with the actual relative differences in
grade. Additionally, the LIDAR scan was used to determine the latigdulocation of the dump truck

impact to the bridge girders. Spalling of the interior impacted girders was clearly visible in the point cloud
data and was used to establish the location of the impact relative to the end of the girder (Figure 3.8).
Furthemore, the location of spalls on the individual girders confirmed that the collision of the dump truck
with the bridge girder was an oblique impact with an angle of impact corresponding to the direction of the
roadway underneath the structure. The angiedsn the direction normal to the face of the girder and the
direction of travel was approximately 20 degrees and was included in the finite element analysis by
orienting the truck for oblique impact at this angle.
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Distance: 24 ft. 9in.
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Width of Dump Shield

Figure 3.8. Measurement of distance from end of girder to edge of dump truck impact location

A rendering of the finite element model developed to simulate the case study incident is presented in Figure
3.9. This rendering depicts the components in the finite element model as well as the orientation of the
raised bed dump truck relative to the gadyirders. Since the empirical evidence collected by the field visit

and supported by the inspection report suggests that the dump truck likely grazed the exterior girder before
impacting the first interior girder, the dump truck was positioned in thte falement model with an
elevation corresponding to the elevation of the bottom surface of the exterior girder. It was also positioned
just ahead of the first interior girder, thereby assuming that the impact to the exterior girder was
insignificant. Give the vertical underclearance measured from the point cloud data, the angle of the bed in
the developed dump truck model corresponds to 22.8 degrees for the simulated scenario. As previously
stated, images of the overturned dump truck shown in a new$dhstincident suggest that the bed was
raised at a shallow angle, but it is impossible to confirm the exact configuration of the dump truck at the
time of the incident. Furthermore, the speed of the dump truck at the time of the incident was unknown.
Since the interstate that the dump truck was travelling on was posted with a speed limit of 65 mph,
simulations were performed for speeds of 55 mph, 60 mph, and 65 mph. All three simulations resulted in
similar results for the prediction of damage to the ingagirders, with the exception of the damage
predicted in the last girder of the bridge. The reason for the difference is that the finite element analysis
predicted that the dump truck would overturn for all three velocities, but the rate of overtuaried) v
across the models resulting. In all cases the last girder was at least partially impacted by the bed of the dump
truck rather than the shield. It should be noted that simulating impacts to four consecutive girders is
exceptionally challenging and tremnfidence in the prediction results decreases with each subsequent
impacted girder.

a) /
Figure 3.9. Renderings of finite element model for case study structure: a) elevation view; b)
plan view
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The finite element analysis simulations generated predictions for damage to the prestressed concrete girders
that were consistent with the visible observations of damage. For all of the impacted girders, localized
spalling of the concrete was predicted vehihe shield of the dump truck struck the girders (Figure 3.10a)

and, furthermore, evidence of damage to the underside and rear side of the bottom flange from the shield
scraping the girder as the truck passed underneath were also present in the sirealdti¢Figure 3.10b).
Importantly, the finite element simulation also predicted the damage observed adjacent to the sole plate
connections (Figure 3.10c). Although some discrepancies between the model predictions and the actual
damages are expected doenodeling uncertainties, particularly those related to the geometry of the dump
truck shield, the plausibility of the finite element model predictions for the nature and severity of damage
supports the predictive fidelity of the developed CAE and moglédiohniques.

e oy RN A 51 (junpes
Figure 3.10. Comparison between damages predicted by finite element analysis and
photographs of visible evidence of damage: a) localized spalling of bottom flange at location of
impacts; b) scraping on bottom and spalling on back side of bottom flange; ¢) damage adjacent
to sole plate connections

c)
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One of the capabilities introduced by the utilization of Higlklity finite element analysis for simulating

the response of prestressed concrete girders to overheight vehicle impacts is the ability to predict internal
damages that may not be readily apparent from visual inspection. Of particular importancdriesgaes
concrete is the effect of the impact forces on the prestress force in the strands. Figure 3.11 provides a plan
view rendering of the distribution of prestressing forces in all of thedsrwithin the bottom flange of the

girders in the model. In this figure, yellow corresponds to the normal level of prestressing force in the
strand, red indicates an increase in prestressing force, green indicates a reduction in prestress force, and
blueindicates total loss of prestress. Arrows are superimposed on the figure to indicate the direction of the
dump truckiraveland the width of the dump shield. Solid arrows are used to indicate the edge of the shield
that struck the girder in the simulation, while dashed arrows indicate that the corresponding edge of the
shield did not make contact with the girder. The simufatgsults suggest partial localized loss of prestress

in several strands at the location of the impact in all of the girders. Furthermore, localized total loss of
prestress is predicted for some strands in the first impacted girder (girder 2) as veelhasghder (girder

5) where the back wall of the overturning dump truck struck the girder in the simulation. Additionally, for
these girders, the reduction in prestress forces at the ends of the girders extend beyond the transfer length
predicted for te undamaged girder. Given the severity of the observed damage adjacent to the sole plates
in the case study, this further supports the plausibility of the modeling technique and simulation result.

Axial Force (k)
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Figure 3.11. Finite element prediction of prestress loss in impacted girders

Figure 3.12 presents the maximum principal strain distributions predicted across the front, bottom, and rear
surfaces of the impacted girders. In this figure, the maximum extent of the colormap is fixed to 0.1, or 10%
strain. In doing so, regions of thedgr that are predicted to have visible signs of distress, such as cracking,
are identified in blue. Furthermore, eroded elements are colored in red to depict the location and extent of
spalling predicted by the finite element analysis. The maximum pahstmin distributions and eroded
elements in the bottom flange of the girders exhibit similar spalling from direct impact and damage from
the shield scraping the underside of the girder that was observed in the actual incident. Furthermore, damage
adjacet to the sole plate connections at both ends of the girder were predicted for all of the impacted
girders. Although the maximum principal strains are lower in amplitude adjacent to the sole plate
connections in girder 3 and 4, the ductile and brittle denpaiedicted by the concrete constitutive model
(Figure 3.13) clearly identifies localized damage adjacent to all sole plate connections. The finite element
model does predict damage to the top flange of girder 2 that was not observed by the researciotedm

in the supplemental inspection report. Since the renderings provided in Figures 3.12 and 3.13 are limited to
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the front, bottom, and rear views, the extent of damage predicted in the flanges appears more extreme than
actually reflected by the model. The actual predicted extent of spalling in the flanges was limited
exclusively to the flange tips. The predictiontiois damage may be a result of incorrect assumptions for

the length or thickness of the shield of the dump truck, which may have resulted in the prediction of
moderately larger impact forces. However, the predicted damage in the flange may have beemycause
modeling the sole plate as bonded across the entire surface of the bottom flange instead of connected only
along the edges where the bearing plate is welded to the sole plate. This modeling assumption may have
inhibited the model from predicting theplift of the girder that likely occurred at the supports, thereby
leading to a prediction of greater negative moments in the girder during the positive (upward) response of
the girder following impact. Another discrepancy between the simulation and fisthvations are the
damages predicted in girder 5. This girder did not exhibit evidence of damage from impact, but the
simulation predicted that the raised bed would strike the girder during overturning of the truck. However,
accurately predicting the respse of the dump truck after impacts to three prior girders is an unrealistic
expectation, especially in a situation where the dump truck overturns.
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Figure 3.12. Maximum principal strain distributions predicted for each impacted girder by finite
element analysis (eroded elements shown in red)
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Figure 3.13. Maximum brittle and ductile damage distributions predicted for each impacted
girder by finite element analysis (eroded elements shown in red)
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4. VULNERABILITY OF PRESTRESSED GIRDERS IN BRIDGES UNDER CONSTRUCTION

The literature review conducted for this study revealed that previous studies on the damage to, and repair
of, prestressed concrete girder bridges subject to overheight vehicle impacts have focused primarily on in
service bridges. The vulnerability of pressed concrete bridges to damage from overheight vehicle
impacts during construction, particularly when some components are not yet installed or placed, has not
been investigated. However, as summarized in the literature review, recent experimentah resea
anticipates significant differences in the failure mechanisms of laterally impacted girders when the deck is
present or not (EIGawady and Abdulazeez, 2024). Furthermore, severe damage adjacent to the sole plate
connections observed in the case studsented in the previous chapter of this report suggests unique
vulnerability of prestressed concrete girder bridges under construction to damage from uplift forces from
overheight vehicle impacts that has not been observed in completed bridges folloviliagiscidences.

In this chapter of the report, girder responses to overheight vehicle impacts are compared for sets of identical
overheight vehicle collisions to bridge models representing several stages of construction completion. The
parametric analysis includes twofdifent vertical underclearance violations for the dump truck model and

a range of different vehicle speeds. Furthermore, this study explores how the presence, location, and type
of intermediate diaphragms can influence the response of partially consfritete@ssed concrete girder
bridges under vehicle impact and the nature and severity of resulting damage.

4.1 Description of Structure

In an effort to explore whether the damages observed in the case study presented in the prior chapter were
unique to that particular incident or reflect damages that would be typical for most prestressed concrete
girder bridges under construction, the istigation presented in this chapter was performed using a model

of a different bridge. To provide variation from the case study, a bridge with a different girder type, different
span length, and without skew was selected from the set of bridge plansegravithe research team by

the Steering and Implementation Committee. This bridge was sspai structure with each span
constructed using five (5) AASHTO Type IV girders spaced aRdriton center. The girders support an
8-inchreinforced concrete deck with an g@gotout width of 38 ft9 in. Each span is nominally identical in
design, with girder spans of 9845 inmeasured from the center of the bearings and rstoped at 0.020

ft/ft. Each girder is prestressed using 26 low relaxation Gradetgaitids of 0.6 in diameter. Six of the
strands are draped with heddwn points at 5 ft from the midspan. Intermediate diaphragms located at the
midspan are constructed from MC18x42.7 channels that are bolted to L6x6x1/2 angles connected to the
girders. Figire 4.1 presents the cross section of the superstructure at the midspan and an elevation view that
indicates the location of the intermediate diaphragms. This bridge model was specifically selected because
it has no skew. Since steel channel intermedigphdagms follow the skew for moderate skew angles,
while reinforced concrete diaphragms are oriented normal to the girder web, this bridge model allows for
comparison between the behavior exhibited by each intermediate diaphragm type without intrégucing t
diaphragm orientation as an additional variable. This bridge model was utilized for additional analysis in
Chapter 5 of this report, wherein it is referred to as Bridge A.
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Figure 4.1. Dimensions and details for bridge span (Bridge A) modeled to investigate
vulnerability of prestressed concrete bridge girders during construction: a) cross section (draped
strands shown in red); b) elevation view

4.2 Parametric Modeling

In total, four bridge models were developed to represent the bridge during three different phases of
construction and to contrast the performance of reinforced concrete intermediate diaphragms with steel
channel intermediate diaphragms. The first modebssmts the complete bridge as designed, incorporating

all components, including steel channel intermediate diaphragms, concrete deck, and reinforced concrete
end bent and thrbent diaphragms. The second bridge model includes the steel channel intermediat
diaphragms indicated in the bridge plans, but does not include the concrete deck, end bent diaphragms, or
thru-bent diaphragms. This model represents a partially constructed bridge at the same stage of construction
as the case study structure discussethé previous chapter. The third model mirrors the second one in
producing a scenario of an under construction bridge prior to placement of the deck but includes 8 in thick
reinforced concrete intermediate diaphragms in place of the steel channel ireendephragms. The

final model features the bridge girders without any diaphragms or concrete deck and corresponds to the
short period of time after the girders have been placed but prior to the installation of the diaphragms. This
model is also usefubf producing predictions of the response of prestressed concrete girders in bridges
without intermediate diaphragms that are under construction. The NCDOT Structures Management Unit
Manual requires the placement of an intermediate diaphragm at the miiolspeestressed concrete girder
bridges with a span length between 40 ft and 100 ft, but this practice varies by state. Figure 4.2 presents
renderings of the four different bridge models included in this investigation. All models were developed
with the CAE with the same staged introduction of prestressing and gravity forces as well as identical
boundary conditions.
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c)

Figure 4.2. Bridge models included in parametric analysis: (a) completed bridge with deck; (b)
without deck but with steel intermediate diaphragms; (c) with reinforced concrete intermediate
diaphragms; (d) without deck or intermediate diaphragms

The dump truck model introduced in the prior chapter of this report was used to simulate overheight vehicle
impacts to each of the four bridge models. Two different vertical underclearance violation scenarios were
considered. The hfiierlsdt ,i nrpeafcetr,roe dc otror easspoan diss t o an o
of approximately 4 inches, which results in the exterior girder of the bridge being impacted at the midheight

of its bottom flange by the protective extension of the dump bed that ogerlbave the cab. The second
scenari o, referred to as a fAback wall i mpact, 0 co
violation resulting in the back wall of the dump bed directly impacting the bottom flange of the exterior
girder. Forboth impact scenarios, the dump truck was aligned normal to the bridge girders and centered at

the midspan of the bridge, which corresponds to the location of the intermediate diaphragms. Figure 4.3
provides renderings of the position and orientation haf dump truck for each of the two vertical
underclearance violation scenarios considered. Since the camber of the bridge is affected by the presence
of the bridge deck, the elevation of the dump truck was adjusted correspondingly so that the inital locati

of contact with the girder was consistent for bridge models with and without the deck present. For each
bridge model and for each of these two vertical underclearance violation scenarios, simulations were
performed for initial dump truck velocities ob Inph, 20 mph, 25 mph, 30 mph, 35 mph, 40 mph, 45 mph,
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50 mph, and 55 mph. Consequently, the parametric analysis described in this chapter of the report consisted
of a total of 72 different finite element analyses.

c)

Figure 4.3. Vehicular impact scenarios evaluated for parametric analysis; a) shield impact; b)
back wall impact; c) position and alignment of dump truck for both impact scenarios

For all bridge models without the deck present, the higher intensity impact involving collision of the back
wall of the dump truck with the exterior girder of the bridge caused girder collapse at all initial truck
velocities included in the parametric aygé. In contrast, the simulations forecast that the bridge model
with the deck present was able to resist the impact forces from the back wall impacts for all initial truck
velocities, albeit while sustaining severe damage at the higher initial truditsesoFigure 4.4 presents a
subset of the results for the damage predicted to the exterior girder of the complete bridge model from
collision of the back wall of the raised bed of the dump truck. For lower truck velocities, the predicted
damage is limitd to spalling and longitudinal cracking along the wefflange transition (Figure 4.4a). As

the initial velocity of the truck was increased, the severity of the damage increased significantly and the
damage began to include thesbaped cracking that hagen widely reported in prior case studies of
prestressed concrete girder bridges severely damaged by overheight vehicle impacts, as detailed in the
literature review. Shear pustut failure was also indicated by the simulations run with the completesbridg
model for the highest initial truck velocities. The consistency of the predicted damage mechanisms
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