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Abstract

Bridge pier columns are critical load carrying elements and are often positioned in a fashion
where it is neither possible nor economically feasible to place protective devices around them. Pier
columns could be under-designed for commercial vehicle impacts and additional events that could
occur, such as blast. The project is focusing on improving pier column resiliency and robustness
in the event of an accidental or purposeful vehicle impact coupled with an additional event, e.g.,
an air blast, and a fire. To achieve this goal, a literature search was performed that focused on the
studies that investigate the behavior of reinforced concrete (RC) structures under vehicle impact
and blast, current design specifications related to the bridge piers subjected to these demands, and
general reinforced concrete bridge element design and detailing criteria. Based on the literature
review, a multi-column, highway, bridge pier and its supporting foundation was used as the
prototypical supporting unit for the analytically focused project. Initial studies used a 3D, LS-
DYNA numerical model of a single, circular, reinforced concrete column from the piers along with
that column’s supporting spread footing and piles. Surrounding soil and air volumes were also
modeled using LS-DYNA. Impact was supplied from a Ford F800 Single-Unit truck. Air blasts of
varying magnitude were represented using an Arbitrary Lagrangian-Eulerian approach. The model
was validated against published RC structural element impact and blast tests and predicted
response well. As a result, the validated modeling approach was recommended for future studies
in association with the project. After a literature review, experimental efforts were undertaken to
characterize adhesion of the retrofitting polymer to concrete also with impact and blast properties
for resistance of the retrofitted specimens. Adhesion testing as accomplished by a modified single
edge notched beam (SNEB) with a cement-polyurea (PU)-glue-cement sandwiched layers in the

middle. Adhesion test results indicated a strong interface bonding between cement and PU which

X



further improved by treatment of the cement surface to increase the roughness. Impact testing was
performed using a drop-tower, which the results showed that PU coating increased damping
behavior of the concrete specimen by permitting the impact load to be distributed on a larger area
and for a longer time. Blast testing will be carried out using TNT explosives on reinforced concrete

slabs which will require assistance from the Nebraska State Patrol for the testing.
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Chapter 1 Introduction and Background

1.1 Background

Bridge piers consisting of reinforced concrete (RC) columns are common substructure
units. When piers are located close to travel lanes, they can be highly vulnerable to impact loads
due to an accidental or purposeful vehicle collision and significant damage or complete failure
could result. When the impact is coupled with an air blast, further deterioration could occur,
possibly resulting in the collapse of the pier and possibly multiple spans and the entire bridge.
Current American Association of State Highway and Transportation Officials (AASHTOs)
bridge design codes do not explicitly account for vehicle collision coupled with an air blast.

Numerous examples of collisions coupled with air blasts exist. For example, in Nashville,
Tennessee, a reinforced concrete bridge over I-65 was impacted by a tanker truck and a
subsequent explosion occurred, in 2014 (7). As shown in figure 1.1, the bridge pier and girders it

supported suffered significant damage, resulting in an unsafe condition.

Figure 1.1 I-65 vehicle collision and explosion [1]



Protective devices including crash barriers, fencing, and bollards, are often utilized to
protect bridges from vehicle collision and coupled air blasts, be they intentional or unintentional,
by preventing direct impact and increasing explosion physical standoff distance. Bridge piers are
often located in a fashion where it is neither possible nor economically feasible to place the
protective devices around them. As shown in figure 1.2, if protective devices are not feasibly
positioned their effectiveness can be severely compromised (2). Additional steps could be taken
to strengthen the supporting pier columns and caps in-situ via enhanced structural detailing and

hardening techniques.

. e TR g PR Y. -
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i

Figure 1.2 Pier column damage, protective barrier in place (2)

AASHTOs Load and Resistance Factor Design (LRFD) Specification and accompanying
state Department of Transportation (DOT) bridge design guides and specifications are the
primary design codes for highway bridge design in the U.S. (3). The 8" edition of the LRFD
mandates representing vehicle collision design loads with an equivalent static force (ESF) of 600
kips (2670 kN) at a distance of 5 ft. (1.5 m) above for piers 20 ft. (9.1 m) from the roadway edge

(3). Recent research indicates that this standard AASHTO-LRFD impact design load may be



non-conservative for heavy trucks at high velocities (4-7). In addition, multi-hazards involving a
vehicle impact and an additional event, such as a blast or fire, are not explicitly considered in the
LRFD code. Hence, additional research that determined appropriate impact bridge pier columns
design loads for various hazardous events would be beneficial along with work that addressed
improving their resistance to these extreme events.

1.2 Problem Statement

This research will aim to accomplish the following:

(1) Add to the limited studies that have been published examining bridge pier column
under collision and blast loads in an attempt to parametrize structural response and
damage;

(2) Improve bridge column resistance to collisions from vehicles traveling high speeds
coupled with air blast and possibly fire;

(3) Investigate column response, damage levels, and beneficial or detrimental detailing
during a coupled collision and explosion event that may provide useful information
for both retrofitting existing and constructing new columns;

(4) Address the inaccurate representation of demands placed on bridge columns subjected
to vehicle impact, air blast, and possibly fire;

(5) Perform laboratory experimental testing for impact and blast resistance of polymer-
coated concrete specimens;

(6) Perform adhesion characterization of the retrofitting polymeric coating with concrete

and surface treatment to improve the adhesion.



1.3 Objective

The overall purpose of the research study is to improve the resiliency and robustness of
bridge pier columns in the event of intentional or accidental vehicle collision coupled with a
possible explosion. Research studies completed to date have investigated the behavior of bridge
and bridge components under either vehicle collision or blast, including experimental tests and
numerical simulations on bridge and bridge components, but have not examined bridge columns
under combined collision and blast loads. To obtain accurate materials properties for finite
element modeling, experimental testing will evaluate adhesion of retrofit polymer coating to
concrete specimens and characterize contribution of the coating to the impact and blast resilience
of concrete.
1.4 Scope

These objectives will be addressed by:

1) Performing a detailed literature review of: studies that investigated the response of
reinforced concrete bridge column subjected to the vehicle impact and blast; current U.S.
design specification as it relates to these demands; relevant, general RC structural
element U.S. specification criteria; and potential retrofit techniques for improving bridge
column and substructure unit performance under impact and blast;

2) Developing finite element models of single and multiple RC bridge columns that are
validated using the experimental results from the literature;

3) Completing numerical simulations of validated column models subjected to simulated
truck impacts and air blast;

4) Developing an equation that calculates an equivalent static design force;



5) Performing parametric studies that investigate the effects of significant design and
demand parameters on pier column response;

6) Assessing column residual capacity and developing a predictive equation;

7) Evaluate the effectiveness of various retrofitting techniques to improve the resistance of
bridge columns to impact and blast;

8) Performing literature review for experimental testing of impact, blast and adhesion
testing;

9) Investigating the appropriate polymeric coating material based on practicality and
availability;

10) Evaluating appropriate method of polymer coating and surface treatment;

11) Conducting preliminary testing to determine appropriate parameters for impact, adhesion
and blast testing; and

12) Performing tests using the determined testing parameters, analyzing and interpreting the

results.



Chapter 2 Literature Review

2.1 Introduction

In many locations, it is neither possible nor economically feasible to place shielding (e.g.,
crash barriers) around exposed bridge columns. Some recent research has shown that the
standard AASHTO-LRFD design impact load is non-conservative for heavy vehicles and high
speeds, which indicates that current bridge columns are under-designed for commercial vehicle
impacts (6, 7). In addition, bridges exposed to intentional or unintentional blasts and, possibly,
fires that occur in association with the impact event are at risk of significant damage and possibly
failure. The purpose of this research is to improve the resiliency and robustness of bridge pier
columns in the event of an accidental or purposeful vehicle impact coupled with another event
e.g. an explosion, possible fire. This goal will be accomplished by contributing to the state of the
art associated with bridge pier column design and response of structural systems and components
acted on by vehicle impact and explosion events, with an emphasis on bridge piers. To achieve
this goal, a literature search was performed that focused on: studies that examined the behavior
and analysis of materials and structures subjected to the vehicle impact and blast, with emphasis
on research related to reinforced concrete (RC) and its constituent materials; current design
specifications as they relate to bridge piers, with a focus on pier columns; and reliability-based
indices for RC structural elements.

2.2 Response of RC Bridge Elements under Vehicle Impact, Blast, Fire

2.2.1 Material properties under impact and blast
The dynamic response of reinforced concrete structural elements depends heavily on
loading rate (8). Since concrete cracks generally develop slowly, a high loading rate from impact

and blast could inhibit their development. Under a high rate load, the concrete strength increases



due to inertial confinement provided by structural components as it cannot deform as fast as the
components deform (9). Additional confinement is generated by the surrounding concrete.
Concrete experiences a significant increase in strength as what is termed the “strain-rate
threshold” is reached. Fig. 2.1 details the relationship between concrete strength and strain rate

and shows that the strain-rate threshold in tension is approximately 2.5 s™!, with the compression

strain-rate threshold equaling 30 s™! (10).
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Figure 2.1 Pier column damages with crash barrier (/0)

Properties of steel reinforcing bars embedded in the concrete are also affected by high
loading rates (/7). Yield and ultimate strengths of this ductile material experience a significant

increase due to strain-rate effects. The elastic modulus of the steel does not change with the



increase in strain rate; however, a significant reduction of the ductility occurs to the steel at a
high strain rate, which is referred to as “high-velocity brittleness”. Fig. 2.2 shows the relationship

between the strength of the steel and the strain rate (/7).
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Figure 2.2 Relationship between steel strength and strain rate [9]

2.2.2 Response of RC bridge elements under vehicle impact
2.2.2.1. Examples of vehicle collisions with bridge elements

A large vehicle collision with a bridge is treated as a rare event when designing
supporting columns; however, multiple cases of these types of collisions have happened,
resulting in unsafe situations or complete collapse. Some representative events are summarized
below. This information was taken from the studies performed by Buth et al. (6, 7), Wehbe et al.

(12), Maghiar et al. (13), and other researchers (14, 15).



In Corpus Christi, Texas, a reinforced concrete bridge pier over I-37 was impacted by a
tanker truck in 2004 (6). The truck collided with the easternmost column in a three-column pier
at a speed of 55 mph (88.5 km/h) and subsequently the truck overturned, as shown in Fig. 1.3.
The 2.5-ft (0.75-m) diameter column failed due to complete spalling of the concrete cover at the
top and the bottom of the column and subsequent fracture or buckling of reinforced steel. As

shown in fig. 2.3, bridge collapse did not occur.

Figure 2.3 1-37 pier collision (6)

In Red Oak, Texas, a tractor-trailer truck collided with a reinforced concrete bridge pier
over [-35 in 2005 (6). The truck collided with a 2.5-ft (0.75-m) diameter column in a three-
column pier at a speed of 60 mph (96.6 km/h). Failure of the RC column occurred due to shear at

the top and bucking of the reinforcement. As shown in fig. 2.4, the bridge did not collapse.



(a) Truck collision with RC column

(b) Column failure mode

Figure 2.4 1-35 pier collision (6)

In Big Springs, Nebraska, a reinforced concrete overpass bridge was impacted by a
semitrailer truck in 2003 (/2, 16). As shown in fig. 2.5, bridge collapse occurred and a second
truck travelling in the opposite direction was impacted by the collapsed bridge component. One
person died and traffic was severely disrupted. The impact speed and bridge geometries were not

provided in the literature.
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(b) Bridge collapse

Figure 2.5 I-80 pier collision (/6)

As exhibited by representative cases summarized herein, impact and subsequent damage
caused does not always lead to structural collapse but can certainly lead to costly repairs and
extended bridge and roadway closures. These closures most certainly adversely affect social and
economic activities for those traveling along the roadway(s) and living in close proximity to the

bridge.
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2.2.2.2. Research studies on vehicle collisions with bridges and bridge components

According to research conducted by Wardhana and Hadipriono (20) that examined causes
of bridge failures in the United States between 1989 to 2000, the 503 bridge failures that were
analyzed were mainly caused by hydraulic items (e.g. scour), collisions, overloads, deterioration,
fires, and earthquakes. Vehicle collision was the cause of 59 failures, 10% of the total and the
third highest failure category.

Bridges in the United States are designed and built following the AASHTOs-LRFD
Bridge Design Specification (3) along with State DOT bridge design guides and specification
that largely utilize information supplied from the LFRD. Including a vehicle collision load in the
design process was proposed and considered in the 1% Edition of the Specification published in
1994 (17). The specification introduced an equivalent static force of 400 kips (1,780 kN) to
design the bridge columns with this equivalent force applied in any, critical, horizontal 4 ft (1.2
m) above the ground. The equivalent static force was determined from a series of full-scale,
80,000-1b (36,300 kg) tractor-trailer 50-mph (80.5-km/h) barrier collisions (/7), with the barriers
designed to sustain a Test Level 3 (TL-3) impact according to Manual for Assessing Safety
Hardware (/8). Given that more studies on vehicle collision with the bridge systems were
completed since initial publication, vehicle collision design loads were updated for the 6
Edition of the Specification (/9), with the equivalent static horizontal load increased to 600 kips
(2,670 kN) at 5 feet (1.5 m) above the ground. The impact direction was stated to be “zero to 15
degrees with the edge of the pavement.” The updated equivalent static load was based on
research performed by Buth et. al (6, 7) that included completing a full-scale collision of an

80,000-1b (36,300 kg) tractor-trailer into a bridge pier consisting of a 3-ft (0.91-m) diameter
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simulated rigid steel bridge column and a brace supporting frame at a speed of 50 mph (80.5-
km/h).

Sharma et al. (20, 21) investigated the responses of reinforced concrete bridge columns
under vehicle collisions using the LS-DYNA finite element and multiphysics structural analysis
program and evaluated column performance. The research developed a framework for
performance-based design and analysis of bridge columns subjected to vehicle impact.
Performance levels were defined for a representative bridge column: fully operational with no
damage; operational with damage; and complete collapse. Probabilistic models were then
proposed to estimate bridge column shear capacity and demand under vehicle collisions. These
performance levels were calibrated against impact demand and resistance factors to obtain
desired levels of performance when completing a design.

El-Tawil et al. (22) developed finite element models of vehicle collisions with bridge
piers using LS-DYNA to study their performance under impact and to evaluate the feasibility of
the proposed models to estimate the response of bridge piers against impacting load. Two vehicle
models produced by the National Crash Analysis Center (23), a Chevy C-2500 pickup truck and
a Ford F800 single-unit truck, impacted pier models having different geometric characteristics. A
parametric study was conducted to evaluate modeling techniques and analyze effects of various
key parameters, which includes barrier flexibility, coefficient of friction, and damping ratio, on
the impact load. Results indicated that the design collision load required in the 2002 LRFD
Bridge Design Specification was lower than computed equivalent static loads from the analyses.

Agrawal et al. (24) conducted an analytical investigation of the response of reinforced
concrete bridge piers subjected to vehicle collisions from a Ford F800 Single-Unit Truck (SUT)

to parametrically examine dynamic forces between the vehicle and impacted piers. A LS-DYNA

13



finite element model of a three-span bridge was developed that included the superstructure, piers
and pile foundations. Each pier was a three-column bent with each column being of rectangular
cross section. Several parameters, including vehicle velocity, pier diameter, and impact incidence
angle, were considered. Performance of bridge support columns was evaluated based on failure
observed modes and with damage assessed using a damage ratio, which was defined as the ratio
between peak dynamic impact force to pier shear capacity.

Gomez et al. also (25) investigated structural response of reinforced concrete bridge piers
subjected to the vehicle collisions using LS-DYNA. A parametric study was performed to
examine the effects of pier diameter, transverse reinforcement spacing, vehicle impact velocity,
pile cap height, and number of columns on response of the bridge column to vehicle collision.
The studied bridge piers consisted of a single reinforced concrete column, portions of the
superstructure, and a simplified pile foundation system. It was shown that vehicle collisions with
stiff piers led to high forces, low lateral displacements and high shear resistance. Pier diameter
had critical influence on failure modes and force distribution of the bridge column.

Buth et al. also performed experimental and analytical studies of vehicle collisions with
simulated bridge piers (6, 7). Two full-scale crash tests using an 80,000-1b (36.3 Mg) tractor-
trailer were performed on 3-ft (0.91-m) diameter simulated rigid bridge piers. Finite element
models were developed and validated against experimental results and were then used to conduct
a parametric analysis on force demands on a bridge pier during a vehicle impact. Parameters
included the type of truck, type of cargo, impact speed, and pier diameter. The research
demonstrated that collision forces were much larger than 400 kips (1,780 kN), the impact load
from the LRFD Design Specification. The research also developed a methodology for estimating

the risk of a vehicle leaving the road and hitting a bridge pier.
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Thilakarathna et al. (26) investigated vulnerability and performance of reinforced
concrete columns under low to medium velocity vehicle impacts and developed potential
mitigation techniques. Validated finite element models were used to parametrically predict
impact response of reinforced concrete columns, with results being subsequently used to develop
equations to predict critical impact force and impulse. It was shown that triangular impact pulses
would best represent an actual collision. New guidelines for determination of contact area
between colliding objects were developed. A new limit state was proposed to assess column
resistance to impact loads.

Abdelkarim and ElGawady (4) parametrically evaluated reinforced concrete bridge pier
performance under vehicle collision to develop a design equation. Examined parameters included
the: concrete constitutive model; unconfined concrete compressive strength; strain rate; amount
of longitudinal reinforcement; amount of shear (hoop) reinforcement; column span-to-depth
ratio; column diameter; top boundary conditions; axial load level; vehicle velocity and mass;
roadside distance between errant vehicle and an unshielded bridge column; and soil depth above
the top of the column footing. The research used three approaches to determine and compare
equivalent static forces (ESFs) for columns that were analyzed. The first approach focused on
calculating an ESF that produced the same maximum displacement at the point of impact. The
second used equations from the Eurocode (27) to calculate the ESF. The third defined the ESF as
the Peak of the Twenty-five Milli Second moving Average (PTMSA). Resulting ESFs were
compared against the 600-kip (2,670-kN) design collision force required in the LRFD
Specification. It was demonstrated that the design force was sufficient for heavy vehicle and/or

high-speed impact, but was too conservative for light vehicle and/or low speed impact. The
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research developed an equation to calculate design impact force based on impact velocity and
vehicle mass.
2.2.3 Response of RC bridge elements to blast

This section gives a brief overview of air blast physics and how those effects can be
simulated. Studies examining the response of bridge structural elements to air blast are then
summarized.
2.2.3.1 Blast load

The Hopkinson or Cube-root scaling law is an effective approach for approximating air
blast shock waves generated by different combinations of explosive weights and standoff
distances (28). The scaling law is used to economically expand applicability of experimental

blast tests to different impulse levels. It is expressed as shown in equation 2.1.

R

; '—WTNT 2.1)

where Z is the scaled standoff distance or “scaled distance” (ft/Ibs'’?), R is the standoff distance

7 =

(ft.), and wrnr is the TNT-equivalent explosive weight (1bs).

Z is used to represent blast load intensity and provides a relationship between explosive weight
and the standoff distance when defining a blast wave. The TNT-equivalent explosive weight
relates output energies from different types of explosive to TNT and is determined by
multiplying explosive weight by the ratio of that explosive’s yield to that of TNT, with the yield
representing approximate energy release during the detonation of a metric ton of the explosive.

Tests have shown that the scaling law is valid for Z greater than 0.4 ft/Ibs' (0.16 m/kg!?). The
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figure is based on numerous experimental tests and theoretical work and can be utilized for both

hemispherical and spherical blasts (9).
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Figure 2.6 Shock wave parameters for TNT explosions (9)

The detonation of an explosive is due to a rapid chemical reaction that creates a shock
wave from a sudden release of energy. The shock wave travels from the explosive material as
highly compressed air at high speed and temperature and produces over and dynamic pressures,
characteristics that can be idealized using a pressure-time history (9). The overpressure is the
pressure produced by the explosive, much higher than the ambient pressure in an air volume, and
the dynamic pressure is pressure experienced in that air volume after the shock waves pass. Fig.
2.7 shows an idealized pressure-time history of an explosion in free air. Py is the ambient
pressure of the air and #4 is the arrival time of the shock wave. As shown in the figure, the shock

wave consists of a positive phase and a negative phase. In the positive phase, the overpressure
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“pushes” on the structure and is represented by Py,. The negative phase creates an overpressure

that “pulls” on the structure and is denoted by Pso.-.
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Figure 2.7 Idealized pressure-time history of an explosive in free air (29)

An explosion produces radiating shock waves with waves originating from the explosion
termed incident waves. As the incident waves hit any surfaces of a structure, they are reflected
off those surfaces and are defined as reflected waves. Reflected waves could merge with incident
waves if explosive sources are close enough to reflecting surfaces. The overpressure would not
reduce to the ambient pressure before the reflected and incident waves merge, an occurrence
known as Mach reflection (30). Therefore, two independent overpressure peaks could occur in
the resulting pressure-time curve. Fig. 2.8 (a) shows a pressure-time curve where the reflected
wave merged with and incident wave and Fig. 2.8 (b) is a pressure-time curve when the waves

do not merge (9).
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Figure 2.8 Pressure-time history for Mach reflection and regular reflection (37)

Reflected peak pressures depend on incident pressure and angle between the wave and
the reflective surface. A relationship between incident angle and peak reflected pressure is
provided by Department of Defense (37) as shown in fig. 2.9. C,, is the peak reflected pressure
coefficient which is defined as a ratio of peak reflected to peak incident pressure. Curves shown
in the figure were developed based on semi-empirical data and analytical solutions of shock

equations.
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Figure 2.9 Effect of angle of incidence on the reflected pressure coefficient (37)

Three categories are commonly used to define blast-loads on structures (9, 37): (1)
contact blasts; (2) close-in blasts; (3) and planar-wave blasts. Fig. 2.10 details these different
categories. As shown in the figure, a contact blast produces a high-intensity, impulsive load on
the structure. A close-in blast produces a non-uniform, spherical shock wave. Long standoff
distances generate planar-wave blasts that can be represented using a uniform distributed load.
Based on these loading categories, three design ranges could be provided as a function of
structure response time and explosion duration (9): (1) impulsive load; (2) dynamic (or pressure-
time) load; and (3) quasi-static (or pressure) load. Fig. 2.11 details these three ranges based on
the time at which the structure experiences maximum deflection (#,) and the duration of the
positive phase (#p). Since vehicle explosion produces a high-intensity shock wave at a close

range, bridge design to resist vehicle explosion generally falls in the impulsive loading category.
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Figure 2.10 Blast-loading categories (37)
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Figure 2.11 Pressure design ranges (9)

2.2.3.2 Research studies on blast effects on bridges and bridge components

In the public domain, designing bridges to resist air blast is a relatively immature
research area and seismic design and detailing techniques have been suggested as possible design
options (31, 32). It has also been suggested that several building, blast-resistant design guidelines
could be utilized as references to design bridges, including: Structures to Resist the Effects of
Accidental Explosions (9), Design of Blast-Resistant Buildings in Petrochemical Facilities (33),
and Design and Analysis of Hardened Structures to Conventional Weapons Effects (34).

One of the more focused research efforts associated with bridge analysis and design for
blast was completed in association with National Highway Research Program (NCHRP) Project
12-74 (31). The report largely focuses on substructure units and: provides an overview of the
response of concrete bridge columns to blast loads; discusses means to develop analytical models
of those columns; and presents a blast-resistant design framework. Presented procedures are

intended for practicing engineers and, as such, were developed to be straightforward and easy to
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incorporate into existing design criteria and processes. The developed general design and
analytical procedure for blast-resistant bridge columns is defined as a function of scaled standoff,
Z. Three design categories are defined with: design category A [Z> 3 ft/lbs'3 (Z> 1.19 m/kg'?)]
requires no special considerations to resist potential threats; design category B [1.5 ft/Ibs? < Z

< 3 ft/lbs'? (0.6 m/kg'® < Z < 1.19 m/kg'”)] uses the seismic detailing approaches to harden

pier columns and requires larger development (hook) lengths and designing and detailing for
plastic hinging of the column; design category C [Z < 1.5 ft/lbs'*(Z < 0.6 m/kg!”®)] addresses the
most severe threats and requires higher transverse reinforcement ratios and even larger
development lengths. A single-degree-of-freedom dynamic response analysis is required for the
design category C to ensure adequate ductility and rotation support.

Williamson and Winget completed a literature search that summarized effective methods
to mitigate risks associated with terrorist attacks on critical bridges (32, 35). Risk management
was aided via development of bridge protection categories based on their importance and type. A
performance-based retrofit and design guideline was also proposed to harden the bridge and
bridge components and reduce risks to an acceptable level. The standards were proposed based
on bridge criticality and damage susceptibility under proposed design loads, with design loads
and acceptable damage levels determined from threat and risk assessments.

Williams (29) conducted experimental and finite element analysis studies of the response
of reinforced concrete bridge columns to blast loads. A series of tests of half-scale column
specimens were performed to determine failure modes under various blast loads. Numerical
models were developed using LS-DYNA and validated against test data. Results indicated that
circle columns experienced lower net impulse than square columns for similar values of Z. The

research identified the mechanics of damage development and failure modes for reinforced
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concrete bridge columns and proposed a simplified method to predict blast effects on the
columns.

Matthews (36) investigated response of a precast, prestressed reinforced concrete girder
subjected to blast. A series of experimental tests of two full-scale girder specimens were
conducted under different blast loads. A numerical model of a precast and prestressed girder was
developed and validated against the tests. Four loading scenarios were considered: a blast located
between two girders above and below the deck; and a blast centered on a girder above and below
the deck. Two-hundred and fifty pounds of TNT was placed at a standoff distance of 4 ft (1.2 m)
for the load cases above the deck and 500-Ibs (226.8-kg) TNT was placed at a standoff distance
of 10 ft (3.0 m) below the deck. Results showed highly localized damage was caused by 250-1bs
(113.4-kg) of TNT above the deck and the deck failed for the 500-1bs (226.8-kg) TNT cases with
small damage to the girders.

Yietal. (37, 38) investigated the performance of a three-span, reinforced concrete
highway bridge subjected to blast load using LS-DYNA. A new simulation approach, which was
referred to as the hybrid blast load (HBL) method and considered reflection and diffraction, was
utilized to generate loads. Numerical models were validated against experimental results (39)
and results identified possible damage mechanisms. It was found that local damage to bridge
components could lead to complete collapse. In addition, displacement at pier tops was greatly
reduced when the ratio of ductility to strength reduction factor is larger than 6.

Fujikura et al. (40, 41) experimentally examined the performance of concrete-filled, steel
tube bridge piers subjected to blast loads. A multiple-column pier was tested at "4-scale to
demonstrate feasibility of the proposed system. The study indicated that the prototype pier

system exhibited satisfactory resistance and ductility under blast loading.
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Tang and Hao (42, 43) studied response of a cable-stayed bridge to air blast using LS-
DYNA. A 978-ft (298-meter) high bridge was subjected to a simulated blast load from a 2,200-1b
(1,000-kg) TNT explosion at a distance of 1.65-ft (0.5-m) from the bridge tower and 3.30-ft (1.0-
m) above the deck. The study examined the damage mechanisms and failure modes. A
progressive collapse analysis was also performed and the feasibility of FRP retrofit techniques
examined. Results showed that the bridge deck was significantly damaged and that the minimum
scaled distance at which complete collapse did not occur was 3.0 ft/Ibs'? (1.20 m/kg'”®) for the
tower and 3.5 ft/lbs'3 (1.33 m/kg'?) for the pier.

Tokal-Ahmed (44) investigated blast effects on the components of a two-span, simply-
supported prestressed concrete girder bridge using a 3D analysis program Extreme Loading for
Structures (ELS). An applied element model of bridge was developed and subjected to simulated
blast loads with vulnerable components identified. Various protection measures were proposed
and evaluated. It was demonstrated that similar levels of reinforcement should be provided at the
top and bottom of the bridge deck when subjected to below-deck blast scenarios. Redundancy
and continuity were also shown to be key factors to prevent progressive collapse.

2.2.4 Response of RC bridge elements under fire

Fire associated with a vehicle collision or impact, a blast or their combination has been
shown to greatly alter material characteristics. As a result, their ability to maintain safe levels of
operation is often compromised, with complete collapse being a possibility.
2.2.4.1 Cases of bridge fires

A survey completed by the New York Department of Transportation (N.Y.DOT) (45)
examined prominent causes of bridge failures. The survey identified that, out of 1,746 bridge

failures, 52 collapses were caused by fires.
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A typical bridge fire incident is the collapse of the MacArthur Maze bridge in Oakland,
California (46). In 2007, a tanker carrying 8,600 gallons (32.6 m?) of gasoline was overturned on
an [-580 overpass, resulting in a severe fire. The bridge was constructed with six welded plate
girders and a reinforced concrete deck. Two spans failed due to fracture of the plate girders as

shown in fig. 2.12.

Figure 2.12 1-580 bridge fire (46)

Another recent example is fire-induced partial collapse of an elevated portion of I-85 in
Atlanta, Georgia (47). In 2017, an overpass bridge suffered a severe fire. The fire started from
ignition of materials stored under the bridge. As shown in the fig. 2.13, the fire led to a collapse
of a 92-ft (28.0-m) long reinforced concrete span. Five bridge spans close to the collapsed

section also needed to be removed.
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Figure 2.13 1-85 bridge fire (47)

2.2.4.2 Research studies of fire influence on RC bridge and bridge components performance

Mendes et al. (48) conducted research that examined the response of reinforced concrete
bridge deck subjected to fire using a 2D numerical model. The research was completed in
response to an event where a ship fire caused significant damage to a bridge deck. Three fire
scenarios were considered and damage intensity examined. A parametric study was performed to
examine effects of deck geometry, thermal radiation, fuel type, and radiation transfer on damage
intensity. Results identified that the prestressing anchorage for the deck experienced serious
damage 20-30 minutes after the fire started and failure of the anchorage caused progressive
collapse

Nigro et al. (49) investigated thermo-mechanical performance of reinforced concrete
bridge slabs strengthened with fiber reinforced polymers (FRP) under various fire events. Both
0.49-ft (0.15-m) thick and 0.66-ft (0.20-m) thick slabs were examined. Two possible fire

situations were considered: asphalt overlay at a temperature of 180 °C; and a fire event acting
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above the deck caused by an accident. Results showed that placing a concrete overlay above the
FRP layer was recommended to prevent FRP fracture.

Nabhid (50) studied response of bridge components to a vehicle fire using the Fire
Dynamics Simulator fluid dynamics code embedded in ABAQUS. Localized fires were
simulated using a non-uniform fire exposure model and a standard uniform furnace exposure
model and performance was studied in bridges constructed using multiple steel plate girders and
steel tubs. A parametric analysis was performed to determine factors that governed component
failure. Results showed fire dynamics and the heat transfer to bridge components were controlled
by girder geometry, with the single and double lane tub girder exhibiting better behavior under
heavy fire exposure.

Paya-Zaforteza and Garlock (57) completed a finite element fire analysis of the
performance of a 40-ft (12.2-m) long, singly supported, reinforced concrete bridge deck. The
bridge consisted of five steel girders and a reinforced, non-composite concrete slab and the
models were developed using LUSAS. The bridge deck was subjected to a simulated
hydrocarbon design fire and parametric analyses were performed to examine effects of gravity
load and axial restraint on the performance. Results identified that any potential interaction
between the studied span and adjacent spans should be considered during a fire event.

2.3 Development and Implementation of Innovative Materials and Bridge Support to Resist

Multiple Hazards

Highways can be subjected to one or more hazards, earthquakes, tsunamis, and, as is the
focus of the present research, vehicle collisions, blasts, and fires. Bridge elements, such as piers,

are designed and detailed to address some, but not all demands caused by these hazards and their
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performance could be compromised as a result. A number of studies have been completed that
focus on developing innovative materials and designs to address potential hazards.
2.3.1 Examples of bridges subjected to multiple hazards

Multiple hazards, which typically refer to a vehicle collision coupled with an explosion
or/and a fire, are treated as rare events during a bridge design. However, several cases of these
types of incidents have happened, imposing severe threats to bridges and bridge components.
Two typical multiple-hazard events for highway bridges are summarized: a vehicle collision
coupled with an explosion as described in chapter 1; and vehicle explosion followed by fire. This
information has been reported by local and global news (7, 52).

The representative incident of vehicle collision followed by severe fire occurred in
Bologna, Italy in 2018. A tanker truck exploded on a reinforced concrete highway bridge leading
to a subsequent bridge fire (52). Bridge decks failed due to the complete spalling of concrete
cover and buckling of the reinforcement embedded in the concrete. As shown in fig. 2.14, partial

bridge collapse occurred due to the failure of bridge decks.
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(a) Tanker explosion and fire (b) Partial bridge collapse

Figure 2.14 Highway bridge vehicle explosion and fire (52)

2.3.2 Studies of innovative retrofit materials

Innovative materials, including fiber reinforced polymer (FRP) composites and ultra-high
molecular weight polyethylene (UHMWP) concrete (53) and other materials, have been used to
increase structural element resistance to various demands, including blast, impact and fires. A
summary of relevant research is provided in the sections that follow.
2.3.2.1 Fiber reinforced polymer

Many types of fiber reinforced polymer (FRP) and polymer materials are available to
strengthen bridges and bridge components. Proper use can increase the axial, flexural, and shear
capacities and improve the stiffness and ductility of the bridge components under extreme
conditions. Popular materials include carbon fiber reinforced polymer (CFRP) and glass fiber
reinforced polymer (GFRP) and they are selected based on performance and cost. The FRP

composites have been used to strengthen and retrofit beam, column, slab, and retailing wall (54).
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For beams, columns, and decks, FRP composites are commonly bonded on their tensile
face to improve flexural resistance. For compression members, FRP sheets are typically wrapped
around the members to confine the concrete, thereby increasing axial capacity. For structural
members subjected to large shear force, FRP stripes are often utilized to improve shear capacity.

Baylot et al. (55) studied the effectiveness of an FRP system for strengthening typical
masonry walls subjected to blast loads using a series of tests of Y4-scale specimens. Two FRP
application techniques were evaluated: 0.04-in. (1-mm) thick glass FRP bonded on the back
surface of the wall; and a two-part sprayed-on FRP coating with thickness of 0.13 in. (3.2 mm)
attached on the back face of the wall. A control specimen with 0.04-in. (1-mm) thick hot-dipped
galvanized steel sheets overlapped at the top and bottom of the reaction structures was also
studied. Results showed that all retrofitted walls collapsed; however, the FRP coating systems
prevented fragments and debris from being ejected.

Ross et al. (56) conducted research that experimentally examined FRP effectiveness for
strengthening reinforced concrete beams subjected to blast loads. Three reinforced concrete
beams were strengthened using CFRP sheet bonded to the sides and bottom. The specimens were
subjected to explosions using 244 Ibs (110.6 kg) ANFO explosives located at the mid-span.
Table 2.1 lists test information and results. Preliminary observations showed that FRP-
strengthened specimens did not fail completely, while non-strengthened beams experienced a

shear failure.
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Table 2.1 Tests on the FRP strengthened RC beams (56)

Standoff Impulse Residual
Test Retrofit P displacement Comment
(m) (MPa-ms)
(mm)
5 5.49 - - 0 Multiple cracks
6 457 i i 150 Multiple cr.acks & shear
failure
7 534 i 150 0 Multiple cracks from
beam top to beam
Survive initial blast but
8 4.57 0145 mm CFRP - - rebounded with reflected
sides & bottom
pressure
9 | as7 |0 mmCERP -, o : Side CFRP delaminated
sides & bottom
10 457 0.45 mm CFRP 155 0 Side CFRP delaminated.
wrapping Cracks at the top

Muszynski et al. (57) experimentally examined the performance of reinforced concrete

walls retrofitted with CFRP and GFRP subjected to blast loading. Maximum displacements were

reduced by approximately 30% for the GFRP retrofitted RC walls and 13% for the CFRP

retrofitted RC walls when compared to a non-strengthened wall. The control walls experienced

spalling, and spalling was not observed for the FRP-retrofitted walls.

Erki and Meier (58) completed impact tests on two 26.2-ft (8-m) long reinforced concrete

retrofitted beams. Two RC beams were strengthened, one using CFRP and the second using a

steel plate. Impact loads were generated by lifting and dropping the beams. The

CFRP-strengthened beam was dropped from the heights of 1.64 ft. (0.5 m), 3.28 ft. (1.0 m), and

4.92 ft. (1.5 m). The CFRP-strengthened beam failed at the 4.92-ft (1.5-m) height dropping. The

failure mode for the CFRP-strengthened beam was debonding of outside FRP and rupturing of

intermediate laminate. The steel plate strengthened beam failed due to debonding of the
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laminate. Results showed that the CFRP-strengthened beam performed better under impact
loading, and the CFRP improved the impact resistance of RC beam to impact load.

Firmo et al. (59, 60) investigated the behavior of CFRP strengthened concrete block
using double lap shear tests at temperatures ranging between 20 °C and 120 °C. The effects of a
mechanical anchorage on performance was investigated. Results indicated that bonding strength
reduced with an increase in temperature, which led to an increase in axial strain distributions at
the interface due to adhesive softening.

Bisby et al. (61, 62) experimentally studied the behavior of CFRP-strengthened circular
reinforced concrete column covered with an intumescent epoxy coating at high temperatures
using a furnace test. Two full-scaled column specimens were fabricated with a diameter of 16 in.
(0.4 m) and a height of 12.5 ft (3.81 m), as shown in figure 2.15 (a). The CFRP strengthened
columns demonstrated an increase in the axial strength of 26%, as shown in figure 2.15(b). The
insulation system was effective to protect RC columns and maintain the overall capacity of RC

columns during fire.

CFRP-wrapped column with 32 mm thick insulation

CFRP-wrapped column with 57 mm thick insulation

800
700 A ‘

GFRP-wrapped column with 38 mm thick insulation
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400 mm

o
)
<

400 +
CFRP sheets

< Insulation 200 4
(32 or 57 mm thick) i

w
(=
(=]

FRP temperature [°C]

0 50 100 150 200 250 300 350
Time of fire exposure [min]
(a) Specimen section (b) FRP temperature histories

Figure 2.15 Standard furnace test on RC column (67)
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2.3.2.2 Ultra-high molecular weight polyethylene (UHMWP)

Ultra-high molecular weight polyethylene (UHMWP) is a semicrystalline polyethylene
with a high molecular mass (63). The high strength material has been used to make ropes, tear
resistant fabrics, and ballistic impact protection systems (64, 65). While extensive studies have
been completed examining its behavior over a wide range of demands, limited studies have been
performed that examine the feasibility of a UHMWP as a retrofit technique for bridge and bridge
components subjected to impact and blast.

Lissig et al. (66) studied the behavior of a UHMWP composite under shock conditions
using an inverse planar plate impact test and the shock reverberation technique. Inverse planar
plate tests were conducted using particle velocities between 380 mph (170 m/s) and 2013.2 mph
(900 m/s). The shock reverberation technique helped determine the mechanical response of the
UHMWP under high pressure. Results indicated UHMWP porosity or voids did not significantly
influence behavior of the UHMWP composite at low shock pressures.

Zhang et al. (65) performed ballistic experimental research to investigate UHMWP flat
panel response. The effects of fiber orientation and boundary constraints on material deformation
and failure were evaluated using a back-face deformation experiment. Results showed that the
boundary constraints did affect back-face deformation for hybrid panels and that expansion rate
of the back-face deformation zone in the transverse direction reduced over time. Major
delamination was shown at the cross-ply and non-cross-ply interface of the hybrid panels.

O’ Masta et al. (67) experimentally studied the ballistic impact response of an UHMWP
fiber reinforced polymer laminate encasing an aluminum-alumina hybrid panel. Figure 2.16
shows that two types of corrugated aluminum sandwich structures were tested and impacted by a

spherical steel projectile. Results indicated that loading area on the inner surface of the rear
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laminate was highest for a prism base impact and lowest for a prism apex impact. Ceramic
fragmentation and nodal failures of the corrugated panel controlled redistribution of impact
momentum. Large deflection for the full thickness laminate helped dissipate the kinetic energy in

the core sandwich panel.
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Figure 2.16 Corrugated aluminum sandwich structure (67)

Lee et al. (68) investigated high-energy impact behavior using drop-impact tests of
hybrid composite plates strengthened with 3D-UHMWP composites. A thermographic procedure
was implemented to inspect impact-loaded specimens. Results showed that UHMWP composite
effectively reduce brittle fracture of the concrete and improve concrete resistance. Width of the
mesh used to fabricate the UHMWP composite had significant influence on protection
effectiveness.
2.3.2.3 Polyurea

Polyurea has been found to be an efficient retrofitting material against dynamic loads. It

has been used to strengthen masonry and light weight steel structures subjected to dynamic loads
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(55, 69). Polyurea material retrofitting leads to an increase in robustness and flexural strength of
concrete (70). In addition, coating or spraying with polyurea has been shown to enhance
temperature and humidity endurance for many types of structures (e.g., timber framed systems,
pipelines, and tanks) (71, 72), accordingly improving their performance and survivability under
dynamic loads. Limited studies have been conducted that evaluate the application of polyurea
material on bridges and bridge components subjected to impact and blast.

Chen et al. (73, 74) completed experimental and numerical studies to examine the
effectiveness of polyurea on the behavior of steel plates under impact loading. Pendulum impact
tests were conducted to investigate the performance of polyurea coated steel plates, with
corresponding finite element models developed for parametric studies. The study identified that
no failures occurred to steel plates retrofitted using polyurea material under impact loading, and
polyurea coating can be used as an energy-absorbing approach for steel structures.

Igbal et al. (75) conducted an experimental investigation on the effect of polyurea coating
on survivability of concrete subjected to blast. A shock tube facility was used to simulate blast
loads and variation of polyurea coating thickness on survivability was examined. The research
showed that the polyurea coating was feasible to improve concrete performance with enhanced
capacity to resist higher peak pressures. Survivability of the polyurea coating concrete increased
with an increase in the coating thickness.

Raman et al. (76, 77) experimentally and numerically investigated blast response of a RC
slab retrofitted using polyurea. The 86 x 47 x 5.5 in. (2190 % 1190 x 140 mm) test specimen was
subjected to blast loads using 11023 Ibs (5000 kg) TNT at a standoff of 131.2 ft. (40 m).
Numerical models of the corresponding specimens were developed using LS-DYNA and

validated against the tests. Experimental observations showed that retrofit RC panels experienced
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small damage with concrete cracking on the top surface. Numerical simulations identified that
polyurea coating beneficially affected displacement and deformation of RC panels when applied
to the tension surface.

Fallon et al. (78) completed an experimental study that evaluated the application of a
spray-on elastomer coating on concrete under impact loading for damage mitigation. Concrete
specimens were subjected to impact from a gas gun at velocities between 100.5 mph (45 m/s)
and 335.5 mph (150 m/s). Experimental results demonstrated that polyurea beneficially
influenced concrete performance under impact loading with enhanced damage resistance.

Carey et al. (79) performed experimental and numerical blast load investigations on the
behavior of reduced-scale RC panels coated with polyurea materials. The research evaluated
effectiveness of plain polyurea and discrete fiber-reinforced polyurea. Panels were 46.5 x 46.5 x
3.51n. (1180 x 1180 x 90 mm) and were subjected to a blast using 3.0 Ibs (1.36 kg) C4 explosive
ata 12 in. (305 mm) standoff distance. Numerical models were developed using LS-DYNA and
validated against the experimental tests. Results showed that flexural failure occurred for all
panels and that the polyurea coating helped mitigate concrete spalling damage at the top surface.
Numerical results identified that the coating acted as a supplementary energy-dissipation
material.

2.3.3 Studies of innovative designs

While guidelines to improve bridge component and system resistance against multiple
hazards are not explicitly provided in the available codes and specifications (80), innovative
designs have been implemented to improve performance under multiple hazards. Some of those

design are summarized below.
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2.3.3.1 Concrete-filled steel tube columns bridge piers

Concrete-filled steel tube columns have been studied for both building and bridge
applications (87). A multi-column pier system using concrete-filled steel tubes (47) was
developed and designed as shown in figure 2.17. The study showed that the concrete-filled steel
tube column shows acceptable energy-dissipation and good seismic or blast load resistance.
Concrete-embedded channels were connected to the column using steel plates to help ensure that

the columns developed their full moment capacity.
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Figure 2.17 Multi-column pier system with concrete-filled steel tube columns (47)

2.3.2.2 Multi-double skin composite panels-column bent

Double skin composite panels (DSCP) have been developed as a means to protect piers,
deck slabs, and other structural elements from multiple hazards. They are constructed using two
steel face plates with transverse bars connecting them with concrete placed between the plates (82).

A new composite pier system, the multi-double skin composite panels-column bent, was
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developed as shown in figure 2.18 (83). An innovative bridge deck could also be developed using

the DCSP as shown in figure 2.19 (83) and a hammerhead pier as shown in figure 2.20 (83).

+— (Cap —»

Side DSCP ; . : ‘
view columns . <
31 M4

Foundation : .'

(a) Multi-double skin composite panels-column bent

connectors
steel
‘ plates

(b) DSCP column

Figure 2.18 Multi-double skin composite panel column bent and column (83)
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Figure 2.19 Double skin composite bridge deck (83)
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Figure 2.20 Multi-double skin composite bridge wall pier (83)

2.3.2.3 Concrete-filled double skinned tube pier columns

Concrete-filled double skinned tubes (CFDST) consist of two concentric steel tubes with
concrete between them as shown in figure 2.21 (84). The use of this design as a bridge pier

column, as shown in figure 2.22, has been explored by Fouché et al. under various hazards (84).
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Figure 2.22 Multi-concrete-filled double skinned tube column pier (83, §4)
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2.3.2.4 Steel plate shear wall pier

A steel plate shear wall (SPSWs) pier, as shown in figure 2.23, was proposed and
implemented for a highway bridge by Keller and Bruneau (85). The concept was developed from
the traditional SPSWs used in buildings and has demonstrated high ductility, good redundancy,
and ease of repair. It consists of a four-sided, tubular boundary frame wrapped with steel plates

and as shown to meet demands under multiple extreme hazards.

Superstructures columns
d Infilled plate
/
Foundation

Figure 2.23 Steel plate shear wall box bridge pier (85)

2.3.4 Studies on experimental testing to get material properties
2.3.4.1 Blast studies

Tabatabaei, Volz et al. (86) studied the blast resistance properties of carbon fiber
reinforced concrete (CFRC) using a 34 kg TNT equivalent explosive charge at a standoff
distance of 1,675 mm from 1,830 mm wide, 1,830 mm long, 165 mm thick concrete panels (fig.
2.24). Test data were collected with two free-field incident pressure sensors and three pressure
transducers. LS-DYNA using Material Model 159 successfully modeled the response of the
concrete that was exposed to blast loading. Modeling parameters were automatically generated

by LS-DYNA by targeting concrete compressive strength of 52 MPa. A similar study was
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conducted by Castedo, Segarra et al. (§7) on concrete slabs but the blast simulation used 111-
Johnson Holmquist Concrete and 159-CSCM _concrete. In both studies, successfully simulation

of the blast response of concrete was evaluated based on the percentage of surface damage and

cracking pattern.

(a)

FPS1

Free field pressure
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[®] FPS: Free Ficld Pressure Scnsors

] PS: Pressure Sensors
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¥
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F

Figure 2.24 Blast test setup and sensor locations(86)

Wu, Oehlers et al. (88) studied blast resistance of externally bonded fiber-reinforced polymer
(FRP)-retrofitted concrete slabs. FRP of several thicknesses and widths were tested at varying
standoff distances (0.75 < d < 3.0 m) and explosive masses (1007 < m < 20101 g). As
shown in figure 2.25, a high sampling rate LVDT of 2 MHz located in the center of the slab, two

pressure transducers and a high-speed camera were used for data acquisition. The test results
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showed that externally retrofitting FRP material to the compressive face of the normal reinforced

concrete (NRC) slab improved blast resistance.

® |vpr
O Pressure Transducer (PT)

(a) (b)

Figure 2.25 Blast testing: (a) Slab instrumentation and (b) LVDT connection to the

underside of a test specimen (88).

Ha, Yi et al. (89) conducted a study that evaluated the effect of panel retrofitting on RC blast
resistance. Carbon fiber reinforced polymer (CFRP), polyurea (PU) and a hybrid of CFRP-PU
(CPU) were used as the retrofitting panels (fig. 2.26). Blast tests were performed on 1000 mm
wide, 1000 mm long and 150 mm thick RC slabs using a 15.88 kg ANFO explosive at a standoff
distance of 1.5 m. Data acquisition was achieved by LVDTs, strain gauges and a high-speed
camera capable of 6000 frames per second (fps). Blast energy absorption was calculated based
on the area under the pressure-displacement curve, which showed that CPU was the most

prominent blast retrofitting material in comparison to CFRP and PU. It was observed that the
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higher ductility of PU allowed 30% more energy absorption as compared to CFRP retrofitting

material.
(c) surface treatment (d) Brushing epoxy
(a)
Figure 2.26 Blast testing: (a) procedure of concrete specimen fabrication and (b) test set-up
(89).
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Figure 2.26 cont. Blast testing: (a) procedure of concrete specimen fabrication and (b) test set-
up (89).

Another study by Kong, Qi et al. (90) investigated the effectiveness of aramid fiber
reinforced polymer (AFRP) on the blast resistance properties of RC. The results from a blast
testing on the concerete slabs using 2.09 kg equivalent of TNT at a 0.6 m standoff distance were
used to calibrate a numerical model that was then used for a parametric study (i.e., thickness and
type of retrofit layer). The results showed that a thickness beyond four layers of AFRP did not
result in increaseed blast performance of the retrofitted concrete. This study suggested the
existence of a certain thickness of the FRP layer that can provide adequate blast resistance while
being economical.

Maazoun, Belkassem et al. (91) performed blast testing on concrete slabs in a laboratory
environment using 40 grams of C4 explosive and a tube to uniformly distribute the blast
pressure, as shown in figure 2.27. A high-speed digital image correlation (DIC) and strain gauges
were used for data acquisition. The tested slabs were retrofitted with a different number of strips

of CFRP on the tension side of the slabs. The test set-up is shown in below:
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Figure 2.27 Experimental setup for blast tests (91).

The test results showed that an increased number of CFRP strips on the tension side increased
the blast resistance of the concrete slabs while placement of CFRP on both compression and
tension sides further improved the resistance.
2.3.4.2 Impact studies

Khalil, Abd-Elmohsen et al. (92) used a custom instrument shown in figure 2.28 to
investigate the impact resilience of rubberized concrete. Specimens were 150 mm in diameter
and 50 mm in height. Impact was achieved with a falling hammer of 44.7 N from a height of 457

mm. The number of hummer fallings (impacts) until crack appearance was recorded and
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correlated to material properties. The results showed that increased rubber content improved

impact resistance of the concrete but reduced the strength and elastic modulus.
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Figure 2.28 Impact test instrument used in (92)

2.3.4.3 Bond Studies

Huo, Liu et al. (93) studied the behavior of the interface bonding between carbon fiber-
reinforced polymer (CFRP) and concrete. Both static and dynamic testing were conducted on a
three-point bending specimen, as shown in figure 2.29. To test bonding, two concrete prisms
were connected in the compression side while the tension side (i.e., bottom) was connected by an
externally bonded CFRP strip. This set-up ensured shear failure of the CFRP-concrete. For the
dynamic testing, a drop hammer of 198 kg was dropped at varying heights (h = 200, 400, and
600 mm) onto specimens of varying thicknesses and widths of CFRP strips. For the static test, a
hydraulic machine was used to apply a loading rate of 2 kN/min until failure. Data acquisition
was achieved by a combination of high-speed cameras (capable of 1000 fps) and strain gauges

with a sampling rate of 5-million per second per channel. Impact test results showed a rate
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dependency of interface properties and an increased strain distribution gradient. The study

proposed a bond-slip model for simulating the CFRP-concrete interface.
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Figure 2.29 Three-point bending test for CFRP-Concrete interface: (a) details of test specimen

and (b) test set-up (93).

Khedmati, Alanazi et al. (94) used a different method for identifying interface properties

of aggregate-paste interphase in fly ash-based geopolymer mixtures. Unlike Huo, Liu et al. (93),
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as shown in figure 1.1, Khedmati, Alanazi et al. (94) used a single-edge notched beam specimen
with an vertical interface in the middle that was parallel to the loading direction, which allowed
the interface to fail (i.e., fracture) from tension. Using the test set-up, the study successfully

characterized several interfaces by varying mixture compositions and aggregates types.
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Figure 2.30 Adhesion testing used by Khedmati, Alanazi et al. (94)

The key difference between the interface adhesion testing method used by Khedmati,
Alanazi et al. (94) and that by Huo, Liu et al. (93) is that Khedmati, Alanazi et al. (94) used
smaller geometry without reinforcement and thus is easier to fabricate.

2.4 Improving Soil Response under Impact and Blast

Behavior of the surrounding soil and interaction between the soil and foundation system
have significant effects on bridge response to impact and blast. Soil stiffness significantly
increase with strain rate. High strain rate also enhances its strength. Studies indicate that strain
rates above 2 s™! increase dense and loose soil shear strengths by 30% (95). Figure 2.31 depicts

the effect of strain rate on shear strength. The effect of high strain rate is more significant for
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saturated soils due to a reduction in pore pressure.

dense soils at high confining pressures. A substantial increase in strength also occurs in highly
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Figure 2.31 Effect strain rate on soil shear strength (95)

Design codes currently do not provide specific information about appropriate soil models

However, some research has been conducted related to this topic.

to use for analysis and design of bridges and bridge components under impact and blast.

Lewis et al. (96, 97) developed a soil material model for the roadside safety applications
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for LS-DYNA. It was based on a first order Mohr-Coulomb model to consider kinematic
hardening, strain softening, and rate strengthening under impact. Figure 2.32 depicts the
resulting, modified Mohr-Coulomb model. The study indicated that the proposed model was

applicable for any type of soil when accurate material parameters were defined.
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Figure 2.32 Modified Mohr-Coulomb model (96)

Tong et al. (98) developed a Perzyna-based viscoplastic cap model to simulate soil
behavior under high strain rate. A viscous flow rule was used to model time-dependent behavior
and effects of creep and relaxation were considered. The model was validated against static and
dynamic experimental results was shown to simulate high strain rate behavior reasonably well.

Figure 2.33 shows an example comparison between the numerical model and experiments. The

model was implemented in LS-DYNA for sandy and clayey soils under blast.
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Figure 2.33 Proposed viscoplastic cap model and experimental soil pressure and impulse
comparisons (98)

An et al. (99) improved Tong’s viscoplastic cap by: (a) updating soil density and bulk
moduli as a function of blast wave propagation; and (b) modeling the soil as a three-phase porous
media using a Gruneisen equation for each phase. Figure 2.34 compares predicted and measured
soil ejected heights during a blast event. The improved material model was shown to effectively
represent soil behavior under blast at different saturation levels, with more noticeable

improvement occurring for saturated soils.
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Figure 2.34 Comparison of predicted and measured soil ejected heights, improved viscoplastic
cap model (99)

Park et al. (/00) studied dry and saturated soils under impact load using LS-DYNA. A
fully coupled numerical model was developed to predict underground displacement fields during
an impact event. Variation of soil pore pressure was examined during the simulations. Results
indicated the numerical model reliably predict depth and degree of soil strength improvement
during an impact.

Xie et al. (101) conducted drop hammer tests to investigate behavior of unsaturated soils
under impact as a function of drop height and sample depth. Impact depth increased with

increase in impact energy and effects decreased as soil depth increased.
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2.5 Reliability-based Indices and Equations for RC Bridge Elements

AASHTO-LRFD Bridge Design Specifications were proposed based on a reliability-
based calibration considering various combination of dead and live loads (3). The Specifications
intend to provide a consistent performance reliability over a 75-year design life over a range of
uncertainties. Considered uncertainties address bridge component capacities and intensity and
frequency of a demand or combination of demands. Structural risk is represented using a
reliability index. Reliability based and stochastic methods have been used to analyze effects of
uncertainties on performance, with limited studies examining RC bridge and bridge components
under vehicle and blast.

Gardoni et al. (/02) constructed probabilistic capacity models for circular, RC columns
subjected to cyclic loads based on experimental observations. Bayesian updating was used to
consider both aleatory and epistemic uncertainties. Proposed univariate and bivariate
probabilistic models for column deformation and shear capacities under dynamic loading are

expressed as shown in equation 2.3 a and b.

In[d(x,0,,0,,p)]= ln[c;’(x)] +44(X,0,) + 048, (2.3 a)

In[v(x,8,,0,,p)]=I[v(x)]+7v,(x,0,) +0,8, (2.3 b)

Corresponding fragilities are shown in Figure 2.35.
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Figure 2.35 Fragility estimates for a RC column (/02)

Sharma et al. (20, 21) proposed a probabilistic model to estimate dynamic shear force
demand for RC bridge columns under vehicle impact. A performance-based framework was
developed to estimate column fragility and results showed that these estimates could effectively
evaluate performance during a given impact scenario. A predictive fragility equation was
developed as shown in equation 2.4. Figure 2.36 depicts an example fragility estimate contour
plot for performance level P3 for given values of impact velocity and mass.

F(?}(}.mp) = P[gpf < 0|(.7}(). mu)] (2 4)
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Figure 2.36 RC column fragility contours, performance level P3 (20, 21)

Shi et al. (/03) completed a spatial reliability analysis on RC columns subjected to blast
loading to predict damage. Material properties and geometric property variations under various
blast loads were modelled using stationary and non-stationary random fields. Reliability curves
were derived using Monte Carlo simulations and numerical models. Figure 2.37 shows
representative reliability curves for RC columns under blast. Results indicated a spatial model

could accurately predict damage and safety risks for RC columns subjected to blast loading.
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Figure 2.37 Reliability curves for RC columns under blast (/03)

Ramanathan et al. (/04) developed analytical fragility curves for seismically and non-
seismically designed multi-span continuous steel girder bridges using OpenSees models. An
equation for the predictive fragility using a standard normal cumulative distribution function was

developed and is expressed in equation 2.5.

P[D>c/M]= ¢|:M]

\J'B;_fm 4 Brz

(2.5)

Figure 2.38 shows an example of fragility curves for the studied bridge. Results identified that

the column capacity could be improved using seismic detailing.
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Figure 2.38 Fragility curves for bridge under blast (/04)

Hao et al. (/05) completed reliability analyses of three RC columns under blast load
using LS-DYNA. Failure probabilities based on P-I curves were developed for blast loads at
different scaled distances. Results identified that the proposed approach could estimate failure
probabilities for RC columns and progressive collapse probabilities for RC buildings. Figure
2.39 shows an example collapse probability curve for a column given values for various scaled

distances.

61



08—

o
e

Failure probability
o
~

Column 1 (D =0.8)
General (CALREL)
---- Column deterministic (CALREL)
— — — Blast load deterministic (CALREL)
0.2 |{ ¥—¥ General (Monte Carlo)
% -% - Column deterministic (Monte Carlo)
=¥~ =¥ Blast load deterministic (Monte Carlo)

1.2 1.4 1.6 1.8 2 22 2.4 2.6 2.8
Scaled distance (m/kg!/3)

Figure 2.39 RC column collapse probability curves (/05)

2.6 Conclusions

This chapter summarizes the current research knowledge base in areas relevant to bridge
column performance under blast and impact loads and helped inform the research plan. The
review includes the following areas:

1. Studies that investigated response of RC bridge components under vehicle impact,

blast, and fire, with an emphasis on bridge piers;

2. Schemes to design and retrofit RC bridge components to resist extreme loads;

3. Studies of innovative retrofit materials, including FRP, UHMWP, and polyurea, for

improvement in bridge components performance; and

4. Reliability of RC components under extreme loads.
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Chapter 3 Finite Element Model Development

3.1 Introduction

The research project was conducted based on finite element modeling using LS-DYNA.
This chapter describes techniques utilized to develop the models of highway bridge columns, its
foundation system, and surrounding soil and air volumes. A representative multi-column bridge
pier was selected from a FHWA design example as the basis for all analytical work. Reasonable
constitutive models for the concrete, reinforcement, soil, explosive, and air were selected for
initial models using information gleaned from the literature search. Once the developed
numerical models were deemed acceptable, FE modeling techniques were validated as discussed
in the following chapter and then used to examine column response to vehicle collision and air
blast.

3.2 Prototype Pier Column

A single column from a multi-column highway bridge pier and its supporting foundation
and a surrounding soil volume were selected for modeling using LS-DYNA as shown in figure
3.1. The pier and column were obtained from a FHWA design example (/06), with the bridge
designed following AASHTOs-LRFD (3). Figure 3.2 details the finite element model. The
column was a circular cross section with a height of 18 ft. (5400 mm) above the foundation and
was supported by a spread footing that is 12 ft. (3600 mm) wide, 12 ft. (3600 mm) long, and 3 ft.
(900 mm) thick. The footing was, in turn, supported by eight rectangular reinforced concrete
piles that were 1.5 ft. (450 mm) wide and 20 ft. (6000 mm) deep, with the strong axis of the piles
parallel to the long axis of the bridge. To ensure the accurate response and avoid unrealistic

dynamic disturbances during an impact and blast event, a soil volume that was modeled was

63



10000 mm (33 ft.) deep, 10000 mm (33 ft.) long, and 10000 mm (33 ft.) wide as shown in figure

3.4 [88, 89].
121 Cap: 1200x1200
+
| 1050mm (3.5

s l%n N Diameter

2%
Footing:
3600x3600

/

22 | | | dan
‘ﬁ’l 16500

-
<

I

A4

Figure 3.1 Prototype pier and column
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Figure 3.2 Finite element model of column and foundation

Column diameters of 2.5 ft. (750 mm), 3.5 ft. (1050 mm), and 4.5 ft. (1350 mm) were
considered assuming a 1% longitudinal reinforcement ratio. The bridge column was reinforced
with #8 (No.25) longitudinal bars (37, 106). AASHTOs-LRFD criteria was used to determine

shear reinforcement, with #3 (No.10) bars spaced at either 2 in. (50 mm), 6 in. (150 mm), or 12

in. (300 mm).
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3.3 Impact and Blast Modeling

3.3.1 Vehicle model

The vehicle model utilized in this study was a Ford F800 Single-Unit Truck (SUT) model
developed by the National Crash Analysis Center (NCAC) (/07). The SUT is one of the most
commonly used trucks to carry materials and goods in various areas (/08). According to the
study from the Fatality Analysis Reporting System (FARS) and General Estimates System (GES)
(109), crashes involving the SUT produced 3% of the fatal accidents, 1.7% of accidents causing
injuries, and 2% of accidents causing property damage in 2011.

The SUT model was validated against a series of experimental tests by a number of
researchers, with some improving the model to better simulate material strain-rate sensitivity of
materials and implement an enhanced suspension system. These evaluations and modifications to
the SUT model were completed by Battelle Memorial Institute (BMI), Oak Ridge National
Laboratory (ORNL), and University of Tennessee (/10).

Highway speed limits can typically range between 15 mph (24 km/h) in urban areas to 75
mph (120 km/h) in rural locations, with a minimum highway speed commonly set at 40 mph (65
km/h). Therefore, SUT impact speeds of 40 mph (65 km/h), 60 mph (95 km/h), and 75 mph (120
km/h) were arbitrarily selected for the current studies.

3.3.2 Simulation of blast load

The Multi-Material Arbitrary Lagrangian Eulerian (MM-ALE) formulation and fluid-
structure interaction (FSI) algorithms in LS-DYNA (/71) were employed to simulate detonation
of a high explosive adjacent to the column in association with the impact. The MM-ALE
formulation avoids severe mesh distortion and subsequent computational instabilities by

decoupling mesh and fluid deformations over time. Many researchers have effectively modeled

66



air blast effects on structural components and systems using MM-ALE. For the current study, the
air-blast model involved three stages: denotation; blast wave propagation; and interaction
between the blast wave, bridge column and soil volume. Lagrangian meshes were used to model
the bridge column and pile foundation system. ALE meshes were used for the air, soil volume,
and explosive. The explosive, air and soil were defined as ALE material groupings using LS-
DYNA ALE Multi-Material Group. The Lagrangian and ALE meshes were coupled together
using penalty-based coupling algorithms, with contact between the blast wave and bridge column
simulated using LS-DYNA Constrained Lagrange In Solid command.

Blast load intensity is primarily dependent on explosive weight and standoff distance
between the explosive and target structure. Scaled distance (Z) is used to represent blast intensity
as a function of these two variables. NCHRP Report 645 (37) recommends that bridge column

blast performance be investigated for Z < 1.5 ft/Ibs'? (0.6 m/kg'?). Current research considered

a blast 8.2 ft. (2500 mm) away from the column. The equivalent TNT weight was determined
from Federal Highway Administration (FHMA) estimated weights for structures subjected to
terrorist attack (772). Resulting scaled distances that were examined were 0.5 ft/Ibs' (0.20
m/kg'?), 0.6 ft/Ibs'” (0.25 m/kg'?), and 0.8 ft/lbs'> (0.30 m/kg'?).

3.4 Material Models

3.4.1 Concrete

A nonlinear material model, Mat CSCM Concrete in LS-DYNA, was used to model the
column, footing, and piles. The CSCM model (Mat 159) was developed by FHWA to predict
dynamic impact response of concrete for roadside safety applications (173, /7/4). The CSCM
model has been shown by multiple researchers (35, /4, 113, 115) to accurately reproduce

experimental results and model performance of RC structural components under impact or blast.
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A parameter initialization function, which is based on the concrete compressive strength and
maximum aggregate size, is used to define concrete properties when detailed information is not
available. For the current study, the concrete compressive strength was set at 4 ksi (28 MPa), and

the maximum aggregate size was set at 0.75 in. (19 mm). Table 3.1 lists the concrete properties.

Table 3.1 Material properties of concrete and steel reinforcement

Material Parameters Values
Mass density 0.086 Ibs/in.? (2380 kg/m?)
Concrete Compressive strength 4 ksi (28 MPa)
Aggregate size 0.75 in. (19 mm)
Mass density 0.28 Ibs/in.? (7850 kg/m>)
Elasticity modulus 2.9x10° ksi (2x10° MPa)
Steel Poisson’s ratio 0.3
Yield stress 69 ksi (475 MPa)
Ultimate strain 0.12

The CSCM model utilizes an erosion algorithm to delete highly strained elements.
Element erosion is activated by defining an erosion coefficient to prevent computational
instabilities due to mesh tangling (//4). The erosion coefficient depends on the maximum
principle strain in the concrete. Based on previous research recommendations and several
simulation trials, the erosion coefficient was conservatively selected as 1.10 (713, 116), which
equated to a maximum principle strain of 10%.

The concrete used for the column, footing, and piles was represented using a constant-
stress hexahedral solid element with hourglass control to minimize nonphysical modes of
deformation and inhibit hourglass modes. Flanagan-Belytschko stiffness-based hourglass control

(Type 5) was selected with an hourglass coefficient set to 0.1 (771, 113).
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3.4.2 Steel

Both longitudinal and hoop reinforcement was modeled using a two-node, Hughes-Liu
tubular beam element that utilizes quadrature through the cross section. LS-DYNA’s Mat
Piecewise Linear Plasticity material model (Mat 24) accounts for the increase in capacity due to
strain rate effect and was used to represent reinforcing steel. Mat 24 uses Cowper and Symonds
material model strain rate parameters (//3), which were defined as 40 (Cs) and 5 (ps) (113, 116).
Ultimate strain set to 12%, after which elements will be removed from the model (116, 117).
Steel material properties are also provided in table 3.1 Material properties of concrete and steel
reinforcement.
3.4.3 Soil

The soil volume was modeled using LS-DYNA’s Mat FHWA Soil material (Mat_147),
which was developed by the FHWA to analyze the impact response for roadside safety
applications (96). It is a second order model with a smooth hyperbolic yield surface taken from a
first order Mohr-Coulomb model as shown in figure 3.3. The model considers kinematic
hardening, strain softening behavior, strain rate strengthening, and unconfined soil stability. Soil
failure is determined when the coupled shear and effective normal stress exceed the failure
envelope. Soil parameters were determined using LS-DYNA recommended values and previous
research (96, 97, 118, 119). The friction angle was defined as 35 degrees and the cohesion was
set at 7.25x107 ksi (5x10° MPa). Soil material parameters are tabulated in table 3.2. The soil
element was modeled using a solid element with a multi-material ALE formulation

(ELFORM=11).
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Figure 3.3 FHWA soil model failure surface (96)

Table 3.2 Soil material parameters

Material Parameters Values
Mass density 0.058 Ibs/in.? (1600 kg/m?)
Specific gravity 2.65
Soil Bulk modulus 21.2 ksi (146 MPa)
Shear modulus 8.0 ksi (56 MPa)
Friction angle 35°
Cohesion coefficient 7.25x107 ksi (5%10° MPa)
3.4.4 Explosive and air

The explosive was modeled using LS-DYNA’s Mat High Explosive Burn model, with the
Jones-Wilkins-Lee (JWL) equation of state (///). The JWL equation-of-state defines denotation
pressure as a function of relative volume of the denotation product and initial internal energy as

expressed in equation 3.1:
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Peos = A(l_ Ra)VJeRIV +B(1— Ra)VjeR2V + VO,e (31)
! 2

where peos 1s the pressure of the denotation product. V is the relative specific volume of the
denotation product. 4, B, R;, R>, and w are specified constants unique to the type of explosive

being represented.

Table 3.3 lists the material and EOS parameters for the selected TNT explosive (29). A
spherical explosive was used. In order to reduce the modeling efforts, the explosive was
contained in the air mesh by defining an initial fraction of the air that was occupied by the
explosive using Initial Volume Fraction Geometry command. In this command, the air mesh was
the background mesh, and the explosive was filled in the background mesh using necessary

explosive geometric parameters (its shape, volume, and center location).

Table 3.3 TNT material and EOS parameters

Material Parameters Values
Mass density 0.059 Ibs/in.? (1.63x10°° kg/mm?)
Detonation velocity 1.55x10* mph (6930 m/s)
Chapman-Jouget pressure 3046 ksi (21 GPa)
A 5.384x10* ksi (371.2 GPa)
B 468.5 ksi (3.23 GPa)
TNT R 4.15
R 0.95
Q) 0.3
Detonation energy per unit volume 1015 ksi (7.0 GPa)
Initial relative volume 1

Air was represented as an ideal gas using LS-DYNA’s null material model (MAT NULL)

using a linear polynomial EOS as expressed in equation 3.2 (/71):
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Pur =Co+Cu+Coul’ +Cp* +(C, + Cou+ Cp*)E (3.2)

0,air
where Co, C1, C>, C3, Cy4, Cs, and Cs are equation constants; Eo ;- 1S the internal energy per unit
Pair

— 1 and 29 are the ratios of current to reference density; and puir is

reference volume; u =
Pairo Pairo

the nominal or reference density.

Air mass density and constants were chosen based on previous research (29, 119). The air
was modeled using a solid element having a multi-material ALE formulation (ELFORM=11).
Standard viscous hourglass control was selected for the air domain with a reduced hourglass
coefficient of 1x10 to mitigate the effects of inaccurate hourglass forces (720). Table 3.4 lists

air material and EOS parameters (29, 31).

Table 3.4 Air material and EOS parameters

Material Parameters Values
Mass density 46.7 Ibs/in.® (1.293x107 kg/mm?)

Co 0
C; 0
C 0

Air Cs 0
Cy 04
Cs 04
Cs 0

Eo air 0.0363 ksi (0.25 MPa)

3.5 Model Coupling and Boundary Conditions

Concrete and steel reinforcement models were created separately. As a result, a constraint

was required to model interaction between steel reinforcement and surrounding concrete. The
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Constrained Lagrange In Solid command in LS-DYNA was utilized to couple the reinforcement
to surrounding concrete.

A segment-based, penalty-type contact formulation was used to model contact between
the bridge columns and the vehicle using the Contact Automatic Surface to Surface command.
Both static and dynamic coefficients of friction were set to 0.3. A penalty-based coupling
algorithm was also defined between the air domain and bridge column and between the soil
volume and spread footing and piles using the Constrained Lagrange In Solid command.
Interface air and soil nodes were slaved to structural component nodes. Based on the soil’s
critical angle of friction, a friction coefficient of 0.315 was defined between it and the spread
footing and piles (/21).

To avoid dynamic wave reflection that may adversely influence LS-DYNA simulation
results, non-reflecting boundary conditions (BNR) were defined along the top and four sides of
the air domain and along the bottom side of the soil volume. The bridge column was
conservatively simulated as a propped-cantilever with the top of the bridge column
translationally restrained using a roller support (29, 317). Effect of superstructure dead load was
addressed using an axial pre-load, which was set at 6% of the nominal axial capacity of the
column. A representative column finite element model including the SUT, soil and air volumes is

shown in figure 3.4.
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Figure 3.4 Representative column finite element model

3.6 Conclusions

This chapter summarizes the prototype, circular column selected for the current study and

Air

Seil

provides information on physical and material models used to represent the column, its

surrounding soil and air volumes and the impacting vehicle in LS-DYNA. A

model of a single RC bridge column and its supporting footing and piles was created with the

soil volume restraining its base and the air domain being used to apply load from an air blast.

3D finite element

Reasonable constitutive models for the concrete, reinforcement, soil, explosive, and air were

selected from the literature. The impacting vehicle was a Ford F800 SUT available in LS-

DYNA. The air blast was represented using LS-DYNA’s MM-ALE approach.
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Chapter 4 Experiments for Material Properties
This chapter summarizes and elaborates upon the experimental efforts undertaken to
obtain material properties to be used for numerical model calibration. A literature review was
used as the basis for experimental design in which materials and test methods were selected.
Since testing is still an ongoing effort, all tests have not yet been concluded.

4.1 Retrofitting Materials Selection:

Among two original candidate retrofitting materials, polyurea (PU) was selected based on
its availability and practicality (fig. 4.1). Prior to spraying, the fabricated single-edge notched
beam (SENB) cement and cylindrical concrete specimens were cured in a 100% moisture room
for 28 days. The geometry of SENB specimens after fabrication is shown in figure 4.2(a). Note
the sandwiching of layers between two prismatic samples in the vertical centerline that is
composed of a strong glue, retrofitting polymer (i.e., PU) and the cement-polymer interface. The
hypothesis of this testing is that the strong glue is stronger than the PU-cement interface and
therefore will not fail. As a result, the entirety of the failure will occur exclusively at the interface,
which will then be characterized. If the interface is stronger than the glue and does not fail, this
will be indicative of a strong adherence between PU-cement. Strong adhesion will minimize the
compatibility issue between the retrofitting material and bridge piers that are typically constructed
of concrete. In addition, the performance of the retrofitted piers will benefit greatly from the
strong adhesion which will help protect against infiltration of water and other malicious agents

into the structure.
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Figure 4.1 Polyurea spraying at a local supplier (VersaFlex®).

4.2 Sample Preparation and Set-up

4.2.1 Adhesion test

Sample preparation steps are shown in figure 4.2(b). First, a SENB specimen made of
cement paste using a water-to-cement ratio of 0.47 is cut in half. One cut side is then sprayed
with the PU to make the coating which is then glued to the remaining uncoated prism specimen
using a heavy-duty glue. The specimen is then coated with a speckle pattern that is to be used for

digital image correlation (DIC) to obtain full-field displacement data.
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Figure 4.2 PU-concrete adhesion test: (a) sample configuration and (b) sample preparation

process.

77



4.2.2 Impact testing

For impact testing, typical cylindrical specimens of 200 mm in height and 100 mm in
diameter were prepared, cured for 28 days, and then cut into 50 mm thick disks, as shown in
figure 4.3(a). The disks were subsequently prepared for one-sided coating. Finally, the control
and coated specimens underwent impact testing by drop tower that had a semi-spherical impactor
of 100 mm in diameter and 4 kg in weight, as shown in figure 4.3(b). High-speed DIC cameras

were used to record the testing.
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Figure 4.3 Impact testing of PU coated concrete specimens test: (a) sample configuration and (b)
sample preparation process.
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4.2.3 Blast testing

The blast testing procedure was adopted from Ha, Yi et al. (89) and Tabatabaei, Volz et
al. (86). Square concrete slabs measuring 1.168 m on one side and 0.14 m thickness are exposed
to blasts generated by the TNT explosive. Data will be collected by strain gauges attached to
rebars and high-speed DIC cameras. In addition, incident pressure will be recorded by pressure
gauges and free-field pressure meters while bottom deflections due to the blast will be recorded

by LVDT.
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Figure 4.4 Blast experiment set-up: (a) experimental set-up, (b) rebars design top view and (b)
rebars design side view.

Due to hazards related to blast testing of the concrete slabs, the Nebraska State Patrol has
been contacted for possible assistance. After applying polyurea coating at a local contractor, slab

specimens will be transported to a remote testing site where blast testing using TNT explosives
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at standoff distance of 1.5 m will be performed (fig. 4.4(a)). In this study, a 15kg TNT equivalent
explosive will be used, which is comparable to the amount used by Ha, Yi et al. (89).

4.3 Test results and discussions

4.3.1 Impact testing

Impact testing was conducted using a drop tower with testing parameters determined
from preliminary testing. The determined test parameters were the drop height and impactor
geometry. During testing, a semi-spherical impactor weighting 4.173 kg was dropped from a
height of 60 cm from the top surface of the specimen. The specimen was set in the middle of a
circular flat anvil with a diameter of 130 mm. Tests were conducted at room temperature and a
data acquisition at a sampling rate of 1650 Hz was used to collect both impact acceleration and
time. It should be noted that the impact load was concentrated on a single point in the middle-top
of the specimen due to the spherical shape of the impactor.

Figure 4.5(a) shows the results of impact testing for the control (no PU coating) and PU-
coated specimens (TS6). It should be noted that the thickness of the coating was 1.5 mm which is
equal to four spaying passes. Figure 4.5(b) and (c) show the control and coated specimens after
impact testing, respectively. Control specimens showed cracking/damage after the first impact,
meaning that two separate specimens were tested (Control-1 and Control-2) which generated test
results shown in figure 4.5(a). In contrast, specimens on which PU (TS6-1) was applied showed
improved impact resistance and visually remained intact after two consecutive impacts on a
single specimen, as shown in figure 4.5(c). Furthermore, the increased impact resilience of the
concrete specimen due to PU coating was confirmed by comparing the curves in figure 4.5(a) of
the first and second impact (i.e., TS6-1-1 and TS6-1-2) which reveal minimal change in the

results.

82



1200

1000 - -0 - Control-1
~ 800 —A— Control-2
()]
§ —O0— TS6-1-1
g 600 —0— TS6-1-2
s
5 400
(]

S
< 200
0 N
-200
0.0035 0.004 0.0045 0.005 0.0055 0.006

Time (sec)

(b)

Figure 4.5 Impact test results: (a) acceleration vs. time at impact, (b) cracks in uncoated
specimen (control) and (c) coated specimens after two impact testings.

Further inspection of the impact results shown in figure 4.5(a) reveals that the PU coating
improved the dampening characteristics of the concrete by distributing the impact load over a
wider time as compared to control specimens. These results imply that the polymeric coating
reduced the change in acceleration (i.e., pre- and post-peak slopes), which allowed the concrete
to better distribute the impact energy over a wider area, resulting in less damage as compared to

control specimens.
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4.3.2 Adhesion testing

As mentioned previously, adhesion testing was conducted with SENB specimens
containing cement-PU-glue layers in the middle (fig. 2.29). The load was applied in
displacement-controlled mode at a rate of 0.5 mm/sec and the reaction force was recorded. After
testing, the dimensions of PU coating were measured, and the failure side recorded (table 4.1). In
order to investigate the effect of surface treatment on the adhesion performance of PU to the
cement, a group composed of sand-blasted treated surfaces was tested. The sand treatment was
done to increase the roughness of the cement surface and to increase the interface area of
cement-PU, which thus increase the adhesion strength. It should be noted that the treated surface

met the International Concrete Repair Institute’s concrete surface profiles 4 (ICRI’s CSP 4).

Table 4.1 Specimen Information and Failure Characteristics of Adhesion Test Specimens

Thickness Measurements

Sample Name (mm) Average Fal.lure Surface Type
Side
1 2 3

Beam-1 - - - Cement

Beam-7 0.97 0.93 0.92 0.94 Glue

Beam-4 1.44 132 127 134 Glue N"S“'tt{eated

Beam-2 1.62 2.04 1.58 1.75  Interface Hrtace

Beam-6 2.2 2.19 2.13 2.17 Glue

Beam-8 1.78 1.25 1.62 1.55 Glue

Beam-9 2.77 2.72 2.9 2.80 Glue Treated Surface

Beam-5 3.57 3.57 3.67 3.60 Glue

Beam-3 - - - - Cement

Failure characteristics shown in table 4.1 indicate that the cement-PU interface rarely
failed during the testing, while glue-cement failed. These results imply the existence of strong

adhesion between retrofitting material (i.e., PU) and the cement. However, it should be noted
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that in case of untreated surfaces, failure at the interface was possible, in contrast to treated
surfaces. Figure 4.6 presents the load-time curves for both treated (fig. 4.6 (a)) and untreated
surfaces (fig. 4.6(b)). Specimens with untreated surfaces generally required a longer time and a
higher load to fail, in contrast to specimen with treated surfaces. This may first appear to
contradict expectations, since treated surfaces are expected to perform better than untreated
specimens. However, since none of the specimens with treated surfaces failed at the interface,

the results in figure 4.6(b) can be interpreted as being those of the glue used instead of the

interface.
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Figure 4.6 Load vs. time results from adhesion testing: (a) for untreated surface and (b) for
treated surface.

Based on the results of treated surfaces shown in figure 4.6(a), it appears that increasing
the PU coat thickness (i.e., Beam-2 and -6 vs. Beam-7) increased the time to failure while
minimally affecting the failure load. These observations imply an increased deformation inside
the PU coat during the testing, which in turn delayed failure. In the case of cement failure (i.e.,

Beam-1 and Beam-3 for untreated and treated, respectively) the load was reasonably higher than
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other cases due to the higher strength of cement compared to the interfaces (cement-PU and PU-
glue).

Beam-2 was the only instance where failure occurred at the cement-PU interface and had
the maximum load of 520 N at 12.75 seconds. Thus experimentally, the interfacial bond strength

(T¢) can be approximated from the maximum load (Py,q,) and ligament area (A;;gament) by:

. Prax _ 520 N
¢ Aligament 40 mm X 55 mm

~ 0.236 MPa

Figure 4.7 shows the failure surfaces after testing where it can be seen that cement-
cement failure (Figure 4.7(a)) produced a larger ligament area, which resulted in a higher
maximum load, as shown in figure 4.6. In addition, figure 4.7 shows the interface of PU-glue
(fig. 4-7(b)) and cement-PU (fig. 4.7(c)) where clean de-adhesion was observed for both cases

after testing.
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(c)

Figure 4.7 Failure surfaces: (a) cement-cement, (b) PU-glue and (c¢) cement-PU interface.
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Chapter 5 Validation Study

5.1 Introduction

This chapter discusses the validation process that helped evaluate the feasibility of FE
modeling approaches utilized in the research. Accuracy of the FE modeling approach was
examined by comparing numerical simulation results against published impact and blast tests.
The authors could not locate an experimental study in the open literature examining the behavior
of RC bridge column subjected to combined impact and blast. As a result, two experimental
programs reported in the literature were utilized to validate the modeling approach; one being
from impact tests on RC beams (/22) and the second being a reduced scale blast test of a RC
column in a building frame (/23).

5.2 RC beams under impact load

Fujikake et al. (/22) performed tests on several RC beams using a drop hammer having a
mass of 882 1bs (400 kg) that impacted their top surface at mid span as shown in figure 5.1.
Beams had cross-sectional dimensions of 10 in. (250 mm) in depth, 6 in. (150 mm) in width, and
were 67 in. (1700 mm) long. They were reinforced using 4 #5 (No. 16) longitudinal bars and #3
(No. 10) hoops spaced at 3 in. (75 mm). The compressive strength of the concrete was 6 ksi (42
MPa), and the yield strength of reinforcement was 62 ksi (426 MPa). Additional details about the
testing program are provided in Fujikake et al. (/22). Numerical models of the impact tests were
developed using LS-DYNA following procedures discussed in the previous chapter. Impact force
and mid-span displacement time-histories for drop heights (44) of 23.5 in. (600 mm) and 47 in.

(1200 mm) were selected for validation.
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(a) Experimental configuration
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hy
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1700

(b) Numerical model

Figure 5.1 Drop-hammer impact test setup and numerical model (mm) (/22)

The drop hammer was modeled as a rigid sphere using the Mat Rigid command in
LS-DYNA. Segment-based contact was defined between the beam and drop hammer using the
LS-DYNA Contact Automatic Surface To Surface command. Qualitative comparisons between
damage and failure modes predicted by the LS-DYNA models and those obtained from the tests

are shown in figure 5.2. Predicted damage and failure patterns were in good agreement with test
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results. Concrete cracking was observed along the bottom side of the beam and concrete spalling

along their top faces.

(a) hy= 600 mm (b) h,= 1200 mm

Figure 5.2 Comparison between experimental and simulated damage for: (a) s = 600 mm; (b) /4
= 1200 mm (/22)

Force and mid-span displacement time-histories comparisons showed good agreements as
indicated in figs. 4.3 and 4.4, with simulated displacements being 10 percent lower than
measured values. Peak impact forces were also in good agreement, but predicted post-peak
forces were higher than those observed from the tests. Differences were attributed to testing
boundary conditions and minor shortcomings of the concrete material model with respect to
simulating strength degradation under transient loads. Given that impact studies generally are

concerned with initial peak forces, these results were deemed conservative but quite acceptable.
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Figure 5.3 RC beam experimental and modeled impact force time histories (/22)
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Figure 5.4 RC beam experimental and modeled midspan displacement time histories (/22)

5.3 RC column under blast load

A blast test on a quarter scale RC frame that focused on response of the central column
was conducted by Baylot et al. (/23), as shown in figure 5.5. The blast load was generated using

a 17.64 1bs (8 kg) TNT-equivalent high explosive at a standoff distance of 3.5 ft. (1070 mm).
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Cross-sectional dimensions of the RC column were 3.5 in. (89 mm) in depth, 3.5 in. (89 mm) in
width and 35.5 in. (900 mm) in height. The column was reinforced with eight 0.63-in. (1.6-mm)
diameter longitudinal steel bars and 0.63-in. (1.6-mm) diameter hoops spaced at 4 in. (100 mm)
along its height. The compressive strength of the concrete was 6 ksi (42 MPa), and the
reinforcement yield strength was 65 ksi (450 MPa). Additional details of the test are provided by
Baylot et al. (123, 124).

A FE model of the center column was developed in LS-DYNA following procedures in
the previous chapter and subject to simulated blast loads. An axial pressure of 0.3 ksi (2.1 MPa)
was applied at the top surface of the column before applying the blast load to represent the
building dead load. To represent boundary conditions at each floor level, a part of the slab was

incorporated into the model and horizontal translations were constrained.

Air * Axial pressure

Column
Explosive
™~ 1070
8¢3.2 e
G Soil |
: $1.6@100 e
(a) Experimental test (b) Numerical model

Figure 5.5 Experimental configuration and FE model (mm)

A comparison between predicted and actual damage patterns is shown in figure 5.6, with

numerical predictions taken from the present study and from analytical studies conducted by
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Baylot et al. (/23). Predicted damage and failure patterns agreed reasonably well with measured
values. Figure 5.7 compares mid-height displacements for the blast test, the present study and
results from Baylot et al. (/24) and Shi et al. (/25). Simulated mid-height displacement time-

histories matched well with measured values, especially for the first peak, and predicted actual

behavior better than Baylot et al. or Shi et al.

Effective Plastic Strain
9.990e-01
8.901e-01 :I
7.992e-01_|
6.993e-01 _
5.994e-01
4.995e-01 ]
3.996e-01 _|

2.997e-01_|

1.998e-01
9.990e-02
0.000e+00

(a) Tested column (b) Numerical result by Baylot (/124) (c) Current study
Figure 5.6 Damage patterns comparisons
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Figure 5.7 Mid-height displacement time histories

5.4 Conclusions

In the chapter, the proposed bridge column numerical model was validated by comparing
simulated results against the experimental data using two separate test programs reported in the
open literature: (1) drop-weight tests on RC beams; and (2) a reduced-scale blast test of a RC
building frame column. Selected modeling approaches were successfully validated against test
results and supported using modeling approaches to predict the response of RC members

subjected to impact and blast loading.
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Chapter 6 Conclusions

6.1 Summary

The ultimate objective of the on-going research project is to improve resilience and
robustness of a RC bridge piers in the event of vehicle collision coupled with an additional event,
e.g. air blast, or fire. Summarized herein are tasks completed during the first year of the multi-
year research project. Research that was completed during year 1 included: (1) literature review
of studies that (1) examined the behavior and analysis of materials and structures subjected to
vehicle impact and blast, with emphasis on research related to reinforced concrete (RC) and its
constituent materials, (ii) reviewed current design specifications as they relate to bridge piers,
with a focus on pier columns, (iii) explored and conducted experiments to obtain material
properties where impact and/or blast are associated with concrete which is improved by
retrofitting materials (such as polymeric costing) to absorb energy, and (iv) the design and
detailing of RC bridge elements; and (2) the development and validation of a RC bridge pier
column 3D finite element model subjected to simulated vehicle collision and an air blast using
LS-DYNA. Future project tasks include: (1) parameterizing bridge pier column behavior over a
range of collision and blast demands using the validated numerical model; (2) exploring,
developing and recommending viable retrofitting techniques; and (3) developing and
recommending viable analysis and design procedures.

6.2 Ongoing Research

To achieve project goals, the following tasks need to be completed:
e Perform parametric analysis that will investigate the effects of column diameter, axial

load ratio, column height, transverse reinforcement ratio, longitudinal reinforcement
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ratio, vehicle impact velocity, and scaled standoff distance on the performance of bridge
columns to provide recommendations for design and detailing of column;

e Examine blast and impact load equivalent static forces using different approaches to
evaluate the standard AASHTO-LRFD design impact load;

e Evaluate the effectiveness of various retrofit and design techniques for bridge columns
under impact and blast loading and develop design and detailing methodologies;

e Develop recommendations and specifications for design and detailing of bridge columns
under vehicle collision and blast loading.

e Blast testing will be carried out using TNT explosives on reinforced concrete slabs and
data acquisition will be achieved by a combination of strain gauges, LVDTs and high-
speed cameras. Plans for the blast testing program were discussed and currently waiting
assistance from the Nebraska State Patrol for the testing.

e More tests on adhesion between concrete and PU coating to induce a strong interface
bonding.

e More tests on impact to increase the PU coating’s capability of damping so that the
impact load can be effectively distributed to a larger area and for a longer time.

e Test results from materials will then be used for numerical structural simulations.
Research project activities and findings have been presented at multiple venues and

technical papers are being prepared for submission to peer-reviewed, archival journals. These
include an oral presentation at 2018 Structures Congress in Denver, Colorado (/26); a poster
presentation at 2017 Spring Research Fair in Lincoln, Nebraska (/27); and two ready-to-submit

manuscripts.
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