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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a na-
tional center of excellence in advanced technology applications that is dedicated to the
reduction of earthquake losses nationwide. Headquartered at the University at Buffalo,
State University of New York, the Center was originally established by the National Sci-
ence Foundation in 1986, as the National Center for Earthquake Engineering Research
(NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions
throughout the United States, the Center’s mission is to reduce earthquake losses
through research and the application of advanced technologies that improve engineer-
ing, pre-earthquake planning and post-earthquake recovery strategies. Toward this
end, the Center coordinates a nationwide program of multidisciplinary team research,
education and outreach activities.

MCEER’sresearch is conducted under the sponsorship of two major federal agencies, the
National Science Foundation (NSF) and the Federal Highway Administration (FHWA),
and the State of New York. Significant support is also derived from the Federal Emer-
gency Management Agency (FEMA), other state governments, academic institutions,
foreign governments and private industry.

The Center’s Highway Project develops improved seismic design, evaluation, and
retrofit methodologies and strategies for new and existing bridges and other highway
structures, and for assessing the seismic performance of highway systems. The FHWA
has sponsored three major contracts with MCEER under the Highway Project, two of
which were initiated in 1992 and the third in 1998.

Of the two 1992 studies, one performed a series of tasks intended to improve seismic
design practices for new highway bridges, tunnels, and retaining structures (MCEER
Project 112). The other study focused on methodologies and approaches for assessing
and improving the seismic performance of existing “typical” highway bridges and other
highway system components including tunnels, retaining structures, slopes, culverts,
and pavements (MCEER Project 106). These studies were conducted to:

* assess the seismic vulnerability of highway systems, structures, and components;

e develop concepts for retrofitting vulnerable highway structures and components;

* developimproved designand analysis methodologies for bridges, tunnels, and retain-
ing structures, which include consideration of soil-structure interaction mechanisms
and their influence on structural response; and

* develop,update, and recommend improved seismic design and performance criteria
for new highway systems and structures.
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The 1998 study, “Seismic Vulnerability of the Highway System” (FHWA Contract
DTFH61-98-C-00094; known as MCEER Project 094), was initiated with the objective
of performing studies to improve the seismic performance of bridge types not covered
under Projects 106 or 112, and to provide extensions to system performance assessments
for highway systems. Specific subjects covered under Project 094 include:

* development of formal loss estimation technologies and methodologies for highway
systems;

e analysis, design, detailing, and retrofitting technologies for special bridges, in-
cluding those with flexible superstructures (e.g., trusses), those supported by steel
tower substructures, and cable-supported bridges (e.g., suspension and cable-stayed
bridges);

* seismic response modification device technologies (e.g., hysteretic dampers, isola-
tion bearings); and

* soil behavior, foundation behavior, and ground motion studies for large bridges.

In addition, Project 094 includes a series of special studies, addressing topics that range
from non-destructive assessment of retrofitted bridge components to supporting studies
intended to assist in educating the bridge engineering profession on the implementation
of new seismic design and retrofitting strategies.

This report focuses on the protection of highway bridges against earthquake and blast hazards.
The results of a previously developed and experimentally validated multi-hazard bridge pier
concept consisting of a multi-column pier bent with Concrete-Filled Steel Tube (CFST) columns
are briefly presented (see MCEER-07-0005). The performance of the CEST columns is compared
to the blast resistance of ductile reinforced concrete (RC) columns and non-ductile RC columns
retrofitted with steel jackets, detailed in accordance to current seismic design codes and practices.
This report describes the details of the design process and the experimental observations of the
prototype bridge pier bent constructed using conventional and retrofitted seismic resistant RC
columns. The results from blast experiments are compared with results obtained using simplified
analysis methods. Nonlinear dynamic response history analyses are performed to simulate and
better understand the behavior of CEST columns under blast loading. The tests on conventional
and steel jacket retrofitted seismic resistant RC columns demonstrated the non-ductile behavior
of the RC columns under blast loading and that the columns failed in direct shear at their base.
Based on experimental and analytical observations, shape factors for the blast pressures acting
on circular columns are established.
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ABSTRACT

The issue of protecting infrastructure against multiple extreme events is gaining popularity in the
field of civil engineering. This research focuses on the protection of highway bridges against
two hazards, namely earthquakes and blasts. A similarity between seismic and blast events in
relation to bridges is that they can both induce large inelastic deformations in key structural
components. Since many bridges are (or will be) located in areas of moderate to high seismic
activity, and because any bridge can be a potential target for terrorists, there is a need to develop

structural systems capable of performing equally well under both events.

The authors previously presented the development and experimental validation of a multi-hazard
bridge pier concept, and proposed a multi-column pier bent with concrete-filled steel tube
(CFST) columns for this purpose (Fujikura et al. 2007, 2008). To compare with this first series
of blast tests of CFST columns, this research investigates the blast resistance of commonly used
bridge columns, namely seismically ductile reinforced concrete (RC) columns and non-ductile
RC columns retrofitted with steel jackets to make them ductile, detailed in accordance to recent

code of practice.

This report describes the design of the prototype bridge pier bent with these seismically resistant
conventional columns under blast and seismic loading and the corresponding specimen design,
experimental set-up, and experimental results. The results from the blast experiments are
compared with the results from a simplified method of analysis considering an equivalent SDOF
system having an elastic-perfectly-plastic behavior. Additionally, single degree of freedom
(SDOF) and 2D nonlinear dynamic response-history analyses were used to simulate the behavior
of CFST columns in the first series of the tests subjected to blast loading and to better understand

their ultimate behavior.

The tested standard ductile RC and non-ductile RC columns retrofitted with steel jackets were
not found to exhibit a ductile behavior under blast loading, but rather failed in shear at their base.
Based on experimental and analytical observations, different values of shape a factor 3 that
accounts for the reduction of the blast pressures acting on a circular column were established, as

applicable for the different analytical methods considered.
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SECTION 1
INTRODUCTION

1.1 Motivation

The United States has not suffered from sustained terrorist campaigns like in other countries
(Jenkins 2001b). However, as seen in recent terrorist attacks in the United States such as the
Oklahoma federal building bombing in 1995 and the September 11, 2001 attacks (9/11), the
terrorist threat in the United States is real. The National Intelligence Council (NIC) forecasted
that, at least for the period from 2008 to 2010, the US Homeland will face a persistent and
evolving terrorist threat coming from Islamic terrorist groups and cells, especially al-Qa’ida
which waged the 9/11 attacks (NIE 2007). NIC assesses that “al-Qa’ida’s Homeland plotting is
likely to focus on prominent political, economic, and infrastructure targets with the goal of
producing mass casualties, visually dramatic destruction, significant economic aftershocks,

and/or fear among the US population.”

Modern terrorists have targeted infrastructures, especially public transportation systems in order
to achieve their goals because terrorists can easily and anonymously access the systems. Jenkins
(1997, 2001a) chronologically compiled a list of worldwide terrorist attacks and major criminal
assaults on surface transportation from 1920 to 2000. He reported that nearly 900 terrorist
attacks and other significant criminal incidents related to public surface transportation systems
occurred, most of them in the 30 years from 1970 to 2000 (Jenkins 2001b). No terrorist attack
has yet struck bridges, tunnels and roads in the United States, however terrorist threats have been
received against the four California suspension bridges, including the Golden Gate Bridge in
2001 (Williamson EB and Winget DG 2005), and the Brooklyn Bridge in 1993, 1997 and 2003
(Jenkins 2001b, FBI 2007).

While the focus of these threats has been on large landmark bridges due to their symbolic nature,
the destruction of regular bridges along routes that are key lifelines to specific regional

economies is also foreseeable due to the significant disruption these attacks can create and the



possibly simpler logistics in their planning. Historically, bridges have been targets of war and
terrorism because loss of a bridge can have a massive impact on transportation mobility of troops
and a detrimental effect to large populations. Following the aftermath of 9/11, government
leaders, infrastructure owners and the engineering community have recognized that the nation’s
highway system has vulnerabilities and that collapse of a critical bridge could result in
tremendous casualties and enormous economic loss, which resulted in the publication of a

number of documents addressing this concern (see, for instance, FHWA 2003).

Beyond terrorist focused issues alone, bridges are exposed to multiple other hazards. To better
integrate these diverse threats with conflicting demands on structural systems, there has been a
growing trend in the engineering community to find integrated solutions for the design of
infrastructures across various hazards, namely multi-hazard engineering. Multi-hazard
engineering has recently emerged as a new consideration and the community has made an effort
to clarify and establish multihazard engineering principles (see, for instance Multi-Hazard
Symposium 2007). Multi-hazard engineering is defined here as the search for a single design
concept which can satisfactorily fulfill the demands of multiple hazards. The properties that
might be desirable to resist one hazard may have detrimental effects to resist other hazards.
Therefore, multi-hazard engineering addresses problems of infrastructures from the system
perspective by establishing the optimized solutions that can provide protections against multiple

hazards.

The authors previously presented the development and experimental validation of a multi-hazard
bridge pier concept, i.e., a bridge pier system capable of providing an adequate level of
protection against collapse under both seismic and blast loading (Fujikura et al. 2007, 2008).
The proposed concept was a multi-column pier bent with concrete-filled steel tube (CFST)
columns that could provide ductile behavior up to 7 % drift under seismic excitations and
approximately 20 % under blast loading (Marson and Bruneau 2004, Fujikura et al. 2007). The
columns turned out to be effective for blast loadings because breaching and spalling of concrete

are prevented in CFST columns.

While CFST columns perform excellently in a multi-hazard perspective, they have not been

commonly used in bridge engineering practice (although they are sometimes used by some state
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departments of transportation, such as Alaska DOT). Questions arose as to whether conventional
columns designed to perform satisfactory under seismic excitations would possess adequate blast
resistance. If they did, there would be no need to change current practice for the ductile detailing
of bridge columns. Reinforced concrete (RC) has been widely used for bridge columns. Seismic
detailing requirements for RC columns that can behave in a ductile manner during earthquake are
provided by various documents, such as those published by the American Association of State
Highway and Transportation Officials (AASHTO) and the California Department of
Transportation (Caltrans). Furthermore, in many parts of the United States, particularly in
California, reinforcement detailing requirements in effect prior to the 1971 San Fernando
earthquake resulted in RC columns that exhibited non-ductile behavior during earthquakes.
Many methods have been used to retrofit such non-ductile columns. One of the most popular
methods is steel jacketing which has been commonly used on the west coast of the United States.
A column retrofitted with a steel jacket visually resembles a CFST column, but is typically
discontinuous at the column top and base in order to avoid undesirable overload of the adjacent
members (i.e., footing or cap beam) due to composite action that would significantly increase the

flexural strength of the column (Buckle et al. 2006).

Therefore, the objective of the research presented here was to investigate the blast resistance of
commonly used bridge columns, namely seismically ductile RC columns and non-ductile RC
columns retrofitted with steel jackets to make them ductile, detailed in accordance to recent code
of practice. This second series of test also complements the first series of CFST columns testing

under blast loading by Fujikura et al. (2007, 2008).

1.2 Scope of Research

The research conducted and reported herein consisted of the following steps:

e Design a prototype bridge pier bent with ductile RC columns and one with non-ductile RC
columns retrofitted with steel jacket, subjected to seismic load.

e Design a one-forth scale model with RC and steel jacketed RC columns based on the
prototype pier bent.

e Set up experimental blast parameters assuming the damage level of the column by using

simplified method of analysis.



e Perform blast testing on two RC columns and two steel jacketed RC columns.

e Compare the results of damage between those columns and CFST columns that were tested
previously.

e Compare the results of testing with predictions made using the simplified method of analysis.

e Assess the direct shear resistance of those columns and the shear force demands based on
simple plastic analysis.

e Develop and evaluate dynamic analysis methods using a SDOF system model.

e Develop and verify a fiber-based finite element model using quasi-static cyclic loading data.

e Investigate the overall behavior of the tested specimens using a developed fiber-based finite

element model.

1.3  Organization of This Report

Following this introduction, Section 2 contains a review of seismic detailing requirements for
ductile RC column in accordance with the American Concrete Institute (ACI), AASHTO,
Caltrans and MCEER/ATC-49, and a review of the seismic retrofit technique of non-ductile RC
columns using steel jackets. Then, research on the structural response of RC members under
blast load and the direct shear failure of RC members are reviewed. Analysis options under blast
loading are also described. Section 3 presents the seismic design of a conventional bridge pier
bent with ductile RC columns and non-ductile RC columns retrofitted with steel jackets. A
second series of blast testing program using these RC columns and steel jacketed RC columns is
provided. The results of the tests are compared with the simplified method of blast analysis and
the design equations for direct shear resistance of those columns. In Section 4, the analytical
tools using a SDOF system model and a fiber-based finite element model are developed and
evaluated through comparison with the maximum residual displacements obtained from the
experiments. Finally, a summary, conclusions, and recommendations for further research for the

development of multi-hazard resistant bridge columns are presented in Section 5.

Note that for security reasons, some key details of this blast-related study are withheld from this

report. More specifically, the numerical values of some key quantities are not provided. Instead,



results are presented in terms of parameters. The values of all of these parameters will be listed

in a special Appendix, which will be made available to selected individuals.






SECTION 2
LITERATURE REVIEW

2.1 General

As presented in the previous section, the purpose of this study is to research the blast resistance
of commonly used bridge columns, detailed in accordance with recent seismic codes.
Accordingly, this section focuses on reviewing recent seismic design provisions for reinforced

concrete columns and behavior of reinforced concrete members subjected to blast loading.

Recent earthquakes such as the 1989 Loma Prieta, 1994 Northridge and 1995 Kobe earthquakes
revealed the importance of concrete confinement in RC columns, which can be typically
achieved by providing adequate transverse reinforcement. Failures in columns with unconfined
concrete have typically resulted in the collapse of bridges. Different methods and reinforcement
details are available in various design codes to achieve adequate confinement of concrete. At the
same time, various methods for retrofitting non-ductile RC bridge columns have been proposed
in the literature for increasing their confinement and improving their ductility (Buckle et al.
2006). Steel jacketing is one of such retrofitting techniques widely used in many parts of the

United States, particularly in California.

The behavior of RC members, especially bridge columns, subjected to blast loading is of
particular interest in this research project. There exist no comprehensive design guidelines and
specifications for bridges under impulsive blast loading, but the structural behavior of RC
members has been experimentally investigated and well documented for mission-critical
structures such as army facilities and petrochemical facilities (see for instance USDA 1990 and
ASCE 1997). In addition to general behavior of RC members under blast loading, knowledge
also exists regarding the need to consider the risk of direct shear failure as part of the blast

effects design process (Conrath 1999).



In this section, various code-specified design requirements for the transverse reinforcement of
RC columns in plastic hinge regions are reviewed. Then, seismic retrofit methods for RC
columns are described, including steel jacketing as one common retrofit technique. After that,
structural response of RC members under blast loading is presented followed by a review of

direct shear failure. Finally, structural analysis options under blast loading are described.

2.2 Seismic Design of Reinforced Concrete Column in Plastic Hinge

For a bridge to achieve satisfactory seismic performance, its columns should be designed and
detailed such that they can undergo large cyclic inelastic deformations without degradation in
strength and stiffness. Ductility is the ability of structural elements to sustain these plastic
deformations. A non-ductile column may collapse during a severe earthquake as a result of
losing its strength, whereas a ductile column can dissipate seismic energy through inelastic
deformations. Well detailed column reinforcement, especially in the plastic hinge region, is
essential to achieve the ductility of RC column. Such reinforcement can be detailed to increase
flexural strength of concrete, but most importantly needs to be detailed to prevent premature
buckling of the longitudinal bars and shear failure of the column. The 1989 Loma Prieta, 1994
Northridge and 1995 Kobe earthquakes provided many opportunities to witness the columns with

inadequate transverse reinforcement that failed and triggered collapse of bridges.

In the various design codes and specifications, different methods and details are available to
design transverse reinforcement to achieve concrete confinement and column ductility. A
summary of the seismic design of plastic hinge region for circular columns is presented in the

following sections.

2.2.1 American Concrete Institute (ACI)

The building code requirements for structural concrete and commentary (ACI 2004) contains the
code requirements for structural concrete buildings, is not applicable to bridges. However, it is
widely used for designing concrete members. The ACI design provisions specify the detailing of
transverse reinforcement such as to achieve performance in which core concrete of the column

would remain to provide the lateral load-carrying capacity for the column in spite of the covered



concrete spalling off. The ACI provisions specify the minimum volumetric spiral reinforcement
ratio, p;, shall be the greater of
Ps =0.45(ﬁ—1j£ (2-1)
h fyt
and

ps =0.12 Je (2-2)

vt

where Ag, Aen, /7 and [y are gross area of concrete section, cross-section area of a structural

member measured outside-to-outside of transverse reinforcement, specified compressive strength
of concrete and specified yield strength of transverse reinforcement, respectively. Equation 2-2
usually governs for columns with large diameter. The minimum spacing of transverse
reinforcement is specified to be the smaller of one-quarter of the minimum member dimension,

six times the diameter of the longitudinal reinforcement, and s, , where s, is defined by:

s0:4+(14;hx]36(m) (2-3)

where 4, is the maximum center-to-center horizontal spacing of crossties or hoop legs on all

faces of the column. Note that s, need not be taken less than 4 in (102 mm).

2.2.2 American Association State Highway and Transportation Officials (AASHTO)
The AASHTO LRFD Bridge Design Specifications (AASHTO 2004) provide the same equations

as those in ACI for selection of the minimum volumetric ratio of spiral reinforcement, namely
those presented in Equations 2-1 and 2-2, with the difference that it specifies the ratio, py, shall

satisfy either equations and not necessarily both. Another difference is that the spacing of lateral
reinforcement for confinement is not to exceed one-quarter of the minimum member dimension

or 100 mm center-to center.

2.2.3 California Department of Transportation (CALTRANS)
The CALTRANS Bridge Design Specifications (CALTRANS 2003) specify the use of Equation

2-1 for the minimum volumetric ratio, p;, of spiral reinforcement outside of potential plastic

hinge region. In potential plastic hinge zone, p; is limited by the following equations:
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for columns less than or equal to 3 feet (914 mm) in diameter (or least dimension for non-

Ds :0.45(%—1)££0.5+1'25 L ] (2-4)

circular columns), or

Ps =0.12£(0.5+1'2,5Pe] (2-5)
y c4'g
for columns larger than 3 feet (914 mm) in diameter (or least dimension), where A, 4., f<, f,

and P, are gross area of section, area of core of spirally reinforced compression member
measured to the outside diameter of the spiral, specified compressive strength of concrete,
specified yield strength of reinforcement and design axial load due to gravity and seismic

loading, respectively. The confinement equations of 2-4 and 2-5 account for the effect of axial

load.

The maximum spacing limit of transverse reinforcement for seismic design is specified in the
CALTRANS Seismic Design Criteria (CALTRANS 2006) to be the smallest of one-fifth of the
least dimension of the cross-section, six times the nominal diameter of the longitudinal

reinforcement, and 8 in (220 mm).

2.24 MCEER/ATC-49

MCEER/ATC-49 (2003a, 2003b) summarized and presented in the format of Guide
Specifications the knowledge and results of research programs conducted over two decades prior
to its issuance. Originally it was intended to be incorporated into the AASHTO LRFD Bridge
Design Specifications. However, due to the complexity of the provisions, the provisions were
adopted by AASHTO as a Guide Specification. According to this document, the volumetric ratio

of spiral reinforcement at plastic hinges, p;, shall not be less than:

’ 2 2
—0.008 L 1ol Lo, I ] (A i
ps =0.008 Uy [lz(fc’Ag + P fc'] [Accj 1] (2-6)

where 1., f,, 4, and P. were defined previously, and A.., p and Uy are area of column core

concrete measured to the centerline of the perimeter spiral, ratio of longitudinal reinforcement

area to gross area of section and strain energy capacity of the transverse reinforcement (= 110
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MPa), respectively. Equation 2-6 was developed by Dutta and Mander (1998) who
experimentally demonstrated that the equation worked well for both regular mild steel spirals
and high strength steel wire. The maximum spacing of lateral reinforcement for confinement is

six times the diameter of the longitudinal reinforcement.

2.3 Seismic Retrofit of Reinforced Concrete Column with Steel Jacket

2.3.1 Retrofit Measures for Reinforced Concrete Columns

Following the substantial damage to bridge structures due to earthquakes in California,
CALTRANS developed a comprehensive seismic retrofit program for its bridges implemented
over a few decades. The first phase of its program, started following the 1971 San Fernando
Earthquake, was to install restrainers across expansion joints of a large number of bridges
because the greatest risk to those structures was assessed as unseating of superstructure during
earthquakes. The first phase had been practically completed by the time of Whittier Earthquake
(1987), Loma Prieta Earthquake (1989) and Northridge Earthquake (1994). These later
earthquakes happened before the entire seismic retrofit program was completed. While the
seismic restrainers performed well, damage to bridge piers and emphasized the need to retrofit
non-ductile reinforced concrete columns. Therefore, following these earthquakes, CALTRANS
started the second phase of its retrofit program to improve the safety of older bridge columns
(Chai et al. 1991). Chai et al. (1991) categorized the structural inadequacies of the pre-1971
bridge column design as inadequate flexural strength, inadequate flexural ductility, undependable

flexural capacity, inadequate shear strength, footing failures and joint failure.

The Seismic Retrofitting Manual for Highway Structures (Buckle et al. 2006) introduced
methods of retrofitting RC columns including complete or partial replacement, addition of
supplemental columns, shear or flexural strengthening and improvement of column ductility.
Ductility improvement is the most popular of these methods and any of the following techniques
can be applied to achieve the objective: steel jacketing, active confinement by prestressing wire,
active or passive confinement by a composite fiber/epoxy jacket, and reinforced concrete
jacketing. Of these techniques, the most common retrofit implementation has been steel

jacketing and composite fiber/epoxy jacketing.
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2.3.2 Steel Jacketing

Figures 2-1 (a) and (b) from Buckle et al. (2006) schematically show steel jacketing retrofit
techniques for circular column and rectangular column, respectively, per the method
recommended by CALTRANS (CALTRANS 1996). For circular columns, two rolled steel plate
half-shells are placed around a column, typically with clearance of 13 to 25 mm (0.5 to 1 in)
between the existing column and the jacket. This gap between the jacket and the column is then
filled with a pure cement grout. Note that steel jacketing stops typically at 50 mm (2 in) before
top and bottom of the column. These vertical gaps are left in place in order to avoid increasing
the strength of the column, which is the way to control the maximum demand on the adjacent
structural elements (i.e., footing or cap beam) when flexural plastic hinges develop the strength
of the column. For rectangular columns, as shown in Figure 2-1 (b), an oval jacket is
recommended by CALTRANS (CALTRANS 1996) since retrofitting with rectangular jackets
does not provide enough confining action against concrete expansion as a result of bending. In
this case, concrete using small sized aggregate can be grouted because of the larger gap between

the original column and the steel jacket.

Leave 25 mm Clearance
at Chamfered Corner

oot -

" . "Reinforced Concrete 2

12 mm Steel Shell
12 mm Steel Shell

r
Surface of Existing Column Backing Bar R e e d]
*" . |}Reinforced Concrete J| = - .
AF T Coldmn. 0t q|

CJP Weld

19 mm Grouted Gap Fill Space with Concret

(a) Circular Column (b) Rectangular Column

Figure 2-1  Typical Steel Shell Retrofit (Buckle et al. 2006)
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2.3.3 Research by Chai et al. (1991)

Chai et al. (1991) experimentally investigated retrofitting techniques of bridge columns using a
steel jacket for enhancing flexural ductility in the potential plastic hinge region. Six column
models with diameter of 610 mm (24 in) and 3.657 m (12 ft) height were tested under lateral
cyclic loading and constant axial load of 1779 kN (400 kips). The various design details for
seven specimens tested by Chai et al. are presented in Table 2-1. Figures 2-2 (a) and (b) show
the test setup and the reinforcement details of columns, respectively. The columns were 0.4
scale of a prototype bridge column with diameter of 1524 mm (60 in). The 4.76 mm (3/16 in)
thick steel jacket provided a volumetric confinement ratio of 3.1 %. The columns were partially
retrofitted with a steel jacket over part of their length at the base of the specimens around the
plastic hinge region. The length of jackets was selected to be 1219 mm (48 in) such that the
moment demand above the jacket did not exceed 75 % of the capacity of the non-retrofitted RC

section.

Table 2-1 Design Variations of Test Specimens (Chai et al. 1991)

Test
unit Column and footing details Remarks

1 204, lap for longitudinal

bars without steel jacket Weak footing Reference

5 20d, lap for longitudinal |,

bars with steel jacket Weak footing Full retrofit

3 Continuous column bars

without steel jacket Strong footing Reference

4 Continuous column bars

with steel jacket Strong footing Full retrofit

20d, lap fpr longitudinal
5 |bars, Y in. styrofoam | Strong footing | Partial retrofit
wrap

6 20d, lap for longitudinal

bars with steel jacket Strong footing Full retrofit

20d, lap for longitudinal | Weak footing,
I-R | bars, rep.airlt(zd by steel | 300 kips prestress Repair
Jacket
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Figure 2-2  Test Setup and Column Details (Chai et al. 1991)

Columns retrofitted with a steel jacket exhibited a ductile behavior with stable hysteresis curves
up to a ductility ratio of p = 7 (drift ratio of 5.3 %), while the as-built column failed at ductility
ratio of p = 1.5 caused by spalling off the cover concrete in the lapped splice region near the base.
Steel jacketing was also found by this test program to be effective to prevent bond failures of the
lapped splices of longitudinal reinforcement from footing. The column stiffness with a steel

jacket was increased by about 10 to 15 %.

2.3.4 Research by Priestley et al. (1994a, 1994b)

Priestley et al. (1994a, 1994b) conducted theoretical and experimental investigation of
retrofitting techniques of bridge columns using a full-height steel jacket focusing on
improvement of the shear strength. An equation for shear strength enhancement by circular steel
jackets was proposed by considering the jacket as continued independent hoops. By modeling

behavior using a truss mechanism, the shear enhancement Vj; for circular columns is calculated

by the following equation:
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Vy = =0.8657t; f,; (D; —t;) (2-7)

where ¢; is the jacket thickness, D; is outside diameter of the steel jacket, f); is the yield

strength of the steel jacket and @ is the angle between the column axis and the principal tension
cracking direction. Note that, based on experimental results, 8 is assumed to be 30 deg in

Equation 2-7.

Using the test setup shown in Figure 2-3 (a), eight circular and six rectangular column specimens,
which were 0.4 scale of a prototype bridge, were tested under lateral cyclic loading and constant
axial loads of 591.6 kN (133 kips) or 1779.2 kN (400 kips) corresponding to axial load ratios of
0.06 or 0.18. The various design details for fourteen specimens tested by Priestley et al. are
presented in Table 2-2. The aspect ratio of the columns was either 2 or 1.5 in order to model
squat bridge columns that were susceptible to shear failure (rather than flexural failure). Figure
2-3 (b) shows the reinforcement details for columns. The steel jacket thickness was either 4.76

mm (3/16 in) or 3.18 mm (1/8 in).
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Figure 2-3  Test Setup and Reinforcement Details (Priestley et al. 1994a, 1994b)
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Table 2-2 Design Variations of Test Specimens (Priestley et al. 1994a, 1994b)

Aspect ratio. | Axial load P, : Iipgitdizl elTulfe(l)li]Z:ue:;ﬂ Steel jacket V. V.
Test unit |~ Ii\{: V].B ol (kips( | s kst Bf 14, (e;gioﬁ])&:fl:lfglilz: b lmnp.g)_jg . derjaii-s Vs kips % kips % kips
: ksi
(a) Circular columns
ClA 2.0 133 4.5 0.065 47 52 — 119 139.6 83.7
CIR 2.0 133 493 0.059 T 52 J =504 kst 127 7743 T84
i —>hs 111
C3A 2.0 400 5.0 0.177 47 47 — 151 197.6 138.7
C4R 2.0 400 o | R AT 47 47 )}—J:Z‘U.4k§1 165 8323 /73.4
= n.
C5A 2.0 125 ¥.2 0.036 68 a7 — 171 142 85.9
Co6R 2.0 133 5.8 0.051 68 47 jﬁ =41.5 ks1 175 489 432.9
=Y.
C/A S 133 4.45 0.0606 63 47 — 227 148 L5 3
C8R 1:5 133 4.52 0.065 68 47 Jp=41.5ks1 226 495 439.7
t:="Yyin.
(b) Rectangular columns
RIA 2.0 114 535 0.054 47 52 — 118 143.0 90.6
R2R 2.0 114 56 0.053 47 52 Ji= 504 ksi 123 1021 9686
1=, in.
R3A 2.0 114 5.0 0.059 68 47 160 130.0 80.1
R4AR 2.0 114 5:2 0.057 68 47 169 1008 958.1
R5A Iz> 114 4.7 0.063 68 47 — 213 1341 354
R6R 155 114 4.8 0.062 68 47 f1 —41.5ksi 226 614.5 565.4
=110

Note: A = as-DUilt: R = retrofited.
1kip=4.5kN: 1ksi=69 MPa: 1 in. = 25.4 mm.

The as-built circular and rectangular columns failed in shear with limited ductility. Columns
retrofitted with a steel jacket exhibited ductile behavior with ductility ratios greater than or equal
to u = 8 (drift ratio of 4 %). Retrofitting with jackets was shown to prevent rapid degradation of
strength and stiffness. The elastic stiffness of the columns with a steel jacket was increased by
about 30 to 64 % for circular and rectangular columns, respectively. The test program indicated
that full-height steel jacketing was effective to enhance shear resistance and flexural

displacement capacity of shear critical RC columns.

2.4 Behavior of Reinforced Concrete subjected to Blast Load

Three aspects related to the performance of reinforced concrete elements under blast loading are
reviewed in the following. These are the issues related to ductile response and those related to
brittle response, and a design criterion to prevent breaching and direct spalling of reinforced

concrete slabs.
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2.4.1 Ductile Response

Ductile behavior is the key to ensure seismic performance of structures. The blast engineering
community has equally recognized the need for ductile design to ensure satisfactory blast
performance. Ductile structures or structural elements are desirable because they can displace
into the inelastic range without excessive degradation of stiffness and strength, and absorb large

amounts of strain energy prior to their collapse.

To resist close-in blast loads and allow the large deformations to achieve ductile response,
USDA (1990) suggested using lacing reinforcements as shown in Figure 2-4 (b), whereas the
conventional shear reinforcement is single leg stirrup as shown in Figure 2-4 (a). In close-in
blast loading, a structural element typically undergoes extremely high-pressure concentrations
which can create local failure. The lacing reinforcements are effective to resist this pressure
because they enhance the confinement of concrete and the displacement ductility and restrain the
buckling of longitudinal bars. For reference, the implementation of this lacing reinforcement is
shown in Figure 2-5 in a typical laced wall for barriers as an example. For far-field blast load,
the applied blast loading is fairly distributed as uniform load and the deformations due to this
uniform load are relatively small. Therefore, USDA (1990) indicates that conventional
reinforcement, such as single leg stirrups (Figure 2-4 (a)), is sufficient to resist such loading and

lacing reinforcement is not necessary.
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(a) Single Leg Stirrups (b) Lacing Reinforcement

Figure 2-4  Element Stirrup Reinforcement (USDA 1990)
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Figure 2-6 adapted from USDA (1990) schematically shows the flexural ductile response curve
of concrete elements. This figure also shows brittle shear response. The rotation limit values at
the support of concrete element designed under blast loading are presented in this figure to
approximately relate deflection of the element to structural damage, such as yield, failure of
compression concrete, and bending of strain hardening. Selection of transverse reinforcement is
also presented to achieve these support rotations. Namely, the concrete element without shear
reinforcement, with single leg stirrups, and with lacing reinforcement would be able to achieve

the support rotations of 2 degree, 4 degree and 12 degree, respectively.

18



3 4 Yield
C
% Failure of Compression Concrete
@ Bending of Strain Hardening
he
Flexural Response
\
\ Shear Response
\ .
Deflection
— | | -
Support
2 deg 4 deg 12deg  Rotation Limit
-~
No Shear Reinf.
Single Leg Stirrups
- |
Lacing !
Figure 2-6  Typical Resistance-deflection Curve for Concrete Element (adapted from
USDA 1990)

2.4.2 Brittle Response

Many types of structural elements are unable to exhibit the desirable ductile behavior that can
help resisting blast loads. These structural elements typically fail in a number of brittle ways
which are discussed in the following. The collapse of whole structures can be triggered by the
original local failure of a few structural components. Four types of brittle modes of response
associated with short-duration high dynamic loads are discussed in the following, namely direct
spalling, scabbing, breaching and post-failure fragmentation. Direct shear failure is also

regarded as brittle structural failure, and is addressed in detail in the following section.

Both direct spalling and scabbing are phenomenon of dynamic disengagement of the concrete
element surface, but they are used in different situations. Figures 2-7 (a) and (b) show
experimental results of direct spalled element and scabbed element, respectively. “Direct
spalling” of a concrete element is caused by a tension failure normal to the free surface of the
element (USDA 1990). When a shock front wave strikes a concrete element, a compression
stress wave passes through the element. Once it reaches the rear face, the compression stress

wave is reflected as a tension stress wave and then, this tension stress causes disengagement of
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the concrete surface. Therefore, direct spalling is observed in the rear free surface. “Scabbing”
is caused by large deflections and observed in the end stage of the ductile flexural mode of a
reinforced concrete element. Large strains due to the large deflections induce severe cracking
and/or crushing of the free surface of the concrete element. Note that Conrath et al. (1999)
defined “scabbing” differently, stating that scabbing is local damage of a front surface when a

shock front strikes the concrete structure.

Mg,
/PJMI/D,@-."
AcceProg

(a) Direct Si)alled Element (b) Scabbed Element

Figure 2-7  Disengagement of Concrete Element Surface (USDA 1990)

The full thickness of a concrete member can be punched through when the member is subjected
to high explosive loading. This failure is called “Breaching.” Breaching is the local failure

typically observed in reinforced concrete slabs subjected to close-in blast loading.

“Post-failure concrete fragments” are formed when a reinforced concrete element is extremely
overloaded by blast pressures (USDA 1990). These fragments are displaced at high velocities
from the original structure. Post-failure concrete fragments are the results of an element
collapse; therefore the structural element is damaged heavily in this brittle mode. The lacing
reinforcement previously shown in Figure 2-4 (b) is one of the effective ways to reduce this
structural damage associated with post-failure concrete fragments subjected to severe blast
pressures. Figures 2-8 (a) and (b) show the blast test results of concrete element without and

with laced reinforcement, respectively (USDA 1990). The unlaced specimen disintegrated with
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the dispersion of concrete fragments, while the concrete element with laced reinforcement

exhibited less damage and the material between the plastic hinges remained intact.
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Figure 2-8  Failure of Concrete Element under Blast Loading (USDA 1990)

2.4.3 Breaching and Spalling Resistance of Reinforced Concrete Element

UFC (2004) includes a design criterion to prevent breaching and direct spalling of reinforced
concrete slabs. UFC specifies design performance objectives expressed in terms of desired
damage category broken down into minor damage (cracking), spalling and breaching as shown in
Figure 2-9 (a). Equations to determine the minimum thickness of RC slabs need to prevent these

types of damage. The minimum thickness to prevent breaching, #, (in), is given by:

R -0.40
th = 4.120[Wj w3 (2-8)

where R is the minimum distance from center of explosive to outside face of RC slab (ft) and

W is the design explosive weight (Ib TNT equivalent). The minimum thickness to prevent direct

spalling, ¢, (in), is determined from:
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R —0.40
t, =5.309 (W] w3 (2-9)

These equations are plotted in Figure 2-9 (b). The difference between Equations 2-8 and 2-9 lies
in the coefficient of 4.120 and 5.309 used for breaching and direct spalling, respectively.
Accordingly, the required minimum thickness for spalling is about 1.3 times larger than the one
for breaching. According to Equations 2-8 and 2-9, for instance, when R is 3.0 m (9.84 ft) and
W is 300 kg (661 1b), the required RC slab thicknesses #, and ¢, would be 869 mm (34.2 in) and

1118 mm (44.0 in), respectively.
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Figure 2-9  Design Criteria for Breaching and Direct Spalling (UFC 2004)

2.5 Direct Shear Failure

2.5.1 General

The possibility of direct shear failure needs to be considered in blast design since this mode of
response can be critical in many instances. It is often the result of high shear inertia forces which
do not exist in structural members subjected to static or slow dynamic loads (Conrath et al.
1999). However, direct shear failure (also called “shear-friction” in ACI (2004)) is examined in

some cases when designing structural members under static loading (ACI 2004). This type of
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failure can occur on an interface between different members or parts of members that can slide
on the interface. Especially, direct shear failure needs be considered on an interface between
concrete parts cast at different times and on an interface between different materials like concrete
and steel. This failure is different from the shear failure in bridge columns typically observed in
the event of an earthquake. In the latter case, the column without enough transverse

reinforcement fails in shear with diagonal cracks.

ACI (2004) provides a design equation to prevent direct shear failure for structural members
subjected to static loads. It suggests that this type of failure be considered in a number of
conditions such as an interface between concretes cast at different times and an interface between

different materials like concrete and steel. ACI (2004) cited direct shear as “shear-friction.”

The factors influencing the shear friction capacity can be categorized into global and local
roughness, reinforcement crossing the interface, pressure applied normal to the interface and
concrete strength (Ali and White 1999). As shown in Figure 2-10, global roughness is related to
the overall path of the fracture surface of the concrete member, and local roughness relates to the
localized irregular surface formed on the global roughness. Figure 2-11 schematically shows the
forces developed along the direct shear fracture surface of a RC member subjected to a shear
force. Since the parts on both side of the direct shear interface move laterally relative to one
another, the steel reinforcement across the interface becomes in tension and tries to elongate.
These tension forces in the reinforcement are equilibrated by the compression force developed
along the crack interface as shown in Figure 2-11 (b). The compressive stress produces friction
between the crack surfaces along with the local and global roughness on the surfaces. The
reinforcement crossing the crack surface also provides dowel action to resist the shear forces as

shown in Figure 2-11 (a).

The so-called push-off specimen, as shown in Figure 2-12, is most commonly used to investigate
shear friction. According to the results from this type of experiments (for example, Hofbeck et
al. 1969; and Mattock and Hawkins 1972), the shear-friction strength can be represented by:

Vp =C+ UO (2-10)
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where ¢ is a cohesion term, # is the coefficient of friction and o is the compressive stress

acting on the shear surface (MacGregor and Wight 2005).
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Figure 2-10 Global and Local Roughness (adapted from Ali and White 1990)
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Figure 2-11 Shear Friction Model (adapted from MacGregor and Wight 2005)
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Figure 2-12 Shear Transfer Test Specimen (adapted from MacGregor and Wight 2005)

2.5.2 Ultimate Capacity of Direct Shear under Static Loads
ACI (2004) Section 11.7 provides design rules to estimate the shear-friction strength. The
nominal shear strength, V,,, is calculated by:

Vi =Ay frlt (2-11)
where 4,, is the area of shear-friction reinforcement across shear plane, f, is the yield strength
of reinforcement, and u is coefficient of friction. The coefficient ¢ depends on the surface of
the shear interface under consideration and is taken as 1.44 for concrete placed monolithically,
1.04 for concrete placed against hardened concrete with intentionally roughened surface, and
0.6 for concrete placed against hardened concrete not roughened intentionally, where 4 =1.0
for normal weight concrete, 0.85 for sand-lightweight concrete, and 0.75 for all lightweight

concrete. Equation 2-11 is based on the shear-friction model which assumes the shear resistance

on the surface of the shear interface comes only from friction by ignoring the effect of cohesion.
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ACI (2004) Commentary R11.7.3 provides another equation to estimate the shear-friction
strength as an alternative method, which is a “modified shear-friction method.” This method has
been proposed by Hofbeck et al. (1969) and Mattock and Hawkins (1972). They reported a
series of push-off tests on specimens with initial cracks and without cracks along a shear plane,
and suggested that the nominal shear strength, V,, is given by:

Vi =084y f, + A-Ki (2-12)
where A. is the area of the concrete section resisting shear transfer, and K; = 400 psi (2.8 MPa)
for normal weight concrete, 200 psi (1.4 MPa) for all-lightweight concrete, and 250 psi (1.7
MPa) for sand-lightweight concrete. These values of K; can be used for both monolithically
cast concrete and concrete cast against hardened concrete with a rough surface (ACI 2004). The
first term in Equation 2-12 represents the shear transferred by friction with the coefficient of
friction taken as 0.8. The second term represents the shear transfer resistance due to cohesion,

which is the sum of the shearing of crack surface roughness and the dowel action of the

reinforcement.

To compare the various shear-friction models with test results, Figure 2-13 was developed. In
this figure, the solid lines represent the upper limit of shear-friction resistance from the shear-
friction model given by Equation 2-11, and the dashed line represents the one from the modified
shear-friction model given by Equation 2-12. Solid circles and open circles in this figure are
respectively the test results for the uncracked and cracked push-off specimens by Hotfbeck et al.

(1969). In this figure, the shear stress, v, , (instead of shear force) is plotted against p, f, where
Py 1s the reinforcement ratio across the shear plane. The upper limit of ACI shear-friction model

comes from Section 11.7.5 that the nominal shear strength, V,,, shall not be taken greater than the
smaller of 0.2 f/A. and 8004, (Ib). Therefore, the limit was taken as 800 psi (5.52 MPa) in this

figure. The ACI shear-friction model gives a conservative prediction of shear strength, while the

ACI modified shear-friction model fits the experimental results quite well.
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Figure 2-13 Comparison of Shear-friction Models with Test Data

2.5.3 Ultimate Capacity of Direct Shear under Dynamic Loads

Direct shear resistance under dynamic loading is of particular interest in this section. However,
for security reasons, it is difficult to find public domain data on the direct shear resistance of
reinforced concrete elements subjected to impulsive or blast loading. Ross (1983) reported at
least two known studies on direct shear resistance of such elements. One is a series of shear key
tests by Hansen et al. (1961) and the other of a series of push-off element tests by Chung (1978).
Note that the tests by Hansen et al. (1961) were not direct shear tests but concrete shear key tests.
However, it could provide useful information to compare the static and dynamic shear resistance

of concrete elements.

Hansen et al. (1961) conducted a series of static and dynamic tests on three types of concrete
shear keys; plain concrete, plain concrete under compressive stressed and concrete reinforced by
dowel reinforcement embedded diagonally. The objective of this study was to find out the
ultimate shear strength of concrete shear keys that were at the time required in buildings

subjected to static loading and dynamic loading from a nuclear weapon. Details of these
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specimens and test setup are shown in Figure 2-14. The static load duration for the test program
was about 10 to 15 minutes. The dynamic loads applied were roughly of triangular shape with
the peak load reached in 25 to 40 milliseconds and a total duration of 2250 to 2750 milliseconds.
The shear stress rate was in the order of 200 to 400 N/mm?/sec with these load speeds. The tests
showed that the dynamic shear strength of concrete elements was greater than the static strength,
however the shear failure mode appeared to be similar between static and dynamic loading. The
measured DIF of these shear key resistances were 1.15 for plain concrete, 1.54 for plain concrete
with compressive stress of 1.0 MPa (150 psi), 1.70 for plain concrete with compressive stress of
2.1 MPa (300 psi) and 1.28 for concrete with dowels. The compressive stress and the dowel

reinforcements contributed to increase the shear resistance under impulsive loading.
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Figure 2-14 Details of Test Specimens and Test Set-up (Hansen et al. 1961)

Chung (1978) tested 48 concrete push-off specimens with and without dowel reinforcements

across the shear plane as shown in Figure 2-15 under static and dynamic loadings. The objective
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of this test program was to investigate the shear resistance of concrete joints under dynamic load
and the effects of repeated loading on the dynamic strength of the joints. The hatched part of the
specimen in Figure 2-15 was casted first, followed by unhatched part after hardening of the first
casted segment, therefore creating a construction joint across the shear plain of the specimen.
The peak load was reached in roughly 0.8 milliseconds. The total load duration was 1.5
milliseconds. This load speed was equivalent to a shear stress rate of 12,000 N/mm?/sec. The
dynamic shear strength of the concrete joint was higher than the static shear strength. The test

results showed that the DIF of direct shear resistance was, respectively, 1.8 and 2.0 for with and

without dowel reinforcements.
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Figure 2-15 Details of Test Specimen (Chung 1978)

2.6 Structural Analysis Options under Blast Loading

There is a variety of analytical methods available to compute structural response of structures
subjected to blast loading. These blast analytical methods range from a simplified analytical
method using a SDOF system, as presented previously, to a finite element model (FEM) that
replicates the detailed structural elements and materials and that accounts for the actual blast
pressure histories acting to the structure. Table 2-3 summarizes some of the analytical options

available on compute the response of structures subjected to blast loading. Winget et al. (2005)
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provided a good overview of various analytical options by comparing their advantages and

disadvantages. In this subsection, these structural analysis options are briefly reviewed.

Table 2-3 Options for Blast Resistance Analysis

1. Consideration of Blast Pressure

(a) Equivalent Static Analysis (b) Dynamic Analysis
2. Interaction between Structure and Blast Loading

(a) Coupled Analysis (b) Uncoupled Analysis
3. Descretization of Structure

(a) SDOF Model (b) MDOF 2D or 3D Beam Model (c) MDOF FEM

4. Material Nonlinearity
(a) Elastic Model (b) Inelastic Model

5. Geometric Nonlinearity

(a) Linear Model (b) Nonlinear Model

2.6.1 Consideration of Blast Pressure

When calculating structural behavior under blast loading, one of the issues to resolve is how to
consider the blast pressure into the analysis. As part of this determination, it would be possible
to approach this blast loading either statically or dynamically. Static analysis was commonly
used in the past, but is not recommended anymore in most cases. This method is typically called
“equivalent static analysis” or “equivalent wind analysis.” In this method, a blast load is simply
applied as a static load. However, it is difficult to specify an equivalent static blast load that can
accurately replicate all the effects of a dynamic blast loading. This method was used for cases in
which the target structure was located far from the blast source, the blast loading treating as a
wind gust loading. This method had serious shortcomings. As a result, dynamic analysis is the

recommended procedure commonly used in blast resistant. (ASCE 1997)

2.6.2 Interaction between Structure and Blast Loading
In blast dynamic analysis, one issue is whether interaction between the structure and blast
loading should be considered (Winget et al. 2005). A coupled analysis takes this interaction into

account, and the applied blast loads and the structural response affect each other. This analytical
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method predicts the structural response accurately, however it requires large amount of
computations and advanced computational techniques because they are analyzed at the same
time on the same platform. On the other hand, in an uncoupled analysis, the blast pressures and
the structural responses are calculated separately. As such, the uncoupled analysis requires much
less effort and time than the coupled analysis. Although the coupled analysis is the more
accurate analytical method, the uncoupled analysis typically provides reasonable and
conservative results. Accordingly, uncoupled analysis is commonly used in practical design of

the structures under dynamic loading. (Winget et al. 2005)

2.6.3 Discretization of Structure

Modeling is to formulate the geometry of a structure mathematically. This mathematical model
is discretized by partitioning the structure into a mesh of elements (Cook et al. 2002). This
discretization ranges from a SDOF lumped-mass model to a multi-degree of freedom (MDOF)
FEM model. Figure 2-16 schematically shows this discretization for a bridge structure as an
example. As previously shown in the simplified blast analysis, although the SDOF model cannot
provide the detailed response of the structure, it is sufficient to calculate the response at one
particular point of the structure, which is the maximum deflection point in most cases. This
SDOF model is widely used in the blast resistant design practice because it is simple and
provides reasonable predictions. However, this SDOF model does not capture the structural
behaviors of the higher-order modes which are likely to develop in the structure under blast
loading due to high frequency modes caused by the short duration of blast pressures (Winget et
al. 2005). To account for these higher-order modes, it is necessary for the structures to be
modeled by the higher degree of freedom models, such as MDOF 2D or 3D beam models and
MDOF finite element models.

2.6.4 Material and Geometric Nonlinearity

Structures subjected to blast loadings are typically expected to experience large inelastic
deformations. The material nonlinearity can be considered in the stress-strain relationship using
a simplified model, such as a bi-linear curve, or an accurate model representing the actual
material behavior. If the deformations of the structure are large, geometric nonlinearity should

also be included, which is achieved by considering equilibrium in the deformed structural
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geometry. Also, the acting direction of the loads may need to be updated when pressures act on
a membrane, such as a thin plate, because direction of the pressure changes as the membrane

stretches and deforms. (Cook et al. 2002)
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Figure 2-16 Discretization of Structure (Priestley et al. 1996)
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SECTION 3
BLAST PERFORMANCE OF SEISMICALLY RESISTANT
REINFORCED CONCRETE AND STEEL JACKETED
BRIDGE PIERS

3.1 Introduction

The authors previously presented the development and experimental validation of a multi-hazard
bridge pier concept, i.e., a bridge pier system capable of providing an adequate level of
protection against collapse under both seismic and blast loading (Fujikura et al. 2007, 2008).
The proposed concept was a multi-column pier-bent with concrete-filled steel tube (CFST)
columns that could provide ductile behavior up to 7 % drift under seismic excitations (Marson
and Bruneau 2004) and up to 20 % under blast loading. The columns turned out to be effective
for blast loadings because breaching and spalling of concrete are prevented to occur in CFST

columns.

While CFST columns perform excellently in a multi-hazard perspective, they have not been
commonly used in bridge engineering practice (although they are sometimes used by some state
departments of transportation, such as Alaska DOT). Questions arose as to whether conventional
columns designed to perform satisfactory under seismic excitations would possess adequate blast
resistance. If they would, there would be little incentive to change current practice for ductile
detailing of bridge columns to resist blast loadings. Therefore, the objective of the research
presented here is to experimentally investigate the blast resistance of commonly used bridge
columns detailed in accordance to recent seismic design codes. Ductile reinforced concrete (RC)
columns and non-ductile RC columns retrofitted with steel jackets are selected as representative
commonly used bridge columns. As such, this second series of test program complements the

first series of CFST column tests under blast loading (Fujikura et al. 2007, 2008).

Following this section introduction, the seismic design of a prototype bridge pier bent and the

design of a corresponding one-forth scale model are presented along with details of the assumed
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blast scenario. Next, experimental observations are summarized. Finally, the comparison of
analytical studies and test results is presented, including a moment-curvature analysis, a simple
plastic analysis and a simplified blast analysis using an equivalent SDOF system. Also, direct

shear resistance of RC column, breaching, and spalling resistance are discussed.

3.2 Experimental Design and Setup

3.2.1 General

This section describes the design of the prototype and specimen of bridge pier as well as the
setup used for testing for a multi-column bent. As described in Section 1, the objective of this
project is to investigate whether conventional seismic designed bridge piers inherently provide
satisfactory blast performance. These conventional types of bridge piers considered here are
seismically designed ductile reinforced concrete piers as well as non-ductile reinforced concrete

piers retrofitted with steel jackets being confirmed satisfactory seismic performance.

For the purpose of this project, first, to verify whether the seismically ductile systems can

provide satisfactory blast resistance, a credible blast scenario is assumed as described in the
following subsection. Secondly, seismic design of prototype bridge pier is conducted using
response spectrum analysis. Detailing is accomplished in accordance with the recent design
codes. Then, this prototype bridge is scaled down to one-fourth test specimen of bridge pier bent.
Finally, measured properties of materials used in the specimen fabrication are presented followed

by details of specimen, fabrication and experimental setup.

Test specimens were fabricated in the Structural Engineering and Earthquake Simulation
Laboratory (SEESL) at the University at Buffalo (UB) and shipped to the U.S. Army Corps of
Engineers Research Facility in Vicksburg, Mississippi where the blast tests were performed.

Due to constraints in the maximum possible blast charge weight that could be used at the test site
and specimen cost considerations, test specimen dimensions were set to be 1/4 scale of the
prototype bridge piers. The specimens consist of two identical RC columns and two identical

steel jacketed RC columns, connected to a cap-beam and a footing.
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3.2.2 Assumed Blast Scenario

There are many possible courses of action by which terrorists might attempt to destroy a bridge
structure, such as by detonation of hand-placed explosives, vehicle bomb, and collisions using
large vehicles. In this study, the terrorist action considered consists of detonating explosives
located inside a car vehicle placed below the deck at a close distance to the pier. This scenario is

schematically illustrated in Figure 3-1. The horizontal distance X, between the center of an

explosive charge and the pier, referred to as either the blast distance or standoff distance, was
selected based on assessing a credible threat for typical highway bridges (the exact value is not
indicated here for security reasons). The vertical distance between the center of an explosive
charge and the ground was set equal to 1 m (3.3 ft) based simply on the geometry of typical car

vehicles.

35m 25m 30m
: ]
Deck Xp
Pier H‘ g
Ne)
-
|

L]

Figure 3-1  Schematics of prototype bridge and assumed blast scenario

Because of its very nature, it is virtually impossible to accurately predict the explosive charge
weight to be used in a terrorist attack. However, reasonable estimates can be made by taking
into account of some characteristics of terrorist actions. For instance, there is a relationship
between the size of the vehicle used to carry explosives and the maximum possible charge
weight, especially when taking into account how explosives will be hidden to avoid detection by
simple visual inspection (Williamson and Winget 2005). Also, while high-tech explosives are
expensive and difficult to handle (especially in large quantities), fertilizer-based explosives can
be fabricated relatively easily using commercially available ingredients, which make them much

more likely to be used. The explosive charge weight adopted in this study, referred to as W,

was set based on these and other considerations, and was found to be very similar to the blast
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weights predicted in FHWA (2003) for terrorist actions using car vehicles (shown in Figure 3-2).
Incidentally, Figure 3-2 provides not only the connection between vehicle types and weapon
yields but also the damage threshold of building components and windows associated with stand-
off distance and size of bomb. For example, if an automobile loaded with 300 1bs-TNT (136 kg-
TNT) is used for terrorist actions, a standoff distance of about 24 ft (8.4 m) is at least required to

prevent the concrete columns fail.
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Figure 3-2  Blast Damage Threshold (FEMA 2003)
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3.2.3 Seismic Analysis and Design of Prototype Bridge Pier Bent

Three different design codes or guidelines for bridges, namely AASHTO (2004), MCEER/ATC-
49(2003a) and CALTRANS (2003, 2006), are used for the designed of the prototype bridge pier
bent, and this bent is designed mainly by AASHTO. As discussed in the previous literature
review, MCEER/ATC-49 has reflected the results of recent research programs. To calculate the
shear resistance of the columns, MCEER/ATC-49 considers the contribution of shear resistance
from transverse reinforcement, strut action and concrete tensile strength, while AASHTO does
not consider the strut action in these three contributions. In the following design, MCEER/ATC-
49 was used to calculate the shear resistance of the reinforced concrete columns to consider the
updated research achievement. Detailing in the plastic hinge region of the columns is very
important in this project to achieve the ductile behavior of the column. Accordingly, the
transverse reinforcement in this plastic hinge region is designed by comparing the three different

design specifications; AASHTO, MCEER/ATC-49, and CALTRANS.

3.2.3.1 Prototype Bridge Structure

The prototype bridge chosen in this study is part of a typical 3-span continuous highway bridge
described in Dicleli and Bruneau (1996). The span lengths are 35 m, 25 m and 30 m (total length
L =90 m) as schematically shown in Figure 3-1. The width of the deck is 16 m, the equivalent
cross-section area of the deck is 0.592 m?, the equivalent moment of inertia of the deck (with
respect to a vertical axis passing through the centroid) is I, = 13.9 m®, the mass of the deck per
unit length is mp = 12.56 tons/m, and the height of the columns is H =6 m. The total gravity
load on each pier is assumed equal to 4098 kN. A multi-column pier bent with three columns is
selected to compare with the first test series of CFST columns subjected to blast loading
(Fujikura et al. 2007, 2008). Figures 3-3 and 3-4 show the designed elevation and reinforcement
details of prototype pier bent, respectively. The design process is presented in the following

subsections in detail.

3.2.3.2 Analysis of Reinforced Concrete Section

In the analysis, the specified concrete compressive strength, /7, and longitudinal and transverse
steel yield stress, f, , were 27.6 MPa (4 ksi) and 414 MPa (60ksi), respectively. A column

diameter of 813 mm (32 in) was selected such as to achieve an axial load level would be about
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10 % of A, f ; the actual resulting axial load level, P/ A, 1., was 11 %. The column was

reinforced with 16 — D19 (#6) longitudinal bars, resulting in a longitudinal reinforcement ratio,

p1,0f0.9 %. The clear cover of concrete was set to be 51 mm (2 in).

An axial force-moment interaction curve was calculated using XTRACT (2007) for the design of
columns. XTRACT is commercial software for cross sectional analysis, such as moment
curvature analysis and axial force moment interaction analysis. The Mander model (Mander et

al. 1988; Priestley et al. 1996) was selected for the constitutive relationship of unconfined and
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Figure 3-3  Elevation Details of Prototype Bridge Pier-bent
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Figure 3-4  Reinforcement Details of Prototype Bridge Pier-bent

confined concrete. This model is schematically shown in Figure 3-5. In this model, the

maximum strength of confined concrete, f., is related to the effective lateral confining pressure,

/i . The stress-strain relationship of concrete (compressive stress, f., and strain, &) is defined

by the following equations:

f= Seexr
oS

r—1+x"

fee = fc’(z.254 /1+ 7'94,f’ —2—ff—1.254J
feoo e

Ee

where

gCC

Ecc = o.ooz[n 5[fc'f —1H
Je

E.
EC - ESCC

f/

cc

Esec =
Ecc

The elastic modulus of concrete, E., calculated as per ACI for normal weight concrete, is:
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Ec =57000y// (psi) (3-7)
The effective lateral confining pressure, f/, is given by:
S =Kefi =K. [M] (3-8)
D Sh

where f; is the maximum effective lateral pressure, and fy;, 4y, D’ and s, are the yield

strength, area, diameter and longitudinal spacing of spirals or hoops, respectively. K. is
typically taken as 0.95 for circular sections, 0.75 for rectangular sections and 0.6 for rectangular

wall sections.

The stress-strain relationship for both confined and unconfined concrete used in this calculation
is shown in Figure 3-6 (a). In the confined concrete model, D16 (#5) transverse spiral
reinforcement was used at a spacing of 114 mm (4.5 in). These spiral details were determined
from the seismic design presented in the following subsection. The maximum strength of
confined concrete, f.., was 38.8 MPa (5.619 ksi) at the strain, &, of 0.00605. The crushing
strain was assumed at 0.015. For the unconfined concrete, the effective lateral confining
pressure was set to be f;'=0. After the unconfined concrete reached its crushing strain, the
stress-strain model assumed straight line stress degradation up to the complete spalling. The
crushing and spalling strain of the unconfined concrete were assumed to be 0.004 and 0.006,

respectively.

The stress-strain relationship for longitudinal steel bars was idealized using a bi-linear elasto-
perfectly plastic behavior with yield stress of 414 MPa (60ksi) and elastic modulus of 200,000
MPa (29,000 ksi), as shown in Figure 3-6 (b). The fracture strain of steel was set to be 0.03. The
details of section and material models are provided in Appendix A. Finally, axial force-moment
interaction curve for the prototype bridge column, as shown in Figure 3-7, was obtained by

setting the limit strain of core concrete as the strain at maximum strength, &., of 0.00605.
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Figure 3-5  Stress-strain Model for Unconfined and Confined Concrete (Priestley et al.
1996)
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Figure 3-7  Axial Force - Moment Interaction Curve for Prototype Bridge Column

3.2.3.3 Seismic Loading

The prototype bridge structure described in the former subsection is assumed to be located in an
area of moderate seismic activity. For analysis and design purposes, it is assumed that the

corresponding pseudo-acceleration (S, ) response spectrum is given by:
Sy = min{ (1+18.75T) 4, ,2.50 4, , %} (3-9)

where A4, (peak ground acceleration) is assumed equal to 0.3 g, and 7 denotes the bridge’s

natural period. The shape of the response spectrum defined by Equation 3-9 (shown in Figure
3-8) is typical of rock or very stiff soil foundations. Equation 3-9 is similar (but not identical) to
the one implemented in the AASHTO LRFD Bridge Design Specifications (AASHTO 2004), the
difference being that here, the short period range of the spectra is not taken as constant but rather

varies as a function of 7', and that the long period range varies as a function of 1/7 instead of

the more conservative 1/7%* in ASSHTO.
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Figure 3-8  Pseudo-acceleration Response Spectrum for Seismic Analysis and Design

3.2.3.4 Analysis of Bent Column for Seismic Loading

The analyses of bent columns for seismic loading were made independently in the longitudinal
and transverse directions. In each direction, conservatively assuming that the bearings
supporting the end spans at the abutments do not restrain displacements, stiffness and strength
are only provided by the piers. The inertia forces from the superstructure are assumed to be
equally carried by two pier bents. Calculation details are presented in Appendix B along with

design of the columns.

The prototype bridge has two pier bents, and each pier bent consists of three RC columns fixed at
the foundation. The boundary conditions of the columns at the top is pinned in the longitudinal

direction and fixed in the transverse direction. The stiffness of each column is given by:

k. = 31;%” (for longitudinal direction) (3-10)
ke = 125;3[” (for transverse direction)  (3-11)
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where H is the height of column, E. is the elastic modulus of concrete given by Equation 3-7
and /. is the moment of inertia of cracked section. /., is calculated assuming the moment of

inertia of cracked section is taken as one-half of that of the gross section and given by:

_z D'

ICV_ ° 3'12
64 2 ( )

where D is the column diameter. The total effective stiffness of the whole bridge, Kz , and the

effective natural period are calculated by:

Koy =Y ke (3-13)

Ty =27 | Wowwer (3-14)
Key - g

where the summation in Equation 3-13 is over all columns of the bridge, Wyype- 1s the total
weight of bridge superstructure and g is the acceleration due to gravity. The elastic lateral force

capacity of each column, V., is given by:

Ve = o (for longitudinal direction) (3-15)
Ve= 2]\;" (for transverse direction)  (3-16)

where M, is the nominal moment capacity of column which is obtained from the axial force -

moment interaction corresponding to the axial load. The yield displacement of each column, A,,

is given by:
Ve
A, = & (3-17)
The maximum displacement response of the bridge is given by:
Tr*Sa (T,
Aoy = Lgﬁf) (3-18)
4r

Equation 3-18 is derived under the assumption of “equal displacement rule.” This assumption is
applicable when natural period of structure in the constant-velocity and displacement region of

the spectrum in which the period is larger than about 0.5 sec (Chopra 2000).
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Results of seismic analyses are summarized in Table 3-1. The natural period in each direction
was in the range of the assumption of “equal displacement rule.” Calculated expected ductility
demands in the longitudinal and transverse direction were 2.22 and 3.39, respectively. The
calculations show that the reinforced concrete bent column with diameter of 813 mm (32 in) and
16-D19 (#6) longitudinal bars provided satisfactory performance for the considered seismic

loading.

3.2.3.5 Design of Column Transverse Steel Reinforcement

Ductile energy dissipating elements in the bridge are the columns. Non-ductile failure of the
columns such as shear failure need be avoided to achieve this ductile energy dissipation through
inelastic flexural response of the columns. The rest of the structure has to be designed to remain
elastic for the forces developed when the columns yield. This is consistent with capacity design
principals where the members that are not part of the primary energy dissipating system are
made strong enough to resist the forces coming from the failure of the primary energy dissipating
members. To ensure the columns not to fail in shear prior to the full development of ductile
flexural failure, the flexural capacity of the columns have to be magnified by overstrength factor
accounting for the increase in strength that can be developed by strain hardening due to large

strains. This overstrength factor was taken as 1.5 to calculate the shear demand in each column,

Table 3-1 Summary of Seismic Analyses
. — ke T Ve A, Amax Amax
D Direct =
esign Direction [kN/m] [sec] [KN] (mm) (mm] H A,
Longitudinal 2,328 1.79 140 60 133 2.22
Transverse 14,792 1.00 331 22 75 3.39

V. (MCEER/ATC-49 2003a). Calculation details are presented in Appendix B.

The design shear force, V,,, should satisfy with the following equation from MCEER/ATC-49
(2003a):
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Vi <o(Vs+Vp+Ve) (3-19)
where ¢ is the resistance factor (= 0.90), V; is the shear resistance carried by transverse
reinforcement, ¥, is the contribution of shear resistance from the strut action of column axial
force, and V. is the tensile contribution of concrete to shear resistance. The shear resistance by

transverse reinforcement, Vs, for circular columns is calculated by:

v, = %ﬂ fnD" cot @ (3-20)
)

where Ay, s, fyn and D" are respectively the area, center-to-center spacing, yield stress and

center-to-center sectional dimension of hoop or spiral reinforcing bars, and @ is the principal

crack angle or plane. @ is given as follows:

tan@=| 102 |5 n g (3-21)
Ap;Ag

where p, and p; are the transverse and longitudinal reinforcement ratio, A, is the gross area of
column, 4, is the shear area of concrete which may be taken as 0.84, for a circular section, A

is fixity factor (1.0 for fixed-free or fixed-pinned, and 2.0 for fixed-fixed), and « is the

geometric aspect ratio angle given by:

’

tano = % (3-22)

where D’ is the center-to-center diameter of longitudinal reinforcement and L is the column
height. Equation 3-21 proposed by Kim and Mander (1999) is an analytical expression derived
from an energy minimization of shear-flexure deflections and was validated by experimental

observations. The contribution by arch action, V), , is given by:
A
V, =EPetana (3-23)

where F. is the compressive axial force including seismic effects. The tensile contribution of

concrete, V., can be calculated by the following equations:
V.=0.05f A, (Plastic hinge zone) (3-24 a)

V.=0.17{ fA4, (Outside of plastic hinge zone) (3-24 b)
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where f. is concrete strength (MPa). Finally, the amount of column transverse reinforcement is

determined from Equations 3-19 and 3-20.

As discussed in the preceding literature review section, design codes typically prescribe
minimum volumetric spiral reinforcement ratio and details for confinement in the plastic hinge
zone. The transverse reinforcement in this plastic hinge zone is designed by comparing the three
different bridge specifications; AASHTO, MCEER/ATC-49, and CALTRANS. There are two
requirements to decide the minimum volumetric spiral reinforcement ratio in each specification.
One is to determine its ratio, o, using the equation given, and the other one is to calculate its
ratio, ps, from the requirements for the minimum spacing of transverse reinforcement. The
details have been presented in the literature review. Table 3-2 summarizes the minimum
volumetric ratio in plastic hinge region in accordance with these two requirements for each
specification. As shown in Table 3-2, the maximum spacing limit of spiral by CALTRANS and
MCEER/ATC-49 gives the maximum amount of transverse reinforcement ration of 0.98 %,
which is based on six times the nominal diameter of longitudinal reinforcement. Therefore, in
plastic hinge region, D16 (#5) was used for transverse spiral reinforcement at spacing of 114 mm
(4.5 in). The plastic hinge region need be specified to be provided this transverse reinforcement.

The length of this plastic hinge zone, L, , was calculated in accordance with AASHTO (2004) to
be:

L,= max(D,%,lS(in)) (3-25)

where D and H are the column diameter (813 mm (32 in)) and height of the column (6 m (236

in)). Accordingly, the resulting plastic hinge length, L,, was 1.0 m (39 in).

The connection between the column and its cap beam and footing needs to be reinforced such
that the column flexural capacity can fully develop. AASHTO (2004) specifies that the

development length for all longitudinal steel shall be 1.25 times /; given by:
~0.024 f,

J7

la (for D36 bar or smaller) (3-26)
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where 4, and f, are the longitudinal reinforcing bar area (mm?) and the specified yield strength

(MPa), respectively, and f; is the specified compressive concrete strength (MPa). The spiral

reinforcement of the column must be extended into the pier cap and footing for a distance not

less than one-half the column diameter or 380 mm (15 in) (AASHTO 2004). Accordingly, the

longitudinal bars and spirals extended into the cap beam and footing for a distance more than

specified distances as shown in Figure 3-4.

Table 3-2 Summary of Transverse Reinforcement for Confinement
at Plastic Hinge Zone
AASHTO | CALTRANS ATC-49
A f
Ps =0.45 (—g—lj— 0.92 % 0.92 % N/A
Ac fyt (V] 0
A " 1.25P,
s =045 (—g—lji 0.5+1= N/A 0.62 % N/A
A ¥ Jedg
po=0.122 0.80 % N/A N/A
vt
F o B 5 (4
s =0.008-=° 12( < +pt—y,j ( g] -1 N/A N/A 0.10 %
USf chg fc Acc
. . #5@8” | #5@6-dy=4.5" | #5@6-d,=4.5
M S
aximum Spacing (203 mm) (114 mm) (114 mm)
Ps 0.55 % 0.98 % 0.98 %

3.2.3.6 Design Footing and Cap-beam

The footing and cap-beam were designed to be capacity protected as well as the shear force

design of the column as presented previously. This was considered through overstrength factor

of 1.5. Calculation details are presented in Appendix C. This calculation was mainly followed

by the design example in the Design Examples, Recommended LRFD Guidelines for the Seismic

Design of Highway Bridges (MCEER/ATC-49 2003b).

The footing was designed for overturning, soil bearing capacity and sliding in both longitudinal

and transverse directions. In order to limit the uplift of the footing to 50 percent of the footing
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base, the eccentricity, e, of the axial load, P, that produces the overturning moment, M , must
be less than one-third of the length, L, of the footing. Namely,

M Ly
=< —
P 3

e (3-27)

The maximum contact stress, ¢, at the edge of the footing, used to check if the soil bearing

capacity is adequate to resist the applied loads, was calculated by:

4= 2P
3By (Lf—ej
"2

where B/ is the width of the footing. Equation 3-28 was derived assuming a triangular linear

(3-28)

variation of the stress distribution under the footing. The ultimate sliding resistance was
calculated based on the assumption that the footing rested on a competent rock whose coefficient
friction might be taken as 0.8. As shown in Figure 3-3, the resisting length, width and height of
the footing were 3.6 m (11 ft 10 in), 15.0 m (49 ft 3 in) and 1.0 m (39 in), respectively. The
footing reinforcement was designed to resist the moment and shear force capacity of the column,
resulting in D19 bars spaced at 242 mm (#6 at 9 17/32 in) in the longitudinal direction and D22

bars spaced at 262 mm (#7 at 10 5/16 in) in the transverse direction, as shown in Figure 3-4.

The 1067 mm (42 in) by 1219 mm (48 in) cap-beam was also designed to resist the moment and
shear force capacity of the column. Ten D22 (#7) longitudinal bars were provided in the cap-
beam to provide flexural strength and D16 (#5) stirrups spaced at 300 mm (12”) center-to-center
were provided to resist the shear force, as shown in Figure 3-4. Although no longitudinal
reinforcement in the cap-beam web is required to resist the moment and shear force, some
reinforcement need to be provided in the web to control the cracking due to the creep and
shrinkage. AASHTO (2004) requires longitudinal skin reinforcement for this purpose if the
effective depth, d. (mm), of nonprestressed or partially prestressed concrete members is more
than 900 mm. The area of skin reinforcement, 4y (mm?/mm), shall be given by:

Ay 20.001(d. —760) (3-29)

The maximum spacing of the skin reinforcement shall be smaller of d./6 and 300 mm.
Accordingly, five D13 (#4) bars were provided on each side of the cap-beam web as skin

reinforcement.
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3.2.3.7 Design of Steel Jacketed Non-ductile RC Column

The second type of seismic designed columns is the non-ductile RC column retrofitted with a
steel jacket. As indicated earlier, this steel jacketing is effective to enhance the ductility of non-
ductile reinforced concrete columns by adding a steel shell that provides the confinement of the
concrete. This steel jacketing allows the plastic hinges developed at the top and bottom where
these plastic hinges would normally be impossible to form for the non-ductile columns without
enough transverse reinforcement inside of the columns. For the purpose of this project,
therefore, a non-ductile RC column was designed to enhance the seismic performance using a

steel jack in accordance with the design procedure developed by Chai et al. (Buckle et al. 2006).

The same diameter and same amount of longitudinal bars used in the ductile RC column were
selected for steel jacketed RC column, namely 813 mm (32 in) and 16-D19 (#6) longitudinal
bars, respectively. Then, the transverse reinforcement was designed to resist the shear force.
The D13 (#4) transverse reinforcement provided, spaced at 210 mm (8 1/4 in), resulted in a

transverse reinforcement ratio of 0.35 %.

Then, this non-ductile RC column was retrofitted using steel jacket in accordance with the design
procedure developed by Chai et al. (Buckle et al. 2006) as described in literature review. Detail
calculations for the transverse reinforcement and steel jacket are presented in Appendix D. For a
circular column, the required steel jacket thickness, ¢, could be obtained from equilibrium of

stresses action on a half-column section by the following equation:

t> g’}? (3-30)

where f; is the confinement stress, D is the diameter of column and f; is the stress induced in

the steel jacket (Buckle et al. 2006). A clearance of 13 mm (1/2 in) was provided between the

existing column and the jacket. The confinement stress, f;, was taken as 2.07 MPa (300 psi),

which is the value used in this design methods developed by Chai et al. (1991). The stress

induced in the steel jacket, f, was taken as 200 MPa (29 ksi) that is the stress at a strain of

0.001 calculated using a elastic modulus equal to 200 GPa (29,000 ksi). The resulting thickness
of steel jacket was 4.3 mm (3/16”).
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3.2.4 One-Fourth Scale Model Design

The design of the prototype bridge pier bent with either RC columns or steel jacketed RC
columns was presented in the previous section. Using geometric similitude, a one-fourth (1/4)
scale model was designed and constructed to accommodate the constraints in the maximum
possible explosive weight that could be used at the test site and considerations for construction

cost (as mentioned earlier).

For convenience, the bridge bent with two different kinds of the columns was used in this project.
Recognizing that all columns in the real bridge bent would be identical, for the purpose of the
experimental convenience and due to the budget constraints, it was deemed adequate to test each
of the columns in this bent successively as if they were a part of the regular bent. The general
layout of the bent of experimental specimens is shown in Figure 3-9. The bent consists of two
identical RC columns (RC1 and RC2) and two identical steel jacketed RC columns (SJ1 and SJ2),
connected to a cap-beam and a footing. Note that the prototype bridge pier bent has three
columns while the specimen had four columns. This was intended to provide as many columns

as possible in one bent, while at the same time providing some distance between the columns
needed to avoid the blast effects from a test on one column to impact the other column tests. The
preliminary calculation indicated that the spacing between these columns was large enough to

preclude the damage to an adjacent column by a test on a target specimen.
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2
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900
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Elevation View Side View

Figure 3-9  General Layout of Experimental Specimen
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3.2.5 Specimen Materials

3.2.5.1 Concrete Properties

The concrete was ready mixed and supplied by a local concrete batching plant. A design mix
was formulated by the plant for a 28 day target compressive strength of 4 ksi (27.6 MPa), slump
of 4.5 in (114 mm) and maximum size of coarse aggregate of 1/2 in (13 mm). The concrete was
poured in two stages; first to do the footing and second to do the columns and cap-beam. At the
concrete joints between the footing and the columns, the surface of the joints was cleaned and
laitance was removed according to the ACI code requirement (ACI 2004). The mix design

formula for 1*' and 2™ batch concrete is shown in Table 3-3.

Table 3-3 Mix Design Formula for Model Concrete

Material 1* Batch 2" Batch
(1.5 cubic yard) (2.75 cubic yard)
Footing Columns and Cap-
beam
Type I Cement 2712 1b 4687 1b
Concrete Sand 4848 b 8651 1b
No.1 Crushed Stone 908 Ib 1684 1b
Water 16.9 gal. 62.1 gal.
Super-plasticizer 56.0 oz 84.1 oz
Micro-air 510z 11.2 oz

The compressive strength of the concrete was obtained from compression tests of concrete
cylinders of 4 in (102 mm) diameter and 8 in (203 mm) height. The cylinder specimens were
moist cured near the pier bent model. Sets of three cylinders were tested at seven days, twenty
eight days and six days after the blast tests (corresponding to sixty one days and forty one days
for the 1% and 2" batch, respectively). Concrete slump and average compressive strength results

are presented in Table 3-4.
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Table 3-4

Measured Concrete Properties

Concrete Location Slump Compressive Strength
6 days after
7 days 28 days blast tests
Footing 102 mm 28.9 MPa 40.8 MPa 41.5 MPa
(1* Batch) (4 in) (4.187 ksi) | (5.912ksi) | (6.024 ksi)
Columns and Cap-beam 127 mm 22.8 MPa 28.9 MPa 32.1 MPa
(2™ Batch) (5 in) (3.303 ksi) | (4.193 ksi) | (4.650 ksi)

3.2.5.2 Reinforcing Steel and Steel Jacket Properties

In the design of the prototype bridge, D13 (#4), D16 (#5), D19 (#6) and D22 (#7) deformed
reinforcing bars with specified yield strength of 414 MPa (60 ksi) were used, with cross-
sectional areas of 126.7 mm? (0.20 in?), 198.6 mm? (0.31 in?), 286.5 mm? (0.44 in”) and 387.2
mm” (0.60 in®), respectively. According to geometric similitude at one-quarter scale, D-1, D-2,
D-3 and D-4 deformed steel wires were used to respectively model the D13, D16, D19 and D22
of the prototype bridge. These steel wire properties are shown in Table 3-5.

These are cold-worked deformed steel wires intended for use as reinforcement in concrete
construction. Their properties are specified by ASTM A496 specified (ASTM 2005b). ASTM
A496 requires tensile properties of 515 MPa (75 ksi) and 585 MPa (85 ksi) for yield strength and
tensile strength based on nominal area of wire, respectively. The wires are available in sizes D-1
to D-45 whose number indicates the nominal cross-sectional areas of the wires in in>. The steel
wires typically have high strength with no plateau and low ductility. Therefore, the steel wires
used in the specimens were heat treated (annealed) to achieve properties similar to those of
commercial steel reinforcing bars with design yield strength of 414 MPa (60 ksi). This was done
for the D-1, D-2 and D-3 wires used to fabricate the column reinforcement. Heat treatment of
the reinforcement used in the cap beam and footing was not accomplished since these structural
elements were designed remain undamaged during this experimental program and were not the
focus of this research. The wires were annealed in a vacuum furnaces produced by Ipsen, Inc. as

shown in Figure 3-10 at a local heat treating company. The steel bars were placed in the vacuum
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furnace at room temperature, heated to 1135 °F for 60 minutes, cooled to room temperature, and
removed. The final annealing scheme that provided the desired properties was achieved through
trial and error. First annealing attempt at a temperature of 1100 °F lowered the yield strength of
D-3 from 607 MPa (88 ksi) to 538 MPa (78 ksi). To get the yield strength closer to the target
strength of 414 MPa (60 ksi), a second annealing attempt was made with a different set of wires,
for which temperature was set to be 1200 °F, but in this case yield strength was lowered to 390
MPa (40 ksi). Therefore, a final annealing attempt was made at a temperature of 1135 °F
(interpolating 1100 °F and 1200 °F). Representative stress-strain relationships for the D-1 to D-3
wires used in the specimens are shown in Figures 3-11 through 3-13, respectively, from tensile
tests on both the original and annealed wires. Figure 3-14 shows a representative stress-strain
relationship of the original D-4. Mean coupon test results for the annealed wires are presented in

Table 3-5.

Table 3-5 Reinforcing Steel Properties
Diameter Area Yield Ultimate Ultimate Elastic
Bar mm (in) mm? (inz) Stress Stress Strain Modulus
MPa (ksi) | MPa (ksi) MPa (ksi)
D-1 2.87 6.45 380 454 0.145 194,289
(0.113) (0.01) (55.12) (64.57) ' (28,172)
D-2 4.04 12.90 314 426 0.154 193,269
(0.159) (0.02) (45.49) (61.72) (28,024)
4.95 19.35 501 561 195,007
D-3 (0.195) (0.03) (72.58) (81.38) 0.090 (28,276)
5.72 25.81
D-4 (0.225) (0.04) N/A N/A N/A N/A

The steel plate for the steel jacket was a cold-rolled commercial steel sheet with no mandatory
mechanical properties specified by ASTM 1008 CS steel. Typical yield strength and elongation
are specified to be between 140 and 275 MPa (20 and 40 ksi), and more than 30% in 50 mm (2
in), respectively (ASTM 2005¢). Coupons for tension testing complying with ASTM A370
(ASTM 2005a) were fabricated from the plate material. Specified plate thickness for the plate
used was 1.2mm (Gauge 18, 0.0478 in). The measured thickness of the plate was 1.13 mm

(0.0445”). Representative stress-strain relationship is presented in Figure 3-15. The mean
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values of measured yield strength, ultimate strength, ultimate strain and Young’s modulus were

254 MPa (36.85 ksi), 352 MPa (51.06 ksi), 0.184 and 207,216 MPa (30,046 ksi), respectively.

Figure 3-10 Vacuum Furnace for Annealing
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Figure 3-11 Stress-Strain Curve for D-1
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3.2.6 Model Fabrication

The test specimens were fabricated in the Structural Engineering and Earthquake Simulation
Laboratory (SEESL) at the University at Buffalo (UB). Reinforcement details of the bent pier
and cross sections of the RC columns and steel jacketed RC columns are shown in Figure 3-16

and Figure 3-17, respectively. Shop drawings of the specimens are presented in Appendix E.

First, the footing cage reinforcement and column reinforcement up to mid-height of the column
were fabricated, as shown in Figure 3-18 (a). Then, the rest of the column reinforcement was
assembled after casting the footing concrete, as shown in Figure 3-18 (b). As shown in Figure
3-16, the spirals in the RC columns were extended into the footing and cap-beam as explained
earlier, but the ones in the steel jacketed RC columns were stopped at the top and bottom of the
column because this reinforcement of the steel jacketed RC columns was detailed in accordance
with the pre-1971 design code. Figures 3-19 (a) and (b) show the column-to-footing connection
of RC column and steel jacketed RC column, respectively, and Figures 3-20 (a) and (b) show the
column-to-cap beam connection of the RC column and steel jacketed RC column, respectively.
Figures 3-21 (a) and (b) show the formwork for the RC column and steel jacketed RC column,
respectively. Round cardboard forms (Sonotube) with inside diameter of 203 mm (8 in) were
used for RC columns. For steel jacketed RC columns, steel jackets with outer diameter of 213
mm (8 3/8 in) were used as formworks. To create the required gap of 13 mm (1/2 in) at the top
and bottom of the steel jacketed RC column (as specified by CALTRANS (1996)), 13 mm (1/2
in) thick plywood pieces having a 203 mm (8 in) diameter hole were inserted between the steel
jacket and the footing and cap-beam. Then, the cap-beam reinforcement cage was assembled.
Finally, concrete was casted into the four columns and the cap-beam at the same time. As
mentioned earlier, at the concrete joints between the footing and the columns, the surface of the

joints was cleaned and laitance was removed according to the ACI code requirement (ACI 2004).

The model pier bent was shipped from the University at Buffalo to the facility of the U.S. Army
Corps of Engineers Research Facility in Vicksburg, Mississippi, where tests were performed.
Shipping frames, as shown in Figure 3-22, were fabricated to crate the specimen and avoid

damage (especially to the columns) during shipping.
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(b) Column Reinforcement after casting

(a) Footing Reinforcement footing concrete

Figure 3-18 Reinforcement Details of Footing and Column

(a) RC Column (RC1 and RC2) (b) SJ Column (SJ1 and SJ2)

Figure 3-19 Reinforcement Details of Column — Footing Connection
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(a) RC Column (RC1 and RC2) (b) SJ Column (SJ1 and SJ2)

Figure 3-20 Reinforcement Details of Column — Cap-beam Connection

(a) RC Column (RC1 and RC2) (b) SJ Column (SJ1 and SJ2)

Figure 3-21 Formwork for Column
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Figure 3-22 Shipping Frame for Model

3.2.7 Test Setup

A series of tests were performed at the U.S. Army Corps of Engineers Research Facility in
Vicksburg, Mississippi. Figure 3-23 illustrates side and plan views of the test setup. There was
a reaction frame between two test models, namely the pier bent with two RC columns and two
steel jacketed RC columns considered in this project, and a steel plate shear wall (SPSW) model
tested as part of another project beyond the scope of this research. The experimental setup is
shown in Figures 3-24 to 3-26 from front diagonal, side, and back diagonal views, respectively.
The model was placed by casting concrete around the footing, as shown in these figures. Note
that the cap-beam was not fixed to the reaction frames as it was intended to allow rotations at
that location, to replicate actual boundary conditions in bridges. Figure 3-27 shows the photo of

the reaction frame at the cap-beam from the back diagonal view.
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Figure 3-24 Test Setup from Front Diagonal View
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3.3 Experimental Cases and Observations

3.3.1 General

This section presents a description of the explosive charge used in the tests, the experimental
cases, and the experimental observations made after the series of blast tests on two RC columns
and two steel jacked RC columns. The tests were performed at the U.S. Army Corps of
Engineers Research Facility in Vicksburg, Mississippi. Due to constraints in the maximum
possible blast charge weight that could be used at the test site, test specimen dimensions were set

to be 1/4 scale of the prototype bridge piers as mentioned in a previous section.

3.3.2 Explosive Charge

Nitromethane was used for the explosive charges. Nitromethane with the chemical formula
CH3NO; is widely used as a solvent in a variety of industrial appreciations such as a cleaning
solvent and a reaction medium. The actual charge mass is conventionally converted into a TNT
equivalent mass, and the conversion factor is 1.1. For instance, a 10 kg charge of nitromethane
converts to 11 kg of TNT. In addition, 2% of sensitizer was added to aid initiation of the
detonation. Figure 3-28 schematically shows the explosive charge location with respect to the
specimen. The charge was included in a plastic columnar vessel with a diameter of 241 mm (9
1/2 inches).The charge weight is denoted as w, and the height of the charge, %, within the
container varies depending on the charge volume. The standoff distance, x, is horizontal
distance between the center of the explosive charge and the closest point of the column to the
charge. The charge height is taken as the vertical distance from ground to the center of the

charge.

3.3.3 Experimental Cases

Summary of the column test cases is presented in Table 3-6 along with the description of test
observations. Exact values of charge weights and standoff distances are not presented for
security reasons; instead these values were normalized by the parameters of X and W,
respectively. Three parameters were considered in deciding test conditions: height of charge, z,
standoff distance, x, and weight of charge, w. Height was chosen to be 0.25 m representative
of the height for the assumed blast scenario, which was 1 m for the prototype bridge. Scale

distances, Z, given by:
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X
Z = W (3-31)
are also provided for each test case to compare with the case of the assumed terrorist attack
scenario for the prototype bridge. Note that the smaller scale distances create larger pressure and
impulse. The maximum blast charge was limited to /' due to the constraints at the test site.

Due to this constraint of maximum blast charge weight, the target deformation of the columns

was achieved by changing the standoff distances.

The target deformations of the columns were set equal to 4 degree and 2 degree of rotational
angle at the base of the column for Test 1 and Test 2, respectively. These deformation limits
were chosen based on recommended design limits by Mays and Smith (1995) for reinforced
concrete beams and slabs. The support rotations of 2 degree and 4 degree correspond to minor
damage and extensive plastic hinging of the column, respectively. In this context, minor damage
means that personnel and equipment should be protected against fragments coming from damage

of the structural members.

These rotational angles at the bottom of the column were obtained by assuming that the
maximum deformation of the column occurred at the height of explosion, 1.e. 0.25 m from the
ground. This maximum deformation was calculated by simplified analysis using an equivalent
SDOF system and energy conservation. The details of this simplified analysis will be presented
in Section 3.4 of the analytical study. The standoff distances and charge weights of Tests 3 and 4
on steel jacketed RC columns were selected to be the ones for Tests 1 and 2 on RC columns,

respectively.

67



é Cap-beam

Reaction
Frame 222 Plastic Container
= w: Explosive Charge
X < ]
Standoff Distance z: Charge Height
D: 63.5 mm or 152.4 mm
Foundation-beam h: depending on charge volume
Side View
Figure 3-28 Explosive Charge Location
Table 3-6 Summary of Column Test Cases and Test Observations
Test Charge | Standoff | Ch Scaled Test
es . arge ando arge Distance es
Num. Column | Objective Weight | Distance | Height (m) 0333 Observations
(X032
Prototype --- --- --- --- --- 3.74 -

Test1 | RC1 |9 4981w | 216x | 0250 2.16 Shear failure

Collapse at bottom

0=2deg Onset of shear
Test 2 RC2 Minor W 325X 0.250 3.25 failure at

Damage bottom

Same as Shear failure
Test 3 SJ2 Test 1 W 2.16 X 0.250 2.16 at bottom

Same as Shear failure
Test 4 SJ1 Test 2 W 325X 0.250 3.25 at bottom
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3.3.4 Experimental Observations

3.3.4.1 Test1 for Column RC1

Column RCI1 was tested using an explosion of charge weight W at a standoff distance of 2.16 X
and height of 0.25 m, intended to induce 4 degree of total elastic and plastic rotational angle at
the bottom of the column. Figure 3-29 illustrates the deformation and damage of the column
after Test 1, showing left, blast, right and back side views as defined in this figure. Column RC1
did not to exhibit a ductile behavior under blast loading, but rather failed in shear at the base of
the column. Figures 3-30 and 3-31 are the left side view and front view of the column after the
test, respectively. As shown in Figure 3-30 by lines showing the original position of the
specimen, the column was tilted towards the back side, rotating around a point at the top of the

column after the column sheared off at the bottom.

Original position of the column at the footing is shown in Figure 3-32, and Figure 3-33 shows a
close-up picture of the fracture surface at the footing. This surface was the construction joint.
However, as described in the subsection on model fabrication, laitance was removed from the
surface of the footing before casting column concrete. The fracture surfaces of longitudinal bars
coming out from the footing are shown in Figure 3-34. The bottom part of the column was
blown off as shown in Figures 3-35 and 3-36. The front face of the column was damaged more
heavily than the back face because of the blast pressures acting on the front face. Many small
pits were observed on the front side of the column around the blast charge height as shown in

Figure 3-37.

Figures 3-38 and 3-39 show the top of the column from left and right side views. A 40 mm (1
9/16 in) gap between the cap beam and the column was observed on the front side of the column,
and the width of a second crack positioned at 72 mm (2 13/16 in) from the top of the column on
the front side was 3 mm (1/8 in), as shown in Figures 3-38. Figure 3-40 shows the top of the
column from a front view, and Figure 3-41 is a close-up picture of the gap at the top of the
column. Ten longitudinal bars were fractured out of total sixteen bars at that location. As shown
in Figure 3-42, the cover concrete spalled off up on the back of the column to the height of 90

mm (3 17/32 in) from the top of the column due to the large deformation of the column, but no
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damage was observed in the core concrete because of the confinement by transverse

reinforcement in this plastic hinge region.

The progression of damage for this Column RC1 could be explained as follows, based on
observations on the condition of the column after the test. First, plastic hinges were deemed to
form at the bottom of the column and at the height of the explosion, and possibly at the top of the
column as well. Evidence of forming plastic hinging around the explosion height could be seen
in some cracks observed on the back side of the column as shown in Figure 3-29. This figure
also shows that the part of the column from the bottom up to a height of about 838 mm (33 in)
from that point had a slight curvature outward to the back side, which agrees with the moment
that would develop under this assumption. Then, while these plastic hinges were developing or
after these hinges formed, the column could have been sheared off at its base because the shear
force that developed there exceeded the direct shear strength at that location. Finally, blast
pressures acting on the column and/or inertia forces developed in the column masses pushed the
cantilever column supported from the top to rotate towards the back side. As a result, a negative
moment developed at the top of the column, leading to fracture of the steel bars on the tension
side at the top of the column and the spalling off the cover concrete on the compression side, as
shown in Figures 3-40 and 3-42, respectively. Accordingly, cracks were also observed on the
blast side from mid-height to the top of the column. Figure 3-29 shows that the part of the
column from the top down to a height of about 838 mm (33 in) from the base had slight

curvature inward to the back side due to this negative moment developed at the top.

3.3.4.2 Test 2 for Column RC2

Column RC2 was tested using an explosion of charge weight 7 at a standoff distance of 3.25 X
and height of 0.25 m, intended to induce 2 degree of total elastic and plastic rotational angle at
the bottom of the column. Figure 3-43 illustrates the deformation and damage of the column
after Test 2, showing left, blast, right and back side views. The concrete spalling was observed
around the bottom of the column. The column deformed towards the back side, as shown in
Figure 3-43 (a), and a maximum deformation of 16 mm (5/8 in) was observed around one third
of the height from the base of the column. This figure also shows that the column had a slight

curvature outward to the back side. Figures 3-44 to 3-46 show the column after Test 2 from
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front diagonal, back diagonal and front views. Note that these pictures were taken after the

rubble was removed from the bottom part of the column.

Figures 3-47 and 3-48 show the bottom of the column from front diagonal and right side views,
respectively, before the rubble was removed. The cover concrete on the front face was still
loosely in place in the column, although this material had almost fallen apart from the column,
whereas the one in the back face was completely disengaged from the column. This
disengagement is called “direct spalling” of concrete in the literature reviewing the structural
response of reinforced concrete structures subjected to blast load, as described in literature
review. A compression stress wave, created by blast pressures in the front face, traveled through
the column and reflected on the rear column face as a tension stress wave. As a result of this
tension stress, the direct spalling of the cover concrete occurred. Figures 3-49 and 3-50
respectively show the bottom of the column from left and right side views after the rubble was
removed. The cover concrete spalled off up to a height of 117 mm (4 5/8 in) from the bottom of
the column. The shear deformations at the bottom part of the column can be observed by
comparing against the longitudinal reinforcement vertical solid line in Figure 3-49. Therefore,

Column RC2 was deemed to exhibit the onset of direct shear failure at the bottom of the column.

Figures 3-51 to 3-53 show the top of the column from right diagonal front, left diagonal front,
and back side views, respectively. A gap of 4 mm (5/32 in) observed between the cap beam and
the top of the column on its front side, as shown in Figure 3-51, was again attributed to the
negative moment that developed at the top of the column. As shown in Figure 3-53, the cracks

were not observed at the top of the column on the back side since this part was in compression.

3.3.4.3 Test 3 for Column SJ2

Column SJ2 was tested using an explosion of charge weight W at a standoff distance of 2.16 X
and height of 0.25 m, which are the same blast parameters as Test 1 for Column RC1. Figure
3-54 illustrates the deformation and damage of the column after Test 3, showing left, blast, right
and back side views. Column SJ2 did not exhibit a ductile behavior subjected to blast loading,
but rather failed in shear at the base of the column as observed in Test 1 for Column RCI1.

Figure 3-55 shows the column after Test 3 from a right side view. As shown in this figure by
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lines showing the original position of the specimen, the column was tilted towards the back,
rotating around a point at the top of the column after the column sheared off at the bottom. The
steel jacketed column remained straight and no structural damage was observed along this
column. Figure 3-56 shows a dent of 14 mm (9/16 in) deep observed after the test, which had
not been seen before the test. Since this occurred 0.3 m above the height of the blast charge, it
was attributed to the possible presence of an air pocket inside the steel shell due to lack of
vibration during casting the concrete. This was not investigated further since this local

imperfection has no impact on the results.

A lateral displacement of the bottom of the column at the footing of about 78 mm (3 1/16 in) was
measured, as shown in Figure 3-57. Figure 3-58 shows the bottom of the column from a front
diagonal view. Figure 3-59 is a close-up picture of the footing from a front diagonal view. The
fracture of longitudinal bars coming out from the footing can be seen in this picture. All the
longitudinal bars at the bottom of the column were observed to be fractured. The bottom part of
the column from a back view is shown in Figure 3-60 and a close-up picture of the bottom part
of the column from the same view is shown in Figure 3-61. The fracture of the longitudinal bars
and the crushing of concrete inside the steel jacket at the bottom part of the column can be seen

in these photos.

Figures 3-62 to 3-64 show the top of the column from front, side and back views. Because of the
negative moment developed at the top of the column, a 6 mm (1/4 in) gap between the cap beam

and the column was observed on the front side, as shown in Figure 3-62, but no gap or crack was
observed there on the back side, as shown in Figure 3-64. Diagonal cracks were observed on the

bottom face of the cap beam developed from the column, as shown in Figure 3-65.

3.3.4.4 Test4 for Column SJ1

Column SJ1 was tested using an explosion of charge weight W at a standoff distance of 3.25 X
and height of 0.25 m, which are the same blast parameters as Test 2 for Column RC2. Figure
3-66 illustrates the deformation and damage of the column after Test 4, showing left, blast, right
and back side views. As in Test 3 for Column SJ2, Column SJ1 failed in shear at the column

base. As shown in Figure 3-67 by lines showing the original position of the specimen, the
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column was tilted towards the back side rotating around a point at the top of the column after the
column sheared off at the bottom. The steel jacketed column remained straight and no structural

damage was observed along the column as observed in Test 3 for Column SJ1.

The lateral displacement at the base of the column at the footing was 83 mm (3 1/4 in), as shown
in Figure 3-68. The deformed shapes of the two steel jacketed columns, namely Column SJ1 and
SJ2, were almost the same. All the longitudinal bars at the base of Column SJ1 were also
fractured. Figure 3-69 from front diagonal view shows the fractured longitudinal bars coming
out from the footing. A crack was observed along the welding seam of the steel tube on the back
side of the column base, as shown in Figure 3-70. Figures 3-71 and 3-72 show the bottom of the
column from back diagonal view. The column was sheared off from the footing surface at the
concrete joint. However, there was no crushing of concrete observed inside the steel jacket at the
column base on the back side. Making a comparison of this damage of the column base on the
back face with the one of Column RC2 of Test 2, in which blast parameters were the same, here
the concrete inside the steel jacket had not been damaged whereas the cover concrete of the RC
column was disengaged as previously shown in Figures 3-49 and 3-50 due to direct spalling.
From this comparison, it can be concluded that steel jacketing is effective to protect against
direct spalling of the concrete, even though it is ineffective to prevent the observed direct shear

failure.

Figures 3-73 to 3-74 show the top of the column from front and back views. Because of the
negative moment developed at the top of the column, a 6 mm (1/4 in) gap between the cap beam
and the column was observed on the front side, as shown in Figure 3-73. There were also some
cracks between the cap beam and the column top on the back side, as shown in Figure 3-74, but

these cracks closed at the center on the back side.

3.3.5 Summary

The standard ductile RC and non-ductile RC columns retrofitted with steel jackets were not
found to exhibit a ductile behavior under blast loading, but rather failed in shear at the base,
contrary to the CFST columns which were shown to be effective to resist blast loadings in
previous experiments. The steel jacketed columns, although visually resembling the CFST

columns, are significantly different in construction due to the presence of gaps at the column top
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and base purposely intended to prevent composite actions at the ends of the column. These gaps
also produced a discontinuity of shear resistance at these locations, which resulted in the
observed direct shear failure. However, steel jacketing was effective to prevent direct spalling of

concrete.

3.4 Analytical Study

3.4.1 General

This section compares the experimental results of the columns with the analytical results. First,
moment-curvature analysis was conducted to calculate the structural properties of the columns,
namely the plastic moment capacity and the flexural stiffness. These structural properties were
required in the following simple plastic analyses and simplified blast analyses. Second, simple
plastic analyses were conducted to calculate ultimate lateral load capacity of the columns and
reactions. After that, simplified blast analyses were conducted to compare with the deformation
and damage of the columns. Then, a modified calculation method for direct shear strength was
proposed by considering moment-direct shear interaction, and this strength was compared with
the reaction forces calculated by the simple plastic analyses. Finally, comparisons of breaching
and spalling of RC members between the column test results and the design equations are

presented.

3.4.2 Moment-Curvature Analysis

The following simplified blast analysis and simple plastic analysis require the plastic moment
capacity and flexural stiffness of the column. Therefore, moment-curvature relationships were
calculated using XTRACT for the test specimens. Three sections were calculated, namely a
section at plastic hinge zone of the RC columns and two sections at the base and middle of the
steel jacketed RC columns. For the steel jacketed RC columns, cross-section analysis did not
consider the contribution of the jacket at the base section because the steel jacket was not
provided at that location due to the gap between the footing and the column. Presence of the
steel jacket was considered at the cross-section at mid-height of the column. The moment-
curvature relationships were developed based on a plane section analysis assuming that a plane
section remained plane when subjected to bending moment. In this plane section analysis, strain

distribution on the section was assumed to remain linear.
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These analyses were conducted using the strength values obtained from the compression tests of
concrete cylinders and the tensile tests of reinforcement bars and steel plates from which the

steel jackets were fabricated. For the analyses, concrete strength, 7., was taken as equal to 32.1

MPa (4.65 ksi). Young’s modulus, E., was calculated by Equation 3-7 as per ACI (2004).
Yield strength and Young’s modulus of D-3 steel wire used as reinforcement (as described in
Section 3.2.5.2) were equal to 501 MPa (72.58 ksi) and 195,007 MPa (28,276 ksi), respectively.
Yield strength and Young’s modulus of the steel jacket were equal to 254 MPa (36.85 ksi) and
207,216 MPa (30,046 ksi), respectively. The above concrete strength and yield stress of steel
were multiplied by 1.25 and 1.2, respectively, to account for strength magnification at large
strain rates under impulsive conditions (Mays and Smith 1995). The Mander model presented in
Section 3.2.3.2 was used for the constitutive relationship of unconfined and confined concrete.
The stress-strain relationships for longitudinal bars and steel jacket were idealized using a bi-
linear elasto-perfectly plastic behavior. The details of section and material models are provided

in Appendix F.

Figures 3-75 to 3-77 present the results of moment-curvature analyses for the RC column
section, and for the steel jacketed RC column at base and middle sections, respectively. Solid
lines represent the results of these analyses and dashed lines represent the corresponding bi-
linear elasto-perfectly plastic curves used in the subsequent simple analyses. To simplify the
moment-curvature relationships, these bi-linear curves were obtained such that the energy under
the moment-curvature relationships of both curves was equal when reaching an ultimate
curvature displacement. The section properties obtained from the cross-section analyses are
summarized in Table 3-7. The details of how these results were obtained are provided in

Appendix F.
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Table 3-7 Summary of Moment-Curvature Analyses

Effective Effective Effective Ultimate

Section Yield Curvature | Yield Moment | Flexural Stiffness Curvature
1/m (1/in) kN-m (kip-in) | kN-m? (kip-in®) 1/m (1/in)

RC 0.030 14.0 463.8 0.628
(0.0008) (124.0) (161,600) (0.0159)
ST at 0.020 34.5 1698.2 0.508
bottom (0.0005) (305.0) (591,700) (0.0129)
SJ at 0.032 15.2 455.8 0.585
middle (0.0008) (134.6) (158,800) (0.0149)

3.4.3 Simple Plastic Analysis

Simple plastic analyses were conducted to calculate the ultimate lateral load capacity and
reactions of the RC column and the steel jacketed RC column. A simple plastic analysis is
suitable to calculate ultimate global structural capacities based on simple calculations. In this
analysis, a rigid-perfectly plastic hinge model is assumed with a zero-length plastic hinge. The
details of this analysis are presented in text books (such as in Bruneau at el. 1998). The step-by-
step method of analysis was selected. This analytical method follows the structural behavior
step-by-step, from the initial elastic stage up to collapse, through plastic hinging formations. The
blast pressure was assumed to load the column as a point load acting at the height of the blast
charge. Standard solutions presented in LRFD Manual of Steel Construction (AISC 2001) were
used to calculate moment diagrams and deflections of the columns because the target structure

was simply a beam fixed at both ends subjected to a concentrated load.

Figure 3-78 illustrates for the analyzed RC column, the incremental moment diagram and total
moment diagram for each analysis step. In Step 1, the point load was increased until the plastic

moment capacity, M, , of 14.0 kN-m (124.0 kip-in) previously calculated by moment curvature

analysis was reached at the base of the column. In Step 2, a modified structure fixed at the top
and supported at the bottom was used to calculate the incremental load that produced for the

additional load at which a plastic hinge at the height of the blast charge. Finally, in Step 3, a
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cantilever fixed at the top was analyzed until the top of the column reached the plastic moment
capacity. In these analyses, reactions at both top and base of the column and deflections at the
load point were also calculated in each step and are plotted in Figure 3-79. Solid line with solid
squares, dashed line with solid circles, and broken line with open circles represent, respectively,
the applied load at the explosion height and reaction force at the base and the top of the column.
As shown in this graph, much higher reaction force was developed at the base than the top
because the load was applied close to the base. The maximum resulting reaction forces at the
base and top were 112.1 kN (25.2 kip) and 22.4 kN (5.0 kip), respectively. The detailed

calculations are presented in Appendix G.

Figure 3-80 illustrates the simple plastic analysis results of the steel jacket RC column obtained
following the same step-by-step procedure. In this analysis, the plastic moment capacity at both

top and base was taken as M ,, of 15.2 kN-m (134.6 kip-in) which was calculated from the

reinforced concrete section without a steel jacket, and the one at the explosion height was taken

as M, of 34.5 kN-m (305.0 kip-in) which was calculated from the steel jacketed reinforced

concrete section acting as a composite section. The first plastic hinge formed at the base (as for
the RC column), but the second plastic hinge formed at the top because the plastic moment
capacity at the explosion height was more than twice the one at both top and base. The last
plastic hinge formed at the height of the blast charge. Reactions at both top and base of the
column and deflection at the load point were also calculated and are plotted in Figure 3-81. This
graph shows that proportionally much higher reaction force developed at the base than at the top
compared to the RC column. The maximum resulting reaction forces at the base and top were
198.7 kN (44.7 kip) and 39.7 kN (8.9 kip), respectively. The detailed calculations are presented
in Appendix G.

3.4.4 Simplified Blast Analysis by Equivalent SDOF System

The blast parameters used in the experiments were determined based on the calculated maximum
deformations of the columns. These maximum deformations were obtained by simplified
analysis using an equivalent SDOF system and energy conservation (see Fujikura et al. 2007 for

details). Essentially, this method considers an equivalent SDOF system having an elastic-
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perfectly-plastic behavior, and assumes that all the energy imparted to the system by the blast

loading is converted into internal strain energy.

Under these conditions, the maximum deformation due to impulsive-type blast loading, X, is

given by:

1 12
Xpn==—| ————+ X¢ (3-32)
Ky m R,
where /., is the equivalent uniform impulse per unit length, K, is the load-mass factor, m is
the mass per unit length of the column, R, is the strength per unit length of the column and X ¢
is the displacement at the onset of plastic behavior. In this analysis, /., was calculated by:
l,=pBDi, (3-33)
where i, is the equivalent uniform impulse per unit area, D is the column diameter and £ is

the factor to account for the reduction of pressures on the circular column due to its circular

shape. This factor S could be taken as 0.45. This value of 0.45 was obtained from previous

blast test results of CFST columns by comparing the observed maximum deformations with the

results predicted by this simplified analysis.

The quantity of this equivalent uniform impulse per unit area, i, , in Equation 3-33 was

calculated by:

- [i(2)8(2) z
N J.OH 8(z)dz

(3-34)

where i (z) indicates the variation of impulse per unit area along the height of the column and
8(z) is the normalized deflected shape of the column. In this analysis, i(z) was taken as the
envelop of maximum impulse (per unit area) at any time along the height of the column. Values
of i(z) were calculated using the program Bridge Explosive Loading (BEL 2004). BEL
generates airblast pressures considering reflections of the blast wave on the deck and on the
ground. The resulting values of i(z) are qualitatively shown in Figure 3-82 for Test 1 and Test 3
and in Figure 3-83 for Test 2 and Test 4 along with the envelop of maximum pressure along the

height of the columns. Assuming that the in-span hinge develops at the height of the blast charge
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and both top and base of the column, the normalized deflected shape, &(z), for inelastic

deformations after plastic hinging is given as a system of rigid-link members between those

plastic hinges.

For the boundary conditions and this deflected shape, the load-mass factor is K, =0.66 and #,
is given by 7, =28.8M, / I* where L is the height of the column, and M, is the plastic moment

capacity of the column calculated by XTRACT as presented previously. Finally, X is given by

Xg =rn,/K. where K., the unit elastic stiffness of the equivalent SDOF system, is given by

K. =307El, / [} . The flexural stiffness of the column, EI., was also calculated by XTRACT.

Detail calculations of these simplified blast analyses are presented in Appendix H.

The results of these simplified analyses of Column RC1 for Test 1 and Column RC2 for Test 2
are summarized in Table 3-8. The maximum deformation (total elastic and plastic deformation)
and plastic rotation at bottom respectively resulted in 19.2 mm and 4.4 deg for Test 1 and 9.5
mm and 2.2 deg for Test 2. The objective of Test 1 and Test 2 were respectively to induce
extensive plastic rotation of the column base and minor damage to the column base as presented
in Section 3.3.3 about the test cases. Although Column RC1 after Test 1exhibited some level of
inelastic flexural deformations, the magnitude of plastic rotation that happened before direct
shear failure can not be reliably calculated for a lack of the reference point at the base of the
column. From the measured deformations of Column RC2 after Test 2, the plastic rotation at the
base of this column was 2.5 deg (0.043 rad) calculated from the experimental maximum
deformation of 16 mm at a height of 370 mm from the base. This experimentally obtained
rotation was larger than the prediction of 2.2 deg calculated by the simplified analysis because
the bottom part of the column itself also deformed in shear, which was not considered in this

analysis, occurred in the experiment.
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Table 3-8 Summary of Results of Simplified Blast Analysis (RC Tests)

Test Equlvalent Uljumate Yield Maximum Plastlc
Uniform Impulse | resistance . . Rotation at
Num. and Deformation | Deformation
Column MPa-msec kN/m mm (in) mm (in) Bottom
(psi-msec) (kip/in) 0
Test 1 6.07 180 6.4 19.2 44
RCl1 (880.7) (1.03) (1/4) (3/4) '
Test 2 3.81 180 6.4 9.5 29
RC2 (552.0) (1.03) (1/4) (3/8) ’

3.4.5 Direct Shear Resistance of Test Column

Direct shear resistance of the test columns was compared with the reaction forces calculated by
simple plastic analyses in the previous subsection. The literature related to the ultimate capacity
of direct shear subjected to static loads was reviewed and presented in literature review, but no
equations were found in the public domain literature to quantify its resistance under dynamic
loads. Consequently, the direct shear resistance of test specimens was calculated using Equation
2-12 developed for static loads. The effect of dynamic loading was considered by incorporating
the strain rate effect on material properties into this equation through dynamic increase factors.
By considering the dynamic increase factors, Equation 2-12 is modified to become:

an = 0.8Avffsty + AcK]DC (3'35)
where Dy, and D. are, respectively, the dynamic increase factors for yield stress of steel and for

concrete strength. D, and D. were taken as 1.2 and 1.25, respectively (Mays and Smith 1995).

Because the RC column section and the steel jacketed RC column section at the base of the
columns had the same configuration and materials, they were calculated to have the same direct

shear resistance as given by Equation 3-35. For 4, =309.6 mm’, fy =501 MPa, 4. =32365

mm? and K; =2.8 MPa, the direct shear resistance, V,, of the tested columns is 262.2 kN (58.9

kip). This resistance is larger than the maximum reaction forces at the bottom of the columns
calculated by the simple plastic analyses presented in Section 3.4.3, namely 112.1 kN and 238.4

kN for the RC column and the steel jacketed RC column, respectively. This calculation
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indicated that those columns would not fail in direct shear at the base. However three of the test

columns were found to fail in direct shear at their base during the experiments.

To explain the direct shear behavior observed in the tests, it was decided to investigate the
possible reduction of direct shear strength in a plastic hinge region. When a large bending
moment is applied at the reinforced concrete section, cracking occurs in the tension zone of the
concrete section. At that point, flexure is resisted by the compression zone of the section and the
steel reinforcement in the tension zone of the section. Direct shear resistance given by Equation
2-48 is the sum of the cohesion and friction resistance along the direct shear interface. In this
calculation, the parts on both sides of the direct shear interface fully contact each other.
However, on the cracked section under bending moment, the compression zone of the section is
deemed to only contact along that section. This is particularly the case in regions of plastic
hinging. Therefore, because, as observed experimentally and from simple plastic analyses, a
plastic moment was developed at the base of the column, the above is considered to develop a
moment-direct shear interaction. For this model, only the part of the section in compression is
assumed to be able to resist the shear force since direct shear resistance is deemed unable to

develop when two surfaces do not contact each other.

Figure 3-84 schematically shows a reinforced concrete section subjected to a bending moment
used to formulate the moment-direct shear interaction model. This model is based on plane
section analysis assuming that plane section remained plane when subjected to bending,

consistently with all earlier moment-curvature analyses. The part of the section hatched in
Figure 3-84 is in compression. By replacing 4,y and 4. in Equation 3-35 with Avf, and 4.,
respectively, the modified direct shear resistance, Vs given by:

V, =0.84y f, Dy + A K\D. (3-36)

’ ’ . . . . .
where 4, and A. are the area of longitudinal reinforcement and concrete in compression zone

as shown in Figure 3-84. The position of neutral axis needs to be determined to calculate this
compression zone. This neutral axis position was calculated by moment-curvature analysis as

described in the previous subsection.
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Figures 3-85 and 3-86 compare the new direct shear resistance at the base of the columns
calculated per the above modified procedure with the shear force developed at the base of RC
columns and steel jacketed RC columns, respectively, varying as a function of the moment
developed at the base. These direct shear resistance were calculated by Equation 3-36, and the
shear forces were obtained from the simple plastic analyses. A solid curve with open circles and
a dashed line represent the direct shear resistance and the shear force developed, respectively, in
these figures. For both columns, as the moment increases, the direct shear resistance decreases
due to the shift of the neutral axis position towards the outer compression fiber. Obviously, a
larger shear force demand develops at the column base as the moment increases due to the
increase of the applied load. The intersection of these curves is the point where the shear force is
equal to the direct shear resistance. This point occurs at a shear force of 63.0 kN (14.2 kip) and a
corresponding moment of 11.8 kN-m (104.5 kip-in) for the RC column, and a shear force of 63.6
kN (14.3 kip) and the moment of 11.9 kN-m (105.5 kip-in) for the steel jacketed RC column.
Figures 3-85 and 3-86 also show that direct shear failure was deemed to occur in both columns
before the first plastic hinge develops at the base of the columns. According to these results, it
appears that this moment-direct shear interaction model correctly allows capturing the
experimentally observed behavior. Note that this moment-direct shear interaction model is to be

compared with static shear force developed from the simple plastic mechanism.

3.4.6 Breaching and Spalling Resistance

Breaching and spalling of the bottom part of the column were observed at the RC columns in
Test 1 and Test 2, respectively. Therefore, the required thickness to prevent breaching and
spalling were calculated for Test 1 and Test 2 to compare with the test specimens according to
the design equations presented in the literature review section. The minimum thickness to
prevent breaching, f,, and spalling, z,, are given by Equations 2-8 and 2-9, respectively. Note

that these equations were derived from test data for reinforced concrete slabs.

Figure 3-28 compares the damage of Column RC1 and RC2 with their envelopes of maximum
pressure distributions calculated by BEL. The higher pressures act around the bottom of the
columns because of the reflection of the pressures on the ground. The maximum pressures in

these envelopes were 160.7 MPa (23.3 ksi) in Test 1 and 82.1 MPa (11.9 ksi) in Test 2. The
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minimum thickness of RC slabs is calculated using the blast standoff distance and charge weight
by Equations 2-8 and 2-9. These equations are based on the airburst blast, and the reflection of
pressure on the ground is not considered in these equations. Therefore, to consider this pressure
magnification due to the reflection of the pressures on the ground, the blast standoff distance and
explosive charge weight need to be adjusted to calculate the minimum thickness required when
subjected to the high pressure reflected on the ground. These parameters were calculated back
from the maximum pressures by using the public domain computer program AT-Blast (ARA

2004).

Using this approach, the required thickness to prevent breaching and spalling for Test 1 were
calculated to be 358 mm (14.1 in) and 461 mm (18.2 in), respectively. For Test 2, the resulting
required thickness was 304 mm (12.0 in) and 392 mm (15.4 in) for breaching and spalling,
respectively. These thickness values were larger than the column diameter of 203 mm (8 in).
Therefore, these calculations indicated that RC slabs with a thickness of 203 mm would undergo
breaching when subjected to the blast pressures used in both tests. According to the
experimental results, breaching was observed in Test 1, but spalling was observed in Test 2
instead of breaching as shown in Figure 3-43. Therefore, these equations based on RC slabs
could be too conservative to quantify the breaching and spalling resistance of reinforced concrete
circular columns. Also, these equations are possibly not applicable to seismically detailed
ductile reinforce concrete columns since the RC slabs, for which these equations have been
derived, are not typically detailed well with similarly closely spaced reinforcement. Note that no
equation was found in the public domain literature to quantify the breaching and spalling

resistance of circular shape reinforced concrete columns.
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Steel Bars at Footing (Front Diagonal View, Bottom of Column SJ1 at Bottom (Front
Test 4) Diagonal View, Test 4)
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Figure 3-73 Front View of Column SJ1 at  Figure 3-74 Back View of Column SJ1 at
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SECTION 4
DYNAMIC ANALYSIS OF BRIDGE PIER SUBJECTED TO
BLAST LOADING

4.1 Introduction

Two series of blast tests on three different types of bridge columns showed that the performance
of the proposed system of multi-column bent with CFST columns was superior to that of
comparable seismically ductile RC columns and steel jacketed non-ductile RC columns. In fact,
the seismically ductile RC columns and steel jacketed non-ductile RC columns failed to perform
in a ductile manner when subjected to blast loading. Therefore, the rest of this report mainly
focuses on analysis methods to capture the ductile response of the proposed CFST bridge pier
columns subjected to blast loading. However, for the sake of obtaining shear forces for direct
shear, an alternative analytical method is performed for the RC columns and steel jacketed RC

columns.

As presented in the literature review, there is a variety of analytical methods available to
compute the response of structures subjected to blast loading ranging from a simplified analytical
method using a SDOF system to a finite element model (FEM). The objectives of the dynamic
analyses conducted here are to develop the design tools to calculate the blast response of circular
shaped bridge columns, and to understand the behavior of these bridge columns subjected to
blast loading. For these purposes, in this research project, three different analytical methods
have been adopted to replicate the behavior of the tested bridge columns subjected to blast
loading, namely simplified analysis, SDOF dynamic analysis, and fiber-based dynamic analysis.
The first analytical method, simplified analysis, was presented and was compared with the test
results of CFST columns (Fujikura et al. 2007, 2008) and of RC columns and steel jacketed RC
columns in Section 3.4.4. Here, the results obtained using the other two blast analysis methods,
namely SDOF dynamic analysis, and fiber-based dynamic analysis, are compared with the

experimental results.
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The shape factor £, which is meant to represent the effect of the shape of the column in

reducing the applied blast pressure, is unavoidably affected by some assumptions used in the
simplified analytical model. So, if a more sophisticated analysis model is used and some of these

assumptions are removed, it would be incorrect to use the same [ value as developed for the
simplified method. Therefore, the factor £ needs to be reevaluated if more sophisticated

analysis methods are used to eliminate some of these assumptions.

Following this section introduction, the experimental results for the two series of blast tests on
three different types of columns are summarized before presenting the blast dynamic analyses.
Then, the three analytical methods used in this research are compared. Next, the SDOF dynamic
analysis is presented. After that, fiber-based analytical model is discussed, along with
verification of this fiber-based analytical model based on quasi-static cyclic loading tests done by
various researchers, and then the dynamic analysis results obtained using this fiber-based model
are presented. Finally, results obtained using the three different analysis methods are

summarized.

4.2 Summary of Bridge Pier Tests Subjected to Blast Loading

This subsection summarizes the experimental results of two series of blast tests to the three
different types of columns previously tested, because this information will be used in the
subsequent blast dynamic analyses using SDOF model and fiber-base model presented later.
Recall that, in the first series of blast tests, a multi-hazard bridge pier system, namely a pier bent
with CFST columns, was proposed and its behavior was experimentally investigated when
subjected to blast loading (Fujikura et al. 2007, 2008). Also, in Section 3, two types of
seismically designed conventional bridge pier columns were investigated, namely ductile RC
columns and non-ductile RC columns retrofitted with steel jackets, Table 4-1 summarizes the
blast parameters and test results of all those test cases. The side view of these blast situations of

these detonations to the column is schematically illustrated in Figure 4-1.
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Table 4-1

Summary of All Column Test Cases and Results

Blast Parameters

Test Results

Test Column Charge | Standoff | Scaled Heicht Residual | Experimental
Num Weight | Distance | Distance g Displ. Observations
X
| ] m)
Prototype - - 3.74 1.0 N/A N/A
1-1 | CFSTC4 0.1 W 3X 6.46 0.25 0 No Damage
1-2 | CFSTC4 | 0.55W 3X 3.66 0 No Damage
1-3 | CFSTC4 2X 2.00 0.75 30 Flexural
1-4 | CFST C6 1.1 X 1.10 46 Flexural
(B
5| 1-5 | CFSTCS 13X 1.30 76 Flexural
~ | 16 | CFSTC4 16X | 160 24 Flexural
Flexural
1-7 | CFST C4 A\ 0.6 X 0.60 395 (Steel Fracture)
1-9 | CFST C6 0.8 X 0.80 45 Flexural
Flexural
1-10 | CFST C5 0.8 X 0.80 0.25 100 (Steel Fracture)
2-1 RC1 2.16 X 2.16 N/A Direct Shear
&2 | R 325X | 3.5 N/A | Onsetof Direct
) Shear
A
?:‘N 2-3 SJ2 2.16 X 2.16 N/A Direct Shear
2-4 SJ1 325X 3.25 N/A Direct Shear
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Figure 4-2  Comparison of Tested Column Sections and Moment Capacities
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Figure 4-2 compares the cross-section and moment capacity of the tested CFST C4, C5 C6
columns, RC column and steel jacketed column. The moment capacity of CFST columns was
calculated using the Bruneau and Marson (2004) equations, and that of RC column and steel
jacketed RC column was obtained from the moment-curvature analyses presented in Section
3.4.2. As shown in Figure 4-2, the moment capacity of the CFST C4 column is comparable to
that of the RC column and steel jacketed column. Being all ductile members of nearly identical
strength, these three columns would be expected to perform equally well when subjected to
seismic loading. Note that these columns are detailed to resist the shear force due to flexural
hinging at the ends of the column. That would develop due to the earthquake loading. As shown
in Table 4-1, the standoff distance of Test 1-6 for CFST C4 column is closer than that of Test 2-1
for RC1 column and Test 2-3 for SJ2 column. Although CFST C4 column was subjected to the
larger blast pressures due to the closer standoff distance, it exhibited a ductile behavior under the
blast loading while both RC1 column and SJ2 column failed in shear at their bases. From this
observation, even though CFST, RC and steel jacketed RC columns perform equally well under
seismic loading, only the CFST column would perform well under blast loading. This is
attributed to the inadequate direct shear resistance at the base of the RC and steel jacketed RC

column.

While the above is useful in quantifying the relative performance of these structural systems, it is
instructive to review each of column types would have performed for the terrorist attack scenario
assumed in this research (Sections 3.2.2). The basis of comparison for the experimental results
with the prototype is achieved through the use of scaled distance concept. The scaled distance of
the prototype is 3.74 (in X / w3 ) as shown Table 4-1, which is calculated from the charge
weight and standoff distance of the terrorist attack scenario assumed in Sections 3.2.2. Since no
damage was observed to CFST C4 column in Test 1-2 whose scale distance of 3.66 is smaller
than that of the assumed blast scenario, this indicates the CFST columns would perform well to
resist the assumed terrorist attack. Recall that the CFST column was originally designed
assuming the A valued of 0.85 and expected the ductility of 7% which did not occur because the
actual £ valued for this type of column discovered to be 0.45 using the simplified analyses.

From Test 2-3 which has the scale distance of 3.25, direct spalling of the cover concrete at the

bottom of RC2 column and the shear deformation at this location were observed. Therefore,
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when subjected to the assumed terrorist attack with slightly larger scale distance of 3.74, a
seismically designed ductile reinforced concrete column would exhibit at most the minor damage
of spalling cover concrete. Since SJ1 column failed in direct shear at the base of the column in
Test 2-4 with a 3.25 scaled distance, steel jacketed reinforced concrete column would be
expected to fail in shear at the base when subjected to the assumed terrorist attack with a slightly
larger scale distance of 3.74. However, the assumed attack scenario. For other scenarios in
which the explosive charge would be increased, it is clear from Figure 4-1 that the RC column
(Test 2-1) and steel jacketed RC column (Test 2-3) would fail in shear at the base, but the CFST

column (Test 1-6) would provide the greater robustness against the larger explosive charge.

4.3 Selection of Analytical Methods

As presented previously, three different analytical methods were adopted in this research, namely

simplified analysis, SDOF dynamic analysis, and fiber-based dynamic analysis. Table 4-2

Table 4-2 Comparison of Analytical Methods

o SDOF Fiber-based
Simplified . .
Analysis Dynamic Dynamic
Analysis Analysis
Dynamic Dynamic Dynamic

I Analytical Procedure (Impulse) (Pressure-History) | (Pressure-History)

Interaction between Structure

2. and Blast Loading Uncoupled Uncoupled Uncoupled

3. Descretization of Structure SDOF SDOF D Fl\i/ge)r?gase d
4. Material Nonlinearity Inelastic Inelastic Inelastic

5. Geometric Nonlinearity Nonlinear Nonlinear Nonlinear

compares these analytical methods in terms of the analytical options presented in Section 2.6.
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The common options between these three analytical methods are that: (a) they are dynamic
analysis, (b) the structure and the blast loading are uncoupled, (c) material nonlinearity is
considered, and (d) geometric nonlinearity is not considered. The uncoupled analysis is chosen
because this analysis is commonly used in the practical design of structures under dynamic
loading and provides reasonable results, as discussed in literature review. The material
nonlinearity should be included here because all materials behaved in the inelastic range under
the blast pressures considered in this research. The blast experimental program shown in the
previous sections was done without axial forces in the columns. Therefore, the geometric
nonlinearity is not considered in the analysis because the moment magnification (namely P-6

effect) associated with large deformation and axial force is small and negligible in these tests.

Between these analyses, the dynamic load is applied differently, and the structure is discretized
differently. As presented previously, the simplified analysis uses the concept of equivalent
impulse to calculate the maximum deformation assuming that all the energy imparted to the
system by the blast loading is converted into internal strain energy. This analytical method
provides acceptable results when the blast pressure duration is much shorter than the natural
period of the structure (i.e. impulsive loading condition). The SDOF dynamic analyses and
fiber-based dynamic analyses are conducted using the equivalent uniform pressure-history and
the actual pressure-history, respectively, generated by the program Bridge Explosive Loading
(BEL 2004). As for the discretization of the structure, the simplified analysis and the SDOF
dynamic analysis use the same SDOF lumped-mass system (equivalent SDOF system) whereas

the columns are modeled by the 2D fiber-based beam model in the fiber-based dynamic analysis.

4.4 SDOF Dynamic Analysis

4.4.1 General

Experimentally obtained maximum residual deformations of the tested columns were compared
with the ones that could be calculated using the SDOF dynamic response history analyses. These
analyses were conducted for the six test cases of CFST columns for which residual plastic
deformations were obtained. The strength values obtained from the compression tests of
concrete cylinders and the tensile tests for steel were considered in these analyses. The concrete

strength and yield stress of steel were multiplied by 1.25 and 1.2, respectively, to account for
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strength magnification at large strain rates under impulsive conditions (Mays and Smith 1995).
The SDOF dynamic analyses were not conducted for the test RC columns and steel jacketed RC
columns because the flexural residual deformations to be compared with the analytical results

were not significant from these columns due to the shear failures of the column base.

The simplified analysis method used neglected the damping term because one cycle of structural
response develops under blast loading and because the simplified analysis can not take the
damping effect into account. Here, since response time-history analyses are performed, it is a
small effort to include the damping effect. Accordingly, the damping is considered in the

analyses to verify the impact of this phenomenon.

4.4.1 Program for SDOF Dynamic Analysis

There are a few programs available to perform a SDOF dynamic analysis for structures subjected
to blast loading. The program SPAn32 (USACE-OD 2002), developed by the U.S. Army Corps
of Engineers, is commonly used for this purpose subjected to blast loading in the blast
engineering community. However, the distribution of this program is limited to the U.S.
government agencies and their contractors. NONLIN (1996) is a public domain SDOF dynamic
program, originally developed for seismic response time-history analysis of SDOF system that
has an option to apply dynamic blast forces, and has been sometimes referenced in the literature.
However, here, the program Single-Degree-of-Freedom Blast Effects Design Spreadsheets
(SBEDS) version 3.1 (USACE-PDC 2007), which is a product of the U.S. Army Corps of
Engineers, was used because its distribution is unlimited for public use and this program is

tailored for blast engineering design rather than earthquake engineering design.

SBEDS is typically used to design structural components subjected to blast loading. Using an
equivalent SDOF system, and running on an Excel workbook platform, SBEDS has pre-
determined options for the analysis of ten common structural components, including a steel plate,
a reinforced concrete slab, reinforced masonry and wood panel, with various support conditions.
This program follows two design guidelines, namely TM 5-1300 Structures to Resist the Effects
of Accidental Explosions (USDA 1990) and UFC 3-340-01 Design and Analysis of Hardened
Structures to Conventional Weapons Effects (UFC 2002), as applicable. SBEDS generates a
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uniform distributed pressure from a hemispherical surface burst explosion for a specified charge
weight and standoff distance. A user defined pressure-history can also be incorporated in the

analysis. (USACE-PDC 2006)

4.4.2 Analytical Model

In the SDOF dynamic analysis conducted below, the test columns were represented by an
equivalent SDOF system that was also used for the simplified blast analysis. This is
schematically illustrated in Figure 4-3. The viscous damping was not considered in the
simplified blast analysis, but it was considered in this SDOF dynamic analysis as shown in

Figure 4-3. The equation of motion for an equivalent SDOF system shown in Figure 4-3 is given

by:
}—» X
o
y Equivalent
Load: p(t) 7 Stiffness:
. @ Ke }—' Xmax = Xo
T Xmax = Xo A Equivalent
Load:
11 > Pe(t)
1]
Equivalent Equivalent

q Damping: Ce { { ()() — Mass
X Mass: M

Damping: C X

Stiffness: K

Figure 4-3  Real and Equivalent SDOF System for SDOF Dynamic Analysis

Using transformation factors which are the mass factor K, , the viscous damping factor Kp, the
stiffness factor K, and the load factor K, Equation 4-1 is rewritten in terms of the real
structural system as:

KMM)'(;+KDC)E?+K5KX=KLP(Z‘) (4-2)
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By setting K; =Ks and K;=Kp and using the load-mass factor, K, , Equation 4-2 is
simplified to:

KiyM3i+Cx+Kx=P(t) (4-3)
In this process, since the resistance of an element which comes from the stiffness in the internal
force tending to restore the structure to its original position, the load factor K; can be set equal
to the stiffness factor Ks. For expediency, the equation of motion of the real structural system is
written as a SDOF system that only depends on the load-mass factor, K1, , therefore, it is

implied that K; = Kp in Equation 4-3. This is not necessarily correct mathematically, but it is

the approach that has been used in SBEDS. (USACE-PDC 2006)

The load-mass factor, K1,/ , depends on boundary conditions and loading conditions.
Furthermore, for the same given boundary condition and loading condition, the load-mass

factor, K1 , for the specific structure can take different values depending on whether the
structure behaves in the elastic, elasto-plastic, or plastic ranges as presented in Table 2-4. This is
because virtual work developed in the element depends on the element deformation shapes
which are different in each range. A fixed-fixed boundary condition and a uniformly distributed
load were chosen for the experimental columns. These are the boundary conditions that are
representative of what happened in the experiments due to the torsional resistance of the cap
beam. For this fixed-fixed boundary condition and a uniformly distributed load, the
corresponding values of the load-mass factor, K1, , are 0.77, 0.78 and 0.66 for response in the

elastic, elasto-plastic, and plastic ranges, respectively.

The simplified analysis requires the idealized bi-linear resistance-displacement function, R, (x),

also called an equivalent resistance function (see details in Fujikura et al. 2007). Even though
the dynamic SDOF analyses conducted with SBEDS can handle a tri-linear resistance curve (as
well as more complex ones), for the sake of comparing the dynamic analysis results with the

simplified analysis results, it was decided to use the same equivalent resistance-displacement

function, R, (x). In the equivalent resistance-deflection function, R, (x), for the one span fixed-

fixed supported column, since the program SBEDS can assign different load-mass factors to
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different ranges, the load-mass factor, K , of 0.775 was taken as the average value of elastic
and elasto-plastic range, and 0.66 for plastic range. Although one could investigate the effect of
using the tri-linear curve instead of the bi-linear curve, the average value of K, is not expected
to have the significant impact to the response because Ky is 0.77 and 0.78 over the initial and
second stiffness range, respectively. On the other hand, in the simplified blast analysis, the value
of 0.66 was used for the load-mass factor because only one value could be considered in that
analysis and the test columns deformed in large plastic deformations. For comparison purposes,

the following analyses will investigate the influence of this load-mass factor on the responses.

The ultimate resistance of the column, 7, , is calculated assuming that plastic hinges form at the
top and base of the column as well as at the explosion height, and is given by », =12M, / L* for
mid-height explosion cases and by 7, =28.8M, / I* for low-height explosion cases for which the

charge is at 0.25 m high. M, is the plastic moment capacity of the column, which was

calculated using the Bruneau and Marson (2004) equations. The resulting plastic moment, M,, of

the column specimens was 15.1 kN-m, 16.5 kN-m and 40.5 kN-m for CFST C4, C5 and C6

Columns, respectively. The equivalent maximum elastic deformation X is given by

Xg =r,/K. where K., the unit elastic stiffness of the equivalent SDOF system, is given by

K.=307EI, / L' (Mays and Smith 1995). The flexural stiffness of the column, EI,, was
calculated using the equation introduced in the Eurocode 4 (1994) because the AISC Provisions
(AISC 1999) do not provide an equation for £/, (Bruneau and Marson 2004). The design

values used for the SBEDS analyses are summarized in Table 4-3 along with the explosion
parameters considered. Note that these values are presented in unit per area because the program

requires the per unit area values rather than for the element as a whole.
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Table 4-3 Design Values for SDOF Dynamic Analysis

Test Num. | Column | Explosive Parameters MaSZI;Z;Unit S‘{ijifﬁe;sré);r Re[Sth?I:ree: o
w X (;l) (kg/mz) (kPa/mm) (kPa)
Test 1-3 C4 2X 243.7 192.2 1062.0
Test 1-4 C6 1.1X | 0.75 340.0 538.9 1892.2
Test 1-5 Cs W 1.3X 291.9 322.6 924.9
Test 1-6 C4 1.6 X 2437 192.2 1911.1
Test 1-9 C6 0.6 X | 0.25 340.0 538.9 3404.7
Test 1-10 C5 0.8X 291.9 322.6 1664.5

4.4.3 Applied Blast Loading

The blast pressures acting on the column vary with time and locations along the column. In the
simplified analysis, a single value of the equivalent uniform impulse was needed to calculate the
maximum response of the column modeled as SDOF system. Accordingly, an equivalent
uniform impulse was used to take the blast pressures into account, and the envelope of the
maximum impulse was used to calculate the equivalent uniform impulse as presented in

Equation 3-34.

In the SDOF dynamic analysis, the equivalent uniform pressure at a given time is applied to the

structural model following a time history step-by-step analysis. This equivalent uniform

pressure at time of 7, pe, (), is given by:

B I()H p(zt)6(z)dz

Peq (t) = IOH 5( Z) & (4-4)

where p(z,t) is the pressure distribution along the height of the column at time ¢, and & (z) is

the normalized deflected shape of the column. The values of p(z,¢) were calculated using the

Bridge Explosive Loading program (BEL 2004) which was used for the simplified analyses as
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well. The normalized deflected shape, &(z), was taken as inelastic deformations after plastic

hinging. The shape was defined by rigid-link members between plastic hinges assuming that an

in-span hinge develops at the height of the blast charge and that other hinges form at both the top

and base of the column. The resulting equivalent pressure histories, pe, (7), for the six test cases

of CFST columns are shown in Figure 4-4. The time increment of each step in these pressure

histories 1s 0.01 msec.

4.4.4 Methods for Solving Equation of Motion

To calculate the maximum response of the equivalent SDOF system, Equation 4-3 needs to be
solved. The program SBEDS uses the constant velocity method to solve this equation (USACE-
PDC 2006). There are more accurate methods for the numerical integration of the equations of
motion such as Newmark-beta method (USACE-PDC 2006), but this constant velocity method is
simple and stable, and suitable for the workbook based software. However, it is necessary to use

a small time step to obtain an accurate solution using the constant velocity method.

Biggs (1964) suggests that the time step interval in the constant velocity method should not be
larger than one-tenth of the natural period of the structural system to obtain sufficiently accurate
results for practical purposes. The comparison of selected analytical results obtained using the
Newmark-beta method showed that the program SBEDS provided solutions within a 2%
difference if using the recommended small time step (USACE-PDC 2006).

4.4.5 Analytical Results

4.4.5.1 Effect of Damping and Load-mass Factor

For the sake of comparison, this subsection investigates the sensitivity of the load-mass

factor, K7y and the damping effect on the structural response. To do this, only one case of the
CFST column was considered, which was the CFST C4 column of Test 1-3. In the simplified
analysis procedure, the damping effect was not considered and the load-mass factor, Ky , was
assumed to be 0.66. By comparison, the SDOF dynamic analysis here considers both a damping
of 0% and5 %. Since the program SBEDS can account for the different load-mass factors to
different ranges, the load-mass factor of 0.775 and 0.66 was used for the elastic and plastic

range, respectively as presented in Section 4.4.2.
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To compare the SDOF dynamic analyses with the simplified analyses and to compare three
different set of assumptions of the SDOF dynamic analyses, three different cases are analyzed as

shown in Table 4-4. K;um. and Ky in Table 4-4 are respectively the load-mass factors for the
elastic and plastic range. Case 1 considers the same load-mass factors and damping ratio as
those considered in the simplified analysis, namely Kye =Ky, =0.66 and no damping. Case 2
is identical to Case 1 except that it considers the damping ratio of 5%. Case 3 considers the load-
mass factors that vary over the different ranges of structural response where K;u. and Ky are
0.775 and 0.66, respectively. The shape factor f of 0.472 used in these analyses was the

resulting value from the simplified analysis for this particular column case as presented in Table

3-8.

Table 4-4 SDOF Dynamic Analysis Cases for CFST C4 Column of Test 1-3

Case 1 Case 2 Case 3
Kive 0.66 0.66 0.775
Kimp 0.66 0.66 0.66
Damping Ratio (%) 0 5 5

The analytical results of the displacement history and resistance-displacement relationship
obtained for each of the three cases considered are shown in Figure 4-5 (a) and (b), respectively.
Note that the resistance in Figure 4-5 (b) is expressed in a unit of pressure (kPa) because the
program considers the structure per unit area. The vertical dashed line at 30 mm in these figures
shows the maximum residual displacement obtained in the experiment. The displacement when
resistance equals zero (after the structure has been loaded and unloaded) in Figure 4-5 (b) is the
residual plastic displacement which should be equal to the experimentally obtained residual

displacement of 30 mm in this case.
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Figure 4-5  Analytical Results for Test 1-3 with 3=0.472 (C4 Column)

By comparing displacement history curves of Case 1 and Case 2 in Figure 4-5 (a), it can be seen
that considering the damping effect does have a small effect of approximately 5% less on the
maximum deformation reached. However, considering the damping shows the progressive
attenuation of the amplitude of vibrations. More importantly, by comparing displacement history
curves of Case 2 and Case 3 in Figure 4-5 (a), using the two values of load-mass factor, Kz
reduces the maximum displacement amplitude significantly, by 23%. Therefore this factor has a
more significant impact on the maximum displacement. These trends on the effect of the
damping and the load-mass factor can also be seen in the residual displacement as shown in

Figure 4-5 (b).

4.4.5.2 Shape Factor
To match the analytical residual displacements with the experimental results, the shape factor S

was calibrated for the six test CFST columns here. Table 4-5 summarizes the resulting shape

factors S for those six cases, including the ones obtained from the simplified analyses. Since in

Tests 3, 4 and 5 the blast charges were located at mid-height of the column and in Tests 6, 8 and

10 they were located at low-height of the column, the factors f were averaged differently for
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these two sets of three cases. It is observed from Table 4-5 that the value of S is typically 4%

less at low-height tests than at mid-height tests. The height of the explosion does not have a

huge impact on the value of /3, therefore the average values of S for all columns are shown at

the bottom of this table. The average [ factor calculated for all columns considered was 0.453,

0.463, 0.521 and 0.534 for Cases 1, 2, 3 and 4, respectively. Note that the shape factors obtained

for the simplified analysis and for Case 1 compare within 1%. This means that the simplified

analysis based on energy conservation calculates the same structural response as the SDOF

dynamic analysis under the same conditions of load-mass factor (i.e. Kz = 0.66) and the

damping ratio (i.e. 0%).

Table 4-5 Summary of Shape Factor from SDOF Dynamic Analysis
Sl;nggll;izd SDOF Dynamic Analysis
Case 1 Case 2 Case 3 Case 4
K11e=0.66 K11 =0.66 K11 =0.66 Kiye=0.775 Kiyve=0.775
Test K1y =0.66 K1y =0.66 K1y =0.66 K1y =0.66 K1y =0.66
Num. | 0% Damping 0% Damping 5% Damping 0% Damping 5% Damping
B Ave B Ave B Ave B Ave B Ave
1-3 0.472 0.479 0.492 0.552 0.566
1-4 0.458 | 0.459 | 0.461 0.463 0.469 | 0.472 | 0.531 0.532 | 0.540 | 0.542
1-5 0.447 0.450 0.456 0.514 0.521
1-6 0.465 0.466 0.483 0.538 0.558
1-9 0.440 | 0.441 0.442 | 0.442 | 0.452 | 0.453 0.508 | 0.510 | 0.524 | 0.525
1-10 | 0.417 0.418 0.424 0.485 0.492
Ave 0.450 0.453 0.463 0.521 0.534

Using a 5% damping factor slightly reduces structural response and thus slightly increases the

factor S required to obtain the same residual deformation, which can be observed by comparing

the shape factor obtained for Cases 1 and 2, and Cases 3 and 4. The difference is within 3%.
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The increase of A value is larger for Cases 3 and 4. In Cases 3 and 4, using the load-mass factor

in the elastic range, K. , of 0.775, in addition to that over the plastic range of 0.66, increases

the shape factor by about 15% over that for Cases 1 and 2, respectively. The resulting value of
B for this type of circular columns is 0.534 (i.e. mean value of 0.543 and standard deviation of
0.027 from the six samples considered) for SDOF dynamic analysis using 5% damping and the
different load-mass factors corresponding to the different structural ranges. Note that the larger

the shape factor, the larger the blast pressures that the structure can resist.

4.4.5.3 Structural Response
The structural responses of six CFST test cases shown in Table 4-5 are presented in Figures 4-6

to 4-11, to verify that the analytical residual displacements using the shape factor # shown in

Table 4-5 match the experimental residual displacements and to illustrate the structural response

of SDOF dynamic analyses using these f values. In each analytical case, (a) displacement

history, (b) velocity history, (c) acceleration history, and (d) resistance displacement relationship
are presented. The dashed lines in the figures of (a) displacement history and (d) resistance
displacement relationship represent the plastic residual displacements obtained from the
experiments. Table 4-6 summarizes the maximum acceleration, velocity and displacement
response, and the corresponding time when those responses occurred after the blast pressure

began to be applied to the structure, along with the pressure duration of the positive phase.

As shown in Table 4-6, accelerations reach their maximum values shortly after the blast pressure
is applied. Table 4-6 also shows that the displacements reach their maximum values much later
after the end of the applied blast pressure. This is typically the case when the blast pressure
duration is much shorter than the natural period of the structure (i.e. impulsive loading case). To
illustrate that this is indeed the case here, Table 4-7 shows the relationship between the duration
of the positive phase of the blast pressure history and the natural period of the structure. The
ratios 74/T, in the range of 1/30 to 1/45 confirm that these test cases are indeed the impulsive
loading cases because the blast pressure duration is much shorter than the natural period of the

structure.
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Table 4-6

Summary of Maximum Response Values for SDOF Dynamic Analyses

Pressure Acceleration Velocity Displacement
Test Num. | Col. | Duration Acc. Time Vel. Time | Displ. | Time
(msec) | (mm/msec’) | (msec) | (mm/msec) | (msec) | (mm) | (msec)
Test 1-3 C4 0.16 196.1 0.02 18.5 0.42 35.5 3.43
Test 1-4 C6 0.13 270.8 0.01 25.5 0.34 49.6 3.53
Test 1-5 C5 0.12 249.1 0.01 25.1 0.42 78.9 5.84
Test 1-6 C4 0.14 259.3 0.02 25.2 0.31 33.9 2.48
Test 1-9 C6 0.14 424 .4 0.01 35.8 0.26 51.2 2.66
Test 1-10 | C5 0.14 463.6 0.01 40.4 0.29 105.5 | 5.00
Table 4-7 Natural Period and Pressure Duration
Natural Period Pressgre
Test Num. | Column T, Duration ta]T,
tq
(msec) (msec)

Test 1-3 C4 6.2 0.16 1/38.8

Test 1-4 C6 4.4 0.13 1/33.8

Test 1-5 Cs5 53 0.12 1/44.2

Test 1-6 C4 6.2 0.14 1/44.3

Test 1-9 C6 4.4 0.14 1/31.4

Test 1-10 C5 53 0.14 1/37.9

4.5 Fiber-based Analytical Model
4.5.1 General

The behavior of the three different types of bridge columns tested previously, namely CFST

columns, RC columns and steel jacketed RC columns, needs to be analyzed using an advanced
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analytical model to understand their behavior when subjected to blast loading. A fiber-based
model was used for this purpose. The first step of a fiber-based model analysis is calibration of
the model for the hysteretic behavior of materials under consideration for the three types of the
bridge pier columns considered here. This is required to correctly set the parameters describing
the model. Ideally this calibration should be accomplished using experimental results obtained
from blast loading. However, the experimental data of these three type columns subjected to
blast loading is not available for this purpose. Therefore, here, quasi-static cyclic loading test

data is used instead to verify the developed analytical model itself.

Although an advanced finite element models (FEM) using solid elements or shell elements might
be appropriate for capturing the localized behavior of the structural elements such as beam-
column connections, frame models using a fiber-based beam-column model are more
computationally effective to accurately capture the non-linear dynamic response analysis of
structures (Spacone et al. 1996a, 1996b). In the fiber-based model, the member section is
divided into fibers in which the unidirectional stress-strain relationships of the materials are
assigned to represent the section characteristic. Note that the fiber-based model assumes that
plane section remains plane and the section is normal to the longitudinal axis when the element
deforms. The open-source computational program OpenSees (2007) was used to perform the

fiber-based analyses in this research.

Following this subsection introduction, analytical model and solution algorithm used are
discussed. Then, the details of the uniaxial constitutive models in this research are presented.
Finally, the fiber-based analytical model is calibrated and verified by comparing with the quasi-

static cyclic loading test data of CFST columns, RC columns and steel jacketed RC columns.

4.5.2 Analytical Model and Solution Algorithm

Figure 4-12 schematically shows the analytical model sections for (a) CFST columns, (b) RC
columns and (c) steel jacketed RC columns. The sections are divided into fibers for which the
different materials, as shown in Figure 4-12, are assigned different unidirectional stress-strain
relationships. Core concrete and cover concrete are modeled by 256 confined concrete and 32

unconfined concrete relationships, respectively. Each rebar is modeled by one element. Steel
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tube and steel jacket are modeled as 64 discretize steel bar fibers. Note that CFST column did

not have the reinforcing steel bars inside of core concrete.

Unconfined

Concrete

Confined Confined
Concrete Concrete

Confined
Concrete

Steel
Séeel Bar
Steel ar
Tube Jacket
(a) CFST Section (b) RC Section (c) Steel Jacketed RC Section

Figure 4-12 Cross Sections for Fiber Element

Figure 4-13 schematically shows the analytical models of the piers used for the quasi-static
calibration tests using two-dimensional discrete frame models. This figure considers lateral load
applied at the top of the column for a cantilever fixed at the base. The base of the RC column
and steel jacketed RC column are modeled using zero-length section element to model strain
penetration at this section. The strain penetration is the localized inelastic deformation occurring
at the member end regions due to bar slips typically observed during the cyclic loading tests and
also subjected to earthquake loading (Zhao and Sritharan 2007). A special inelastic element is
introduced at that zero-length section element to model this behavior of reinforcing bars. Note
that this strain penetration was not modeled for the blast test columns because these localized
inelastic deformations at the member end regions were not observed in the experimental

observations.

To solve the nonlinear equilibrium equation, the Krylov-Newton algorithm provided by
OpenSees (2007) was used. Krylov-Newton algorithm is an iterative incremental solver based

on the modified Newton method with Krylov subspace acceleration to calculate the next time
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step. This algorithm gives relatively faster and more robust convergence in general. (Charlson

and Miller 1998)

Loading Loading Loading
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Figure 4-13 Analytical Model for Cyclic Loading Test Specimen

4.5.3 Material Constitutive Models

A variety of unidirectional stress-strain relationships is available for steel and concrete to
replicate the behavior of reinforced concrete elements. Selection of the constitutive model is the
key to simulate structural response accurately. Research on the analysis of reinforced concrete
structures (e.g. Orakcal and Wallace 2006a, Zhao and Sritharan 2007 to name a few) has showed
that using fiber models implemented with appropriate constitutive relations for concrete and
reinforcing steel can accurately predict the nonlinear behavior of the structures when compared
with the experimental results. The following subsections describe the details of the uniaxial
constitutive models for concrete and steel adopted in this research. The tension stiffening model
for steel bars in the RC members and the strain penetration model occurring along longitudinal

steel bars at the connection intersection are also described.

134



4.5.3.1 Constitutive Model for Steel

To represent the uniaxial constitutive model for reinforcing steel bars, steel jackets, and steel
tubes of CFST columns, the Menegotto-Pinto model (Menegotto and Pinto 1973) was used. This
model considers the hysteretic behavior of steel and account for Bauschinger effect. Isotropic
strain hardening is expected to occur during crack closure in a reinforced concrete member
(Filippou et al. 1983). To account for this effect, the modified Menegotto-Pinto model by
Filippou et al. (1983) is implemented in the reinforcing steel bars of the reinforced concrete

members considered here.

The stress-strain (o — & ) relationship of Menegotto-Pinto model is schematically shown in
Figure 4-14. The points (&,,0,) and (&, 00) in Figure 4-14 are, respectively, the reversal point

and the intersection of two asymptotes which are the elastic asymptote with stiffness of Ey and

the yield asymptote with stiffness of £;. The point (&, , 0, ) is the previous reversal point. The

model is represented by:

*

.« (1-b)e

o =be + ; (4-5)
(1 +ek )E
where
=8 (4-6)
80 - 8}"
O_* — O-_O-r (4_7)
O-O - O-r
E
b=— 4-8
£ (4-8)
b 1is the strain hardening ratio, and R is the Bauchinger effect coefficient given by:
R= Ry - (4-9)
a + f
where
£=2=2 (4-10)
€y
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Stress o

Strain €
Figure 4-14 Constitutive Model for Steel (Menegotto and Pinto 1973)

Ro=20, a1=18.5 and a> = 0.15 are the values recommended by Menegotto and Pinto

experimentally for reinforcing bars.

Filippou et al. (1983) proposed a modified Menegotto-Pinto model for the reinforcing steel bars
in reinforced concrete members to account for isotropic strain hardening. As schematically
shown in Figure 4-15, this isotropic strain hardening effect is simply considered by shifting the

yield asymptote by 0. Oy is given by:

O :a3(€max —a4jay (@-11)
Ey

where &max 1s the absolute maximum strain at the instant of strain reversal, £, and o, are yield

strain and stress, respectively, and a3 and a4 are parameters to be determined experimentally.

Filippou et al recommended using values of a3=0.01 and a4=7.
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4.5.3.2 Constitutive Model for Concrete

As shown in Figure 4-12, core concrete of RC columns, and concrete of CFST columns and steel
jacketed RC columns are modeled by confined concrete, and cover concrete of RC column was
modeled by unconfined concrete. The uniaxial hysteretic constitutive relationship of modified
Chang-Mander model (Waugh 2007) was adopted for both unconfined and confined concrete
except for the core concrete of the zero-length section element (see Figure 4-13). This is because
large deformation needs to be accommodated at this location (the zero-length section element) in
the analysis due to the strain penetration of longitudinal steel bars at the base of the column. For
this purpose, modified Scott-Kent-Park model (Yassin 1994) was used in the core concrete of the

zero-length section element.

4.5.3.3 Tension Stiffening Model for Steel Bars
The stress-strain relationship of steel bars embedded in concrete is different from that of bare
bars (as typically tested to determine their material properties), because steel bars in concrete are

stiffened by concrete (called “tension stiffening”). When a reinforced concrete member is
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subjected to a uniaxial tension force, cracks develop in the member between the forces. Since the
cracked and uncracked parts of the reinforced concrete member resist the longitudinal tension

force, the stresses and strains vary along the member.

Belarbi and Hsu (1994) proposed the stress-strain constitutive model for a mild steel bar
embedded in a reinforced concrete member by averaging the stress and the strain of steel bars
along the member, based on comprehensive reinforced concrete panel tests subjected to uniaxial
stresses. It was found that the average yield stress of steel bars in concrete was lower than that of

bare bars. The following bilinear model was proposed for the average stress-strain ( f; - &)

constitutive model of mild steel bars embedded in concrete:

fs = Es&s /s £(0.93-2B) f, (4-12)
£+ =(0.91-2B) f, +(0.02+0.25B) E&; f:>(0.93-2B) f, (4-13)
with
B =l(ﬁ]1.5 (4-14)
P\ Jy

where f, and E; are the yield strength and modulus of elasticity of bare steel bars, respectively,

and f. is the concrete cracking strength.

Note that this tension stiffening model provides a backbone envelop curve of constitutive stress-
strain curve. Therefore, the hysteresis constitutive model for reinforcing steel bars was
determined such that the backbone envelope of the curve was decided by this tension stiffening
model and the hysteresis rules within that envelope followed the Menegotto-Pinto model as

presented in Section 4.5.3.1.

4.5.3.4 Strain Penetration Model for Steel Bars

As previously discussed in Section 4.5.2, large deformations typically develops at the base of a
column due to the strain penetration of longitudinal steel bars during cyclic loading tests and also
as such during to earthquakes. For this purpose, the zero-length section element was used at this

location as shown in Figure 4-13. Zhao and Sritharan (2007) proposed a hysteretic stress-slip
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model for reinforcing bars that can be implemented in fiber-based analysis using the zero-length

section element.

The proposed hysteretic stress-slip model (o - s) is shown in Figure 4-16. The backbone
envelope curve has two regions, namely a straight line for the elastic region and a curvilinear

part for the post-yield region, as shown in Figure 4-16 (a). The post-yield curve is represented

by:

S
6= H=S 1 (4-15)
R. ~ R R
I I
H#bj (ﬂ—§]]
with
&z;’__? (4-16)
u—Jy
§=2"% (4-17)
Sy
=" (4-18)
Sy

where b is the stiffness reduction factor, R, is a factor to control the shape of the curve (taken as
1.01 by Zhao and Sritharan), f, and f, are respectively the yield and ultimate strengths of the
steel reinforcing bar, and s, and s, are the corresponding loaded-end slips. From the
experimental database, they also found that s, =30~ 40s, and b= 0.3 ~ 0.5 would be

appropriate in their proposed model. As shown in Figure 4-16 (b), the unloading path follows a
straight line with the elastic slope until the stress becomes zero. The reloading path follows the

same shape as the post-yield envelop curve.
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Figure 4-16 Strain Penetration Model for Steel Bar (Zhao and Sritharan 2007)

4.5.3.4.1 Modified Chang-Mander Model (Waugh 2007)
The Chang-Mander model (Chang and Mander 1994) is a uniaxial hysteretic constitutive model

for unconfined and confined concrete, which was developed using statistical regression analysis

for an extensive experimental database of cyclic compression tests from a number of researchers.

Waugh (2007) simplified this Chang-Mander model to increase its computational efficiency and

the numerical stability. The modified model is schematically shown in Figure 4-17. Three

simplifications of the Cheng-Mander model were made for this purpose. First, the original
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model uses a power function for its unloading and reloading paths, but these power function
curves are simplified into tri-linear curves. Second, the original model represented in dashed line
in Figure 4-17 shifts the tension envelop by &y (as shown in Figure 4-17), but the modified
model does not shift the tension envelop. Lastly, when the curve rejoins the backbone envelope
after unloading and reloading, increases in additional strain transition smoothly in the original
model, but this is not modeled in the modified model. Compressive and tensile stress-strain

backbone envelope curves for unconfined and confined concrete are presented as follows.

The compressive stress-strain ( f. - €& ) backbone envelope curve for unconfined concrete of the

Cheng-Mander model is given by:

(4-19)

where y=f./f!, x=¢€./€., f. is the maximum compressive strength (MPa), &/ is the
corresponding strain , and n and r are parameters to control the curve shape. The parameter n
is given by:
E.c
n=—;
Je

where E. is initial modulus of elasticity. Based on experimental results, the recommended

(4-20)

values for parameters E., €., and r to define the compressive envelope are:

E.=8200f, (MPa) (4-21)
1
’ _ (.fc’)Z
T (4-22)
_ S ]
r=1o-19 (MPa) (4-23)

The tension stress-strain backbone envelope curve for unconfined concrete is in the same shape

as that of the compression envelope. The recommended tensile strength, f;, and the

corresponding strain & (see Figure 4-17) are:

fi =0.62/f (MPa) (4-24)
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g =2 (4-25)

A compressive stress-strain ( f. - £ ) backbone envelope curve for confined concrete is given by
the same equation as that for unconfined concrete (i.e. Equation 4-19). In this case, y = f./ fe
and x =€, / £.. where f;. is the maximum compressive strength of confined concrete (MPa) and

£l is the corresponding strain. The maximum compressive strength, fi., is given by:

fie = f2(1+k¥) (4-26)
with
ki = A(0.1+ 0'9_j (4-27)
1+ Bx
5= S0 (4-28)
2fe
A=0.68886—(0.6069+17.275r)e %" (4-29)
B= 4 -5 (4-30)
~(0.9849+0.6306¢ > ) -0.1
A
r=d s (4-31)
Ji2

where f/i and f/> are lateral confinement pressure in each direction (and where fji= fi>=f/ for
circular column). The strain at peak stress, £, is given by:
& = € (1+koX) (4-32)

with k» =5k.

The effective lateral confining pressure, f;, of a reinforced concrete column is given by:

£ =K.fi =K. (2{;’:/1”’ j (4-33)

Sh

where f; is the maximum effective lateral pressure, and fy,, Ay, D’ and s, are the yield

strength, area, diameter and longitudinal spacing of spirals or hoops, respectively. K, is

typically taken as 0.95 for circular sections, 0.75 for rectangular sections, and 0.6 for rectangular
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wall sections. Note that the above equation for the effective lateral confining pressure is used
here for RC columns, but is not used for CFST columns and steel jacketed RC columns. This is
because Bruneau and Marson (2004) have shown that using the confined concrete strength of
CFST columns significantly overestimate their capacity. Therefore, here, the effective

confinement stress, f;’, was taken as 2.07 MPa (300 psi), which is the value used in this design

methods of a steel jacketed RC column developed by Chai et al. (1991).
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|
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Compression
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Figure 4-17 Modified Chang-Mander Model for Concrete (adapted from Waugh 2007)

4.5.3.4.2 Modified Scott-Kent-Park Model by Yassin et al. (1994)

The modified Scott-Kent-Park model (Yassin 1994) was used in the core concrete of the zero-
length section element to accommodate the large deformation there. Orakcal et al. (2006b)
provided a good description of this model. Yassin (1994) proposed the hysteretic unloading and

reloading rules using the Scott-Kent-Park model strain-stress relationship model for confined

concrete (Scott et al. 1982).
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The modified Scott-Kent-Park Model is schematically shown in Figure 4-18. There are three

regions in this backbone envelope curve, namely an ascending curve (OA), a descending straight

a horizontal (AB), and constant straight curve (BC), which are given by:

w215

fe=Kf[1-Z(e.~0) ]

fe=0aKf:
where
& =0.002K
K= 1+p‘y—f,yh
Je
0.5

& < & < Eq0 (AB)

& > Eqx (BO)

145 £/ -100 Sh

In these equations, & is the concrete strain at maximum stress of Kf , £y0 is the strain when the

(4-34)

(4-35)

(4-36)

(4-37)

(4-38)

(4-39)

horizontal straight curve segment starts (at point B in Figure 4-18), K is the factor accounting

for the strength increase in maximum stress due to confinement (at point A in Figure 4-18), Z is

the slope of strain softening (along AB in Figure 4-18), f’and f; are, respectively, the concrete

compressive strength (MPa) and the transverse reinforcement yield strength (MPa), ps is the

volumetric ratio of transverse reinforcement, 4’ is the width of core concrete, and s, is the

spacing of stirrups of hoop. Also, « is a factor to determine the magnitude of the strength in

region BC in Figure 4-18. Scott et al. (1982) suggested o= 0.2, but &= 0.6 was used to

accommodate the large deformation in the zero-length section element at the base of the column

in this research.
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Figure 4-18 Modified Scott-Kent-Park Model for Concrete (adapted from Yassin 1994)

4.5.4 Model Verification with Quasi-Static Tests

As discussed in the beginning of this subsection, the purpose of this analytical study is to
simulate the blast response of three different types of the bridge pier columns, namely CFST
columns, RC columns and steel jacketed RC columns, using fiber-based analysis model as
presented above. As a first step, for the sake of verifying the fiber-based model itself, correlation
studies were conducted for the quasi-static cyclic loading tests of the three different type
columns. The analytically predicted behavior of these columns was compared with the
experimentally obtained one. Accordingly, two different columns for each type of column tested
by various researchers were used for each CFST column, RC column and steel jacketed RC

column, and the details of these columns are provided in the following.

4.5.4.1 Overview of Experimental Studies

Two different columns for each column type were selected, namely the two CFST column
specimens CFST-34 and CFST-42 tested by Marson and Bruneau (2004), the two RC column
specimens RC-TP60 and RC-Unit9 tested by Matsukawa et al. (2002) and Ghee at al. (1989),
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respectively, and the two steel jacketed RC column specimens SJ-Unit4 and SJ-CR2 tested by
Chai et al. (1991) and Priestley et al. (1994a, 1994b), respectively. All these six columns were

tested under cyclic loading to investigate the seismic performance of each type of columns.

Details and material properties of each test column are shown in Table 4-8 and Table 4-9,
respectively. All columns were fixed at their base and free at their top where loads were applied,
except for the SJ-CR2 Column. In the case of the SJ-CR2 Column, the base of the column was
fixed and rotation of the top of the column was constrained. “Effective height” in Table 4-8 1s
defined as the distance between the bottom of the column and the center of the loading actuator.
In Table 4-9, f. is the concrete strength, f,, f» and f; are, respectively, the yield strength of
longitudinal reinforcement steel, transverse reinforcement steel, and steel tube or steel jacket.
The details of specimen and the hysteresis loops experimentally obtained are presented in
Appendix I. These hysteresis loops from the experiments are compared with those of analytical

results later.

Table 4-8 Cyclic Loading Test Column Details

Column Effective Column Axial Boundary
Type Height Diameter Force Condition
(mm) (mm) (kN)
CFST-34 CFST 2200 3239 1920 Fix-Free
CFST-42 Column 2200 406.4 1920 Fix-Free
RC-TP60 RC 1350 400.0 180 Fix-Free
RC-Unit9 Column 1000 400.0 751.5 Fix-Free
SJ-Unit4 Steel 3658 632.2 1779 Fix-Free
Jacketed
SJ-CR2 Column 2438 632.2 591.6 Fix-Fix (Rotation)
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Table 4-9 Material Properties of Cyclic Loading Test Columns

Column | Longitudinal | Transverse ’ .
Type Steel Ratio | Steel Ratio Je Iy Jon S
(%) (%) (MPa) | (MPa) | (MPa) | (MPa)
CFST-34 | por 9.05 N/A 40 N/A N/A 415
CEST.42 | Column 9.13 N/A 35 NA | NA 505
RC-TP60 | o 2.02 0.745 278 377 374 N/A
RC-Unity | Column 3.20 1.02 299 448 372 N/A
SJ-Unit4 | Steel 2.53 0.174 38.1 315 352 324
— Jacketed
SI-CR2 | Column 2.53 0.18 34.0 324 359 348

4.5.4.2 Analytical Model for Cyclic Loading Test Columns

The six columns were modeled by two-dimensional discrete models using beam-column
elements as previously described in Section 4.5.2. Figures 4-19 to 4-21 show the individual
analytical models for the CFST columns, RC columns, and steel jacketed RC columns,
respectively, along with the assignment of fiber sections to the elements. CFST columns were
modeled using the CFST sections shown in Figure 4-12 (a), and RC columns were modeled
using the RC sections shown in Figure 4-12 (b). In steel jacketed RC columns, assuming the
bond stress between the steel jacket and grout developed at a length of half of the column
diameter from the edge of the jacket, the contribution of the steel jacket to the flexural resistance
of the column was not considered over these length, but confinement effect by the steel jacket
(SJ Confined in Figure 4-21 (a)) was considered. Therefore, the label quote as “SJ Section” in
Figure 4-21 means that steel jackets increase the flexural strength as well as increasing the
confinement of the reinforced concrete section. The label quote as “RC Section (SJ Confined)”
in Figure 4-21 means that the reinforced concrete section is confined, but the steel jackets do not
increase the flexural strength of the section. Note that in Figure 4-21 (a) for that particular
column, the steel jacket extended only for limited height from the bottom of the column upward
as opposed to the SJ-CR2 Column in Figure 4-21 (b) for which the steel jacket spanned the entire

height of the column. The rotation of the top of the SJ-CR2 Column was constrained as shown
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in Figure 4-21 (b). The zero-length element was used in both RC columns and steel jacketed RC

columns to implement the strain penetration model.
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Figure 4-19 Analytical Model for CFST Column
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Figure 4-20 Analytical Model for RC Column
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Figure 4-21 Analytical Model for Steel Jacketed RC Column

4.5.4.3 Analytical Results and Comparison with Experimental Results

Figures 4-22 (a) through 4-27 (a) compare the experimentally obtained hysteresis loops with the
analytical results computed using the fiber-based model for the column and material properties
outlined in the prior subsections for the same six columns. Figures 4-22 (a) and 4-23 (a)
compare the base moment-displacement hysteresis loops, and Figures 4-24 (a) through 4-27 (a)
compare the lateral force-displacement hysteresis loops (because that is how they were presented
in the original publications). In Figures 4-22 to 4-27, the analytical stress-strain relationships of
(b) the core concrete at the compression edge and (c) the steel tube or steel bar at the tension
edge, are also presented. Note that in many of the experiments multiple cycles of loadings were
applied to each specified value of displacements (sometimes up to 3 or 5 cycles depending on the
experiment), but here only one cycle of loading was applied in the numerical analyses conducted.
The experimental hysteresis loops of CFST-34 and CFST-42, and SJ-CR2 were plotted based on
the graphs presented in Marson and Bruneau (2004) and Priestley et al. (1994b), respectively.
The experimental hysteresis loops of RC-TP60, and RC-Unit9 and SJ-Unit4 were obtained from
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the Kawashima Lab Test Database (Tokyo Tech 2008) and the PEER Structural Performance
Database (PEER 2008), respectively. Here, it is observed in Figures 4-22 (a) through 4-27 (a)
that the analytically obtained hysteretic behaviors capture well the experimentally obtained ones

at least for the first cycle of displacement at the same displacement amplitude.

To further evaluate effectiveness of the analytical results in replicating the experimentally
obtained hysteresis loops, (a) the maximum base moment or lateral force at each cycle and (b)
the residual displacement at each cycle, are compared with those obtained from the test results
for the CFST columns, RC columns and steel jacketed RC columns in Figures 4-28 to 4-30,
respectively. The results on the figures show the ratio of the analytical results to the

experimental results versus the maximum drift at each cycle.

Figure 4-28 shows that the maximum base moment of CFST columns was predicted within 10%
accuracy when the drift is larger than 2%. The accuracy was substantially less for those values at
lower magnitude of drift. The difference between the analytical and experimental results was
significantly larger for the residual displacements although at larger drift in excess of 1% in
positive direction and 4% in negative direction the accuracy is still within 10%. This provided
confidence in the analytical model particularly given for the blast analyses, presented in

subsequence subsection, for which the specimens were subjected to significantly larger than 2%

drift.

As shown in Figure 4-29(a), the difference in maximum lateral force of RC columns between the
analyses and experiments are within 20%. The residual displacement of RC-TP60 was predicted
very well, but the analytical residual displacement of RC-Unit9 was larger than experimental one
by more than 20% as shown in Figure 4-29(b). Note that the data between -1.5% and 1.0 % was

not available in these cases.

Figure 4-30 shows that the maximum lateral force of steel jacketed RC columns was predicted
within 10% accuracy when the drift is larger than 1.5%. The accuracy was substantially less for

those values at lower magnitude of drift. The difference between the analytical and experimental
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results was significantly larger for the residual displacements although at larger drift in excess of

1.5 % in positive direction and 3% in negative direction the accuracy is still within 20%.

Overall, for all the types of columns considered, the analyses conducted in this section
demonstrate that the fiber-based model is able to capture reasonably well the maximum lateral
forces that can be developed in the specimen as well as their residual displacements for the

magnitude of inelastic deformation typically expected to develop in blast loading situations.
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Figure 4-22  Analytical Results for Cyclic Loading Test of CFST-34
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4.6 Fiber-based Dynamic Analysis

4.6.1 General

The purpose of fiber-based dynamic analyses presented here is hopefully to better capture full
response history of the column when subjected to blast loading, and also to revisit the shape

factor B derived previously from the simplified analyses and the SDOF dynamic analyses. As
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discussed in Section 4.1, the shape factor £ accounting for the reduction of blast pressures

unavoidably is affected by some assumptions built in the analytical model and method applied.
Some of these assumptions are dynamic increase factors used in the material model, moment-

curvature relationship used in the structural model, and viscous damping ratio.

Section 4.5 demonstrated that the fiber-based analytical method using the appropriate uniaxial
constitutive model for concrete and steel was able to capture reasonably well the maximum
lateral forces and residual displacement developed in the cyclically tested validation specimen
selected. Thus, here, this validated model is used to investigate in more details the behavior and
response of three different types of columns tested previously, namely CFST columns, RC

columns and steel jacketed RC columns when subjected to blast loading.

Flexural residual displacements obtained from the blast tests of CFST bridge columns (that
exhibited a ductile behavior) were selected as the comparison basis to assess the accuracy of the
analytical results obtained from the fiber-based model. Note that the flexural residual
deformations of the tested RC columns and steel jacketed RC columns were not significant due
to the shear failures of the column base. Therefore, as a first step, maximum residual
deformations of the tested CFST columns were compared with the ones that could be calculated

using the fiber-based analytical model. From there, the procedures to determine the factor

follow what was done in Section 4.4 for the SDOF dynamic response history analyses.

By using the value of the factor f calibrated by the fiber-based model analyses for CFST

columns, the tested RC columns and steel jacketed RC columns were then analyzed using the

fiber-based model. Since the fiber-based analysis used in this research cannot capture the direct
shear failure which was actually observed in these column tests, the purpose of these fiber-based
analyses of the RC columns and steel jacketed RC columns are to calculate the shear force at the

column base (i.e. reaction force) to compare with the direct shear resistance of the columns.

In the following subsection, analytical models used for fiber-based analyses are discussed. Then,
moment-curvature analyses and modal analyses for CFST columns are presented. After the

description of how the applied blast loads are modeled in the analyses, analytical results of the
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fiber-based based dynamic analyses are presented for the three different types of test columns,

namely CFST columns, RC columns and steel jacketed RC columns.

4.6.2 Analytical Model for Blast Loading Test Columns

The three different types of columns tested previously, namely CFST columns, RC columns and
steel jacketed RC columns, subjected to blast loading, were modeled using two-dimensional
discrete frame models as presented in Section 4.5. Figure 4-31 schematically shows a two-
dimensional discrete frame model analyzed and the type of cross-section assigned to the
elements for each column type (using the properties described in Section 4.5.2), along with two
different profile of applied blast loading. The model has 17 nodes, from Node 1 to Node 17, and
16 elements, from Elem 1 (Node 1 to Node 2) to Elem 16 (Node 16 to Node 17). The columns
were fixed at the bottom (Node 1) and the rotation and horizontal translation of the column top
(Node 17) was constrained to apply the axial force coming from the cap beam. The applied axial
forces were taken as 5.81 kN (1.31 kip) for the CFST columns and 2.00 kN (0.45 kip) for both
the RC columns and steel jacketed RC columns. The discrete lumped mass was assigned to the
nodes of Node 2 to Node16 as inertias to resist the blast loads. The gravity load corresponding
to these masses was applied as a uniformly distributed load along a column height. Note that the
strain penetration model used in the quasi-static cyclic loading test specimens was not modeled
for these blast test columns because these localized inelastic deformations were not observed in

specimens.

As shown in Figure 4-31, the CFST sections shown in Figure 4-12 (a) were assigned to the CFST
columns, and the RC sections shown in Figure 4-12 (b) were assigned to the RC columns. The
labels stating “PH Confined” and “OPH Confined” in Figure 4-31 (b) means that the reinforced
concrete sections are confined according to the actual transverse reinforcement ratios in the
plastic hinge (PH) region and outside of the plastic hinge (OPH) region, respectively. In the steel
jacketed RC columns, assuming that the bond stress between the steel jacket and grout developed
at a length of about half of the column diameter from the edge of the jacket, the contribution of
the steel jacket to the flexural resistance of the column was not considered over these length, but
confinement effect by the steel jacket was considered (as for the analytical model of the cyclic

loading test steel jacketed RC columns presented in Section 4.5.4.2).

157



Section | (OPH Confined) SJ Section

= g o o '« | RCsedion
RC Section )
R “(PH Confined) ~ ~+  (8J Confined)
CFST RC Section

] 7RC Section ’
I, - - - — —— RC Section
y—li (PH Conflned) (SJ Confined)

(1) Uniformly (ii) Actual (a) CFST (b) RC (c) Steel Jacketed
Distributed Pressure Column Column RC Column
Pressure

Applied Loading Section Assignment

Figure 4-31 Analytical Model for Blast Loading Tests

The Menegotto-Pinto model (Menegotto and Pinto 1973) was used to represent the uniaxial
constitutive model for steel jackets and steel tubes of the CFST columns. The reinforcing steel
bars were modeled using a tension stiffening model by Belarbi and Hsu (1994) to provide a
backbone envelope curve of constitutive stress-strain relationship and using the modified
Menegotto-Pinto model (Filippou et al. 1983) with isotropic strain hardening effect to determine
hysteresis rules within that envelope. The modified Chang-Mander model (Waugh 2007) was
used to model the uniaxial constitutive model for unconfined and confined concrete. The details

of these material constitutive models were presented previously in Section 4.5.3.

The strength values obtained from the compression tests of concrete cylinders and the tensile
tests for steel were considered in the analyses. The concrete strength and yield stress of steel
were multiplied by 1.25 and 1.2, respectively, to account for strength magnification at large

strain rates under impulsive conditions (Mays and Smith 1995).
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To account for the damping effect of the structure, Rayleigh damping was used. A damping ratio
was assumed to be 5% for the first and third modes. The Krylov-Newton algorithm (see Section
4.5.2) provided by OpenSees (2007) was used to solve the nonlinear equilibrium equation. The
time increment of each step in the applied pressure histories was 0.01 msec, and the time step of

analyses was 0.0025 msec.

4.6.3 Moment-Curvature Analysis for CFST Columns

The moment-curvature relationship calculated using the fiber-based model, in which the
appropriate material stress-strain relationships were used, was compared with that used for the
simplified analysis and SDOF dynamic analysis. The moment-curvature relationship is one of

the analytical assumptions to affect the value of factor . Both simplified analysis presented in

Section 3.4 and SDOF dynamic analysis presented in Section 4.4 used the same simplified
elasto-perfectly plastic moment-curvature relationship based on simple calculations. Figures
4-32 to 4-34 respectively compare the moment-curvature curves of CFST C4, C5, and C6
columns from the fiber-based model with the simplified moment-curvature curves (obtained

using the Bruneau and Marson (2004) equations for M, and effective stiffness). The resulting

maximum moment capacity calculated using the fiber-based model was 15.57, 18.50, and 43.05
kN-m for the CFST C4, C5, and C6 columns, respectively. These values are, respectively, 3, 12,
and 6% higher than those obtained by the simple calculations. The differences are attributed to
the strain hardening effect of the steel tubes modeled in the fiber-based calculations whereas this
effect was not considered in the simple calculations. These differences are small, and it shows
that the previous assumptions are reasonable. Therefore, it will be possible to compare results

obtained from the fiber-based model with those obtained from the simplified model.

4.6.4 Modal Analysis for CFST Columns

Modal analyses were performed for the three CFST columns (C4, C5, and C6 columns) to
investigate their vibration properties, namely natural periods and mode shapes. Table 4-10
presents the modal analysis results of natural periods and effective masses for Mode 1 through 7.
These are based on the initial stiffness of the columns. The natural periods of the first mode,
which has the highest effective mass of 69%, are 5.13, 4.18, and 3.65 for CFST C4, C5, and C6

columns, respectively. Because of the fix-fix boundary conditions of the columns, the effective
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masses of the anti-symmetric Modes 2, 4, and 6 are zero. Therefore, these even modes do not
contribute the structural responses. The natural mode shapes of Mode 1, 3, 5, and 7 for the three
CFST columns are shown in Figure 4-35. First, the mode shapes were normalized such that
maximum displacements become unity, and then these normalized mode shapes were multiplied
by their corresponding effective masses. The resulting normalized mode shapes of same modes

for these different columns are almost identical.
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Figure 4-32 Comparison of Moment-Curvature Relationship for CFST C4 Column
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Figure 4-35 Natural Mode Shapes of CFST Columns
Table 4-10  Modal Analysis Results of CFST Columns
CFST C4 Column CFST C5 Column CFST C6 Column
Mode Natural Effective Natural Effective Natural Effective
Period Mass Period Mass Period Mass
(msec) (%) (msec) (%) (msec) (%)
1 5.13 69.0 4.18 69.0 3.65 69.0
2 1.86 0.0 1.52 0.0 1.32 0.0
3 0.95 13.2 0.77 13.2 0.67 13.2
4 0.57 0.0 0.47 0.0 0.41 0.0
5 0.38 5.4 0.31 5.4 0.27 5.4
6 0.28 0.0 0.23 0.0 0.20 0.0
7 0.21 29 0.17 29 0.15 29
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4.6.5 Applied Blast Loadings

As shown in Figure 4-31, there were two profiles of blast loadings applied in the blast pressure
history analyses. One is (i) the uniformly distributed equivalent pressures, and the other is (i1) the
actual pressure distribution (obtained as described later). The uniformly distributed equivalent
pressures were selected to compare with the SDOF dynamic analyses which also used uniformly
distributed equivalent pressures. The analyses using the uniformly distributed pressures also
provide some preliminary basic understanding of the column response subjected to blast. The
equivalent pressure histories used here are identical to those used in the SDOF dynamic analyses
presented in Figure 4-4. The analyses conducted using uniformly distributed equivalent
pressures were only performed for the three test cases with mid-height explosion, namely Test 1-
3 of CFST C4 Column, Test 1-4 of CFST C6 Column, and Test 1-5 of CFST C5 Column,
because the pressures actually applied to these columns during the tests were closer to
symmetrically loading to the structure and are suited for modeling using uniformly distributed

loads due to this symmetry.

The analyses conducted using actual pressure profiles were done by calculating these profiles
using Bridge Explosive Loading program (BEL 2004). The blast pressures along the height of
column were obtained at 84 data points along the height of the column, and these pressures were
averaged within each member (approximately five pressure points with each member). Figures
4-36 to 4-42 show the resulting applied blast pressures for Tests 1-3, 1-4, 1-5, 1-6, 1-9 and 1-10,
2-1 and 2-3, and 2-2 and 2-4, respectively. These figures present (1) comparison of blast
pressure distributions along the height at three selected different times from BEL with those
applied in the analyses, and (2) applied pressure histories for two selected elements which are
Elem 1 and 8, and Elem 1 and 3 for the mid-height and low-height explosion cases, respectively.

Note that the times in these figures start at the initiation of the explosions.

Figure 4-36(1) shows by comparing the pressure distribution obtained from BEL with those
averaged as indicated before that the resolution of the pressure distributions is satisfactory. It
also illustrates that the symmetric distribution of pressures is applied to the column as shown in
Figures 4-36(1a) and (1b) until the pressures are reflected on the ground and act on the elements

around the bottom of the column. The pressures reflected on the ground are observed in the
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bottom element (Elem 1) in Figure 4-36(1c). The maximum blast pressure applied to the center
element is 2.3 times higher than that applied to the bottom element in this case as shown in
Figures 4-36(2a) and (2b). The trends described above are also observed in the mid-height

explosion cases of Test 1-4 and Test 1-5 as shown in Figure 4-37 and Figure 4-38, respectively.

For the cases with low-height explosions, the applied blast pressures of Tests 1-6, 1-9, 1-10, 2-1,
2-3, 2-2 and 2-4 are presented in Figures 4-39 to 4-42 (sometimes grouped together). Because
the explosions are closer to the ground surface, the higher pressures are applied to the lower
height of the column, due to the Mack reflection, than highest pressures of the mid-height
explosion cases. For example, the values of maximum pressures of Tests 2-1 and 2-3 is 151.7
MPa developed at mid-height element whereas that of Test 1-3 is 128.7 MPa developed at the
base element, even though the standoff distance of Test 1-3 (x = 2X) is closer than those of Tests
2-1 and 2-3 (x=2.16X). The maximum pressures were calculated at the base of the column due
to the Mack reflection except for Tests 1-9 and 1-10. This is because the standoff distances of
these cases (x = 0.8X) were so close that the Mack mechanism did not form between the
explosive charge and the column. Therefore, the maximum pressures were not computed at the

base of the column, but at the height of the explosion in these test cases.
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4.6.6 Analytical Results
4.6.6.1 Shape Factor

The shape factor  was calibrated for the six tested CFST columns, as well as the simplified

analyses (Fujikura et al. 2007, 2008) and SDOF dynamic analyses (Section 4.4.5.2), to match the
analytical results obtained using the fiber-based analyses with the experimental results. Table

4-11 summarizes the resulting shape factor S for the six tested CFST columns. As described in

Section 4.6.5, there were two profiles of blast loadings applied, namely the uniformly distributed
equivalent pressures and the actual pressure distributions. For comparison purposes, the

resulting values of £ obtained from the analyses with 0.5% damping ratio, in addition to 5%

damping ratio, are also presented in Table 4-11 to investigate the sensitivity of the damping

effect on the values of . Because the analyses with 0% Rayleigh damping ratio did not

converge, a small damping ratio of 0.5% was selected for this purpose.

Table 4-11 Summary of Shape Factors from Fiber-based Dynamic Analyses of CFST

Columns
Test Test Equivalent Pressures Actual Pressures
Num. | Col. | Displ. 0.5 % Damping 5 % Damping 5 % Damping
(mm) B Ave.p B Ave.p B Ave.p
1-3 C4 30 0.564 0.630 0.670
1-4 C6 46 0.544 0.547 0.637 0.643 0.652 0.665
1-5 C5 76 0.534 0.662 0.672
1-6 C4 24 N/A N/A 0.606
1-9 Cs5 45 N/A N/A N/A N/A 0.550 0.561
1-10 C6 100 N/A N/A 0.528
Ave. N/A N/A 0.613

The average S value of 0.547 obtained using the uniformly distributed equivalent pressures and

fiber-based model with 0.5% damping ratio are comparable to the one of 0.532 from the SDOF
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dynamic analyses with 0% damping ratio using the two different load-mass factors
corresponding to the different structural ranges (i.e. Case 3 in Table 4-5). The difference between

these two S values is within 3%, which is attributed to the difference of their moment-curvature

relationship as presented in Section 4.6.3.

The [ value increases significantly, by about 18%, for the fiber-based model with the increase

of the damping ratio from 0.5% to 5% in the equivalent pressure profiles as shown in Table 4-11.

By contrast, the increase of the damping ratio from 0% to 5% did not affect the [ value

significantly in the SDOF dynamic analyses as presented in Section 4.4.5.2. This is because the
fiber-based analysis can take the higher modes of vibrations into account and uses the Rayleigh
damping here. To investigate this, Figure 4-43 compares the displacement history at the column
mid-height and the reaction force history at the column base corresponding to 0.5% and5 %

damping ratios for the Test 1-3 case. Note that the average [ factors of 0.564 for 0.5% damping

and 0.630 for 5% damping were determined by matching the residual displacements obtained
analytically with those obtained from the experiments as shown in Figure 4-43(a). As shown in
Figure 4-43(b), the resulting reaction force at the base of the column using 0.5% damping ratio
fluctuates at a higher frequency (i.e. at short periods in the range of 0.1 to 0.2 msec) whereas the
reaction history curve using 5% damping ratio is relatively smoother and has less effects of
higher frequency modes. The origin of the high frequency modes that develop during response
to the blast loadings will be explained in the subsequent subsection. Since the 5% Rayleigh
damping was used based on the first and third modes of vibrations, the high frequency modes
above the 3™ mode were less significant in this case. Therefore, the Rayleigh damping for the
fiber-based model has an effect, and can significantly reduce the structural response when

subjected to the blast loading.

Beyond the above, it is also observed in Table 4-11 that using the actual pressure profiles slightly

increases the average f value by 4% over using the uniformly distributed equivalent pressures
for the mid-height explosion cases. When using actual pressure profiles, the average [ value

for the low-height explosion cases is 15% smaller than that for the mid-height explosion cases,

while this difference was only 3% for the SDOF dynamic analyses (in Table 4-5). This could be
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partly attributed to the reflected pressures on the ground computed by BEL. The BEL assumes
that the pressure reflects on the ground perfectly, but this was not the case in the experiments.
Accordingly, the reflected pressures applied to the column close to the ground could be
overestimated, resulting in the lower values of f for the low-height explosion cases. In the
SDOF dynamic analyses, this possible overestimation of the reflected pressures can be reduced
in the process of calculating the equivalent pressures given by Equation 4-4 because of the

normalized deflected shape of the column assumed in the calculation.
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Figure 4-43 Comparison of Analytical Results with Different Damping Ratio of Test 1-
3 (CFST C4 Column)

4.6.6.2 Structural Response of CFST Columns

In order to verify that the analytical residual displacements obtained using the shape factor
presented in Table 4-11 would match the experimental ones, and to illustrate the structural
response using these factors, the structural responses of six tested CFST columns computed
using a fiber-based model with 5% damping ratio are presented in Figures 4-44 to 4-52. The

resulting maximum displacements and maximum reaction forces at the base and top of the
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column are summarized in Table 4-12. Note that the maximum displacements obtained from the

SDOF dynamic analyses are also presented in Table 4-12.

Table 4-12 Summary of Analytical Results from Fiber-based Dynamic Analyses of

CFST Columns
Maximum Displacement Maximum Reaction Force
Test Di/lr?;)nll:ic Equivalent | Actual Equivalent Actual Pressures
Analysis Pressures | Pressures Pressures

Num. | Col. Base Top Base Top

mm mm mm kN kN kN kN
1-3 C4 35.5 41.8 43.5 -303.8 | -303.8 | -280.2 -97.9
1-4 C6 49.6 57.8 57.8 -1106.4 | -1106.4 | -306.1 | 321.9
1-5 C5 78.9 86.4 86.0 -643.2 | -643.2 | -322.7 | -115.8
1-6 C4 33.9 N/A 36.9 N/A N/A -855.0 | -101.0
1-9 C6 51.2 N/A 55.7 N/A N/A | -2074.0 | -326.7
1-10 C5 105.5 N/A 108.3 N/A N/A | -1157.3 | -149.5

4.6.6.2.1 Mid-height Explosion and Equivalent Pressure Cases

Figures 4-44 to 4-46 present the analytical results of Tests 1-3, 1-4 and 1-5, respectively, for the
mid-height explosion cases when subjected to the uniformly distributed equivalent pressures.
Figure 4-44(1) presents acceleration, velocity, and displacement distributions along the height of
the column at three selected different times (t = 0.12, 0.60, and 1.04 msec). The time of 0.12
msec is shortly after the blast loadings were applied and largest accelerations were observed: at
that time almost no deformations are observed along the column. The times of 0.60 and 1.04
msec, are arbitrarily selected to show the high frequency modes in the acceleration shapes
similar to the mode shapes of the third mode and fifth mode, respectively, as shown in Figure
4-35. These high frequency mode effects are summed in both the velocity and displacement

shapes.
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In Figure 4-44(2), the maximum displacement of 41.8 mm is observed at time of 4.02 msec,
much later than the end of the applied blast pressure (the blast pressure starts at the time of 0.10
msec, and the pressure duration is 0.16 msec as shown in Table 4-7). This maximum
displacement is larger than that of SDOF dynamic analysis shown in Table 4-12 by 18%. The
reaction forces at the base and top of the column are identical due to the symmetry of the column
and the blast pressure profiles applied as shown in Figure 4-44(3). The maximum reaction forces
of -303.8 kN are observed at time of 0.15 msec that occurs before the end of the applied blast
pressure. In Figure 4-44(3), there are some localized fluctuations of the reaction forces in the
overall reaction force history curve. This is again attributed to the high frequency modes of
vibrations. For instance, the acceleration shape at time of 0.60 msec in Figure 4-44(1a) causes
the localized fluctuation of the reaction forces observed around time of 0.60 msec in Figure
4-44(3). This localized fluctuation of the reaction force is observed more significantly in the

analytical results with small damping ratio as presented in Figure 4-43(b).

The stress-strain relationships of core concrete and steel tube in Figure 4-44(4) show that these
fiber materials experience less cyclic loading than typically the case under earthquake loadings.
However, these curves show that the response following the point of maximum displacement is
not purely linear elastic and that rather the stiffness of the structure is less at that point than the
initial stiffness. The trends described above are also observed in the other mid-height explosion

cases of Test 1-4 and Test 1-5 under equivalent pressures as shown in Figures 4-45 and 4-46.

4.6.6.2.2 Mid-height Explosion and Actual Pressure Cases

Figures 4-47 to 4-49 present the analytical results of Tests 1-3, 1-4 and 1-5, respectively, for the
mid-height explosion cases when subjected to the actual pressure profiles. Figure 4-47(1)
presents acceleration, velocity, and displacement distributions along the height of the column at
three selected different times (t = 0.12, 0.38, and 0.62 msec). At time of 0.12 msec, the masses
around mid-height only are subjected to the accelerations and velocities because the blast
pressures are only applied to around mid-height of the column as presented in Figure 4-36(1a).
The times of 0.38 and 0.62 msec are arbitrarily selected to show the acceleration and velocity

distributions. These distributions are not symmetric because the reflected pressures on the
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ground are applied around low-height of the column as shown in Figure 4-36(1c). The high

frequency modes are also observed in the acceleration distribution at times of 0.38 and 0.62 msec.

Displacement history at mid-height (in Figure 4-47(2)), and stress-strain relationship of core
concrete and steel tube (in Figure 4-47(4)) are similar to those observed in the analytical results
of equivalent pressure case (in Figure 4-44). As shown in Figure 4-36(3), the reaction forces at
the base and top of the column are identical up to 0.23 msec, but after that, the magnitude of the
reaction force at the bottom increases significantly due to the reflected pressures on the ground

applied around low-height of the column as shown in Figure 4-36(1c).

The trends described above are also observed in the other mid-height explosion cases of Test 1-4
and Test 1-5 under actual pressure profiles as shown in Figures 4-48 and 4-49. Table 4-12 shows
that the maximum displacements obtained from actual pressures are comparable to those from
equivalent pressures, and that the maximum reaction forces obtained form actual pressures are

overall smaller than those from equivalent pressures.

4.6.6.2.3 Low-height Explosion and Actual Pressure Cases

Figures 4-50 to 4-52 present the analytical results of Tests 1-6, 1-9 and 1-10, respectively, for
low-height explosion cases (h = 0.25 m) when subjected to the actual pressure profiles. Figure
4-50(1) presents acceleration, velocity, and displacement distributions along the height of the
column at three selected different times (t = 0.09, 2.25, and 5.25 msec). At time of 0.09 msec,
the masses around low-height only are subjected to the accelerations and velocities because the
blast pressures are only applied to around mid-height of the column as presented in Figure
4-39(1a). As shown in Figure 4-50(2), the maximum displacement at height of 0.35 m is
observed at time of 2.25 msec, and after that, another peak displacement is observed at time of
5.52 msec. This phenomenon can be explained either by recognizing contributions of the higher
mode effects or by thinking about it in terms of traveling wave effects. First, the maximum
velocity around low-height of the column occurs at time of 0.09 msec. Then, by traveling wave
effects, the masses above that point are pulled outwards up to time of 2.25 msec to create the

second velocity distribution shown in Figure 4-50(1b). Under the effect of the traveling impulse,
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another maximum displacement occurs at time of 5.25 msec per the deflected shape shown in

Figure 4-50(1c).

There is a significant difference of maximum reaction forces developed at the base and top of the
column as shown in Figure 4-50(3). The maximum reaction forces observed are -855.0 kN and -
101.0 kN at the base and top, respectively as shown in Table 4-12. This is because the higher
pressures are applied to around lower-height of the column due to the Mach reflection of the

blast pressures on the ground as presented in Figure 4-39(1).

The trends described above are also observed in the other low-height explosion cases of Test 1-9
and Test 1-10 under actual pressure profiles as shown in Figures 4-51 and 4-52. Figures 4-51(4)
and 4-52(4) show the large strains developed both in the core concrete fiber at compression edge
and in the steel tube at tension edge. Maximum strains of 0.84 and 1.38 are developed in the
steel tube of Test 1-9 and Test 1-10, respectively. These values are much larger than their
fracture strain of about 0.25 in CFST C6 column (Test 1-9) and 0.4 in CFST C5 column (Test 1-
10) obtained from the coupon tests of their steel tubes. The blast test observations presented in
Section 3.4.4 showed that the steel tube of CFST C5 column (Test 1-10) fractured at the base of
the column, but that of CFST C6 column (Test 1-9) did not fracture. Although the model was
not developed to investigate why CFST C6 column did not fracture even though its analytically
obtained strain suggests otherwise, it is speculated that the strain at the base of the steel tube
might have been less than the predicted strain by the analytical model on account of unbounding
of the steel tube in the concrete foundation allowing the strains to propagate below the

foundation.
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4.6.6.3 Structural Response of RC and Steel Jacketed RC Columns

The second series of tested columns, namely RC columns and steel jacketed RC columns,
subjected to blast loading, were analyzed using a fiber-based analytical model. Two identical
RC columns (RC1 and RC2) and two identical steel jacketed RC columns (SJ1 and SJ2) were
tested, and their test cases and test observations were summarized in Table 4-1. As presented in
Section 3.3.4, RC1 column and both SJ1 and SJ2 column failed in direct shear at their bases, and
RC2 column did not fail in direct shear, but was deemed to exhibit the onset of direct shear at the
same location. Therefore, the purpose of the fiber-based analyses was to compute the maximum
reaction forces developed at the base of the columns. Displacement history and stress-strain
relationships of concrete and steel reinforcement are also investigated for RC2 column which did

not fail in direct shear.

The shape factor £ was taken as 0.561 that was obtained from the previous fiber-based

analytical results of CFST columns for the low-height explosions (Section 4.6.6.1). The

damping ratio of 5% was considered using Rayleigh damping for the first and third modes.

Figure 4-53 presents displacement history, reaction force history, and stress-strain relationship of
core concrete at compression edge and steel bar at tension edge for Test 2-2 of RC2 column.

The displacement history was computed at the height of 0.55 m where the analytically obtained
maximum flexural residual displacement of the column is observed. Figure 4-53(1) shows that
after reaching the maximum displacement of 8.5 mm, the column at this point displaces back to -
1.7 mm. This negative displacement was not observed in the analytical displacement histories of
the six CFST columns presented in Section 4.6.6.2. This is because the pressures applied to
CFST columns were much higher than these applied to this RC2 column, thus the residual
displacements were so large that the columns did not displace in negative phase. For comparison
purposes only, CFST C4 column was re-analyzed using the same blast pressure profile as that for
Test 2-2 of RC2 column. As presented in Figure 4-54, the same trend is observed in the
displacement history curve as that for Test 2-2 of RC2 column shown in Figure 4-53(1). Note
that the fact that displacement history swings back to the negative displacement range is a minor
point overall. The residual displacement nonetheless remains positive displacement. As shown

in Figure 4-53(2), the maximum reaction force at the base is -594.9 kN.
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Figures 4-55 to 4-57 show reaction force histories at the base and top of each column up to 1.0
msec for Test 2-1, Test 2-4, and Test 2-3, respectively. The maximum reaction forces at the base
of the column observed in these figures and Figure 4-53(2) are summarized in Table 4-13 along
with those calculated from simple plastic analyses presented in Section 3.4.3. Note that because
the maximum reaction forces obtained from the simple plastic analyses are calculated using the
moment capacity of the column sections, reaction forces for a given columns remain the same
regardless of the blast charge weight and standoff distance because the flexural plastic
mechanism fully develops and limits the maximum shear in the column assumed statically
applied loads. By contrast, the maximum reaction forces at the base obtained using the fiber-
based dynamic analyses are significantly larger than those from the simple plastic analyses, and
are larger when standoff distances are closer with same charge weight. This is because the
dynamic fiber-based analysis allows considering dynamic equilibrium that accounts for the large
blast pressures and the inertia force before the plastic mechanism develops. The maximum
reaction forces of steel jacketed RC columns from the fiber-based dynamic analyses are larger
than those of RC columns by 12% and 6% for the standoff distance of 2.16X and 3.25X,

respectively. These differences are not as large as that of 77% from the simple plastic analysis

results.
Table 4-13  Summary of Maximum Reaction Forces for RC and Steel Jacketed RC
Columns
Maximum Reaction Force at Base
Test Col Charge Standoff Fiber-based Simple Plastic
Num. ' Weight Distance Analysis Analysis
kN kN
2-1 RC1 -931.7 -112.1
W 216 X
2-2 SJ2 -1042.0 -198.7
2-3 RC2 -594.9 -112.1
W 325X
2-4 SJ1 -632.5 -198.7
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Note that the reaction forces from the fiber-based dynamic analyses provided in Table 4-12 for
CFST columns and in Table 4-13 for RC and steel jacketed RC columns are all valuable but
cannot be compared with the direct shear strength calculated earlier. These forces are only
applied in a small amount of time, as impulses. The fact that they exceed the direct shear
capacity does not necessary mean that direct shear failure will develop because it takes a finite
amount of time for direct shear failure to initiate and propagate. Direct shear resistances that
have been used earlier could be compared with the forces obtained from the statically applied
load. Dynamic shear force likely exceeds the value calculated per Equation 3-36. This remains
to be determined from future research, and as such the reaction forces obtained from the dynamic

fiber-based analysis models cannot be compared with direct shear resistance at this time.

4.7 Summary of Dynamic Analysis under Blast Loading

In this project, three different analytical methods have been adopted to replicate the behavior of
bridge tested columns subjected to blast loading, namely simplified analysis, SDOF dynamic
analysis, and fiber-based dynamic analysis. In this section, the later two analysis methods were
investigated in depth and the results obtained compared together as well as against those
obtained from the simplified analysis method. The important objective of these series of

analyses was to determine the shape factor # to account for the reduction of the blast pressures

applied to the column. This shape factor is principally intended to account for the reduction of

the blast pressures due to the circular shape of the column; however, in fact this factor 4

unavoidably is affected by some of assumptions built in the analytical model and method applied.

Therefore, it is important to use the value of f that corresponds to the assumptions and

conditions used for each analytical method. These are summarized in Table 4-14 along with the

resulting S values for each analytical method.
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Table 4-14 Summary of S Values and Assumptions of Each Analytical Method
Assumptions and Simplified SDOF Dynamic Flber-baged
.\ . . Dynamic
Conditions Analysis Analysis .
Analysis
Mid-height 0.459 0.542 0.665
(0]
=]
S Low-height 0.441 0.525 0.561
QU
All Ave. 0.450 0.534 0.613
Column Shape Circular Shape
- Dynamic Increase Concrete Strength: 1.25
‘8 Factor Steel Yield Stress: 1.20
= . .
o Strain Hardening of Not Considered Considered
= Steel
= .
3 Discretization SDOF Model 2D Fiber-based
20 Model
g
3 Kiae=0.66 Kime=0.775
ko) LMe LMe
§ Load-mass Factor Ky =0.66 Ky =0.66 No Need
. 5% Viscous 5% Rayleigh
Damping Neglected Damping Damping
Physical Quantity Energy Pressure
¥ —
S = . niform
< <
g -‘13 Applied Loading Equivalent Equivalent Actual Pr;ssure
- S Impulse : Profile History
z 7 Pressure History
= B
m o
Clearing Effect Not Considered
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SECTION 5§
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS FOR
FURTHER RESEARCH

5.1 Summary

In this research, the blast resistance of two commonly used seismically designed bridge pier
systems with ductile reinforced concrete (RC) columns and non-ductile RC column retrofitted
with steel jackets has been investigated experimentally and analytically to complement the first
series of CFST columns testing under blast loading by Fujikura et al. (2007, 2008). A fiber-
based finite element model was developed and the overall behavior of the tested specimens was

investigated using this developed fiber-based finite element model.

The seismic designs of prototype bridge pier with these two types of commonly used columns
were conducted using response spectrum analysis with the same response spectrum as the CFST
columns. Detailing was accomplished in accordance with the recent seismic design code

requirements to achieve concrete confinement and column ductility.

Blast testing was conducted at the U.S. Army Corps of Engineers Research Facility for a one-
forth scale multi-column bent specimen having two RC columns and two steel jacketed RC
columns. The one-forth scale specimen was designed based on the seismically designed
prototype bridge columns and using geometric similitude. The test blast parameters were

determined using the simplified analysis method using the calibrated value of B obtained from

earlier test results on CFST columns. The tested RC columns and steel jacketed RC columns did

not exhibit ductile behavior under blast loading, and failed in direct shear at the base.

Simple plastic analyses were conducted to calculate the reaction shear forces at the base of the
RC columns and steel jacketed RC columns. The resulting reaction shear forces at the base of
these columns were not found to be larger than the direct shear strengths calculated using

conventional equations, but these reaction shear forces were found to exceed the direct shear

191



strength obtained using a moment-direct shear interaction model that was developed and
proposed here to calculate the direct shear strength on cross-sections simultaneously subjected to

large moments — which confirmed the experimentally observed behavior.

SDOF dynamic analyses considering an equivalent SDOF system were performed for the CFST
column tests using an equivalent pressure history. The sensitivity of the load-mass factor
required in an equivalent SDOF system, as well as the effect of damping on structural response,

was investigated. The shape factor # was reevaluated for SDOF dynamic analysis, and it was

found that the resulting factor appropriate to be used in conjunction with this particular analysis
method was equal to 0.534 is used in conjunction with a value of 5% viscous damping and two

different load-mass factors corresponding to the elastic and inelastic stages of structural response.

Fiber-based analytical models were developed for the CFST column, RC column and steel
jacketed column and verified using the quasi-static cyclic loading tests done by various
researchers. Then, using these fiber-based analytical models, response history analyses subjected
to actual blast pressure profile were conducted for the tested CFST columns to investigate their

behavior and to calibrate the shape factor B corresponding to this particular analytical method.
The resulting S values were 0.665 for mid-height explosions and 0.561 for low-height
explosions using 5% Rayleigh damping. Using these calibrated S values, dynamic analyses

were also conducted for the RC columns and steel jacketed columns using the fiber-based

structural models.

5.2 Conclusions

Two seismically designed conventional bridge pier systems with ductile RC columns and with
non-ductile steel jacketed RC columns have been investigated experimentally and analytically
when subjected to blast loading. A multi-hazard bridge pier system with CFST columns
conducted in the first series of the tests has also been investigated analytically. The key

conclusions from this research are as follows:

1. The standard ductile RC and non-ductile RC columns retrofitted with steel jackets were

not found to exhibit a ductile behavior under blast loading, and failed in shear at their
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base. The steel jacketed columns, although visually resembling the CFST columns, are
significantly different in construction due to the presence of gaps between the ends of the
steel jacket and the footing and pier cap, purposely intended to prevent composite actions
at the ends of the column. These gaps also produced a discontinuity of shear resistance at
these locations, which resulted in the observed direct shear failure. However, steel

jacketing was effective to prevent direct spalling of concrete.

2. This study has allowed establishing the different values of f that account for the

reduction in blast pressures applied to the circular column, as appropriate for the different
analytical methods considered. The assumptions and conditions that affect the values of

[ have been presented in Table 4-14.

3. A moment-direct shear interaction model to calculate the direct shear resistance of RC
sections was proposed to account for the reduction of direct shear resistance on cross-
sections simultaneously subjected to large moments. This model explained the direct
shear failure observed in the RC and steel jacketed RC columns when compared with the

reaction force calculated using simple plastic analysis.

4. It was found that the structural response obtained using SDOF dynamic analysis is
sensitive to the load-mass factors needed to model structural components as an equivalent
SDOF system. Appropriate load-mass factors should be used corresponding to the elastic

and inelastic ranges of structural response during time history analysis.

5. Analyses using fiber-based models showed that high frequency modes of vibration have
some influence on the structural response when subjected to blast loading. It was also
found that using Rayleigh damping with the fiber-based model can significantly reduce

the structural response under blast loading due to the high frequency mode effects.

5.3 Recommendations for Further Research
The following recommendations for further research are provided based on the observations and

results from this research to further develop the multi-hazard resistant highway bridge pier:
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The mechanism of dynamic direct shear resistance of RC sections and CFST sections
under impulsive loading should be investigated. Models to assess the dynamic direct
shear strength of these sections need to be developed to compare with the shear force

predicted by the analyses using fiber-based models under blast loading.

The influence of axial force on the behavior of columns under blast loading should be
investigated. The blast tests on columns presented here were done without the axial force
typically applied in actual bridge columns. This effect was investigated analytically
using P-delta analysis for the CFST column cases (Fujikura et al. 2007, 2008), but it
needs to be validated experimentally. In the RC and steel jacketed RC columns, the

existence of axial force in the column could increase the direct shear strength at the base.

The uniaxial constitutive models for confined and unconfined concrete, and steel when
subjected to impulsive loading should be investigated to model the uniaxial material
behavior in analyses using fiber-element models. In this research, the uniaxial
constitutive models under the quasi-static loading were adopted by simply multiplying

strength by the dynamic increase factors.

Detailed 3-D finite element models could be developed for the tested columns to further
investigate their behavior, such as for the development of the direct shear failure at the

base of the columns.

Future research should investigate means and methods to prevent direct shear failure at
the base of reinforced concrete columns and steel jacketed reinforced concrete columns.
One such strategy might be to introduce circular shear collars at the base of the columns

that would transfer shear forces to the foundation by bearing directly on the columns..
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APPENDIX A
SECTION AND MATERIAL MODELS OF PROTOTYPE
COLUMN FROM XTRACT
Axial force - moment interaction curve was calculated using XTRACT (2007) for the design of

the prototype bridge bent column. This appendix provides the details of section and material

models. The stress-strain relationships for confined and unconfined concrete and steel bars are
presented.
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2 = Tension Btrain Capacity
2= Ultitnate Concrete Strain

£ .o = Otrain at Peak Stress

f . =28 Day Compressive Strength
;= Confined Concrete Btrength

Reference:

Matder, I B, Priestley, ML T M, "Ohbeerved 3 tress-Strain
Boehanor of Confined Conerete, JTournal of Structuaral
Engineering ASCE Vol 114, No. B, August 1988, pp. 18271840
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XTRACT Material Report - Educational R Rt

For use only iInan acadenyde or research setting UB
O 311342008
Bl att e BE Mhultihazard
Material Type: Atrain H ardering Steel 1
Page of

Input Parameters:
VieldStress: 0.00 ki stress - ksi
Fracture Stress: a0.00 ka 60.
TieldStran: 2 069E-3 S0
Straitedh Hean Hardening 1000 a
Fatture St aitc 3000 "

20
Elastic Modulus: 20.00E+3 kai ]

101
Additional [nformation Symetric Tension and Comp. E

0

. 0o0 003 010 015 020 023 030
Model Details: _
strair
For Strain - £< SY fs=E-g
Fantraj.n-sissh fs:fj,r . ; 2
. su"
ForSteain- 898 5 f5=f, - (f,- ) | ——
A

£="teel Stramn

fa = Steel 3tress

f}.r = Yield Streas
fu = Fracture Stress
£ ¥ = Vield Strain

£ = Strain at Strain Hardening
£ Failure Strain

E = Elastic Moduhas

Material Color States:

[ Tensionforce after onset of strain hardering

[ Tensionforee after wWeld

B Initial state

[0 Compression foree after yield

O Compression force after onset of strain hardening
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APPENDIX B
SEISMIC ANALYSIS AND DESIGN OF PROTOTYPE BRIDGE
BENT COLUMN

This appendix provides details on the analysis and design of prototype bridge bent columns.
Response spectrum analysis was executed for the prototype bridge. The pier bent was designed
according to the recent design code. A column diameter of 813 mm (32 in) is selected and the
column was reinforced with 16 — D19 (#6) longitudinal bars. Calculated expected ductility
demands in the longitudinal and transverse direction were 2.22 and 3.39, respectively.
Transverse spiral reinforcement was provided with D16 (#5) at spacing of 114 mm (4.5 in) in
plastic hinge region and D13 (#4) at spacing of 152 mm (6 in) outside of plastic hinge region.
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--- RC Column of Prototype Bridge Design ---

D=32in,L.Bar =16 #6, T. Bar = #4@4.5 in
f'c =4 ksi

DESIGN STEP 1 _ Design Earthquake Response Spectra

Fa = 10 SS = 075

Fy:=10 S1:=0.30

Pseudo-acceleration SA (g)

0 02040608 1 12141618 2 2224
Period T (sec)

DESIGN STEP 2 _ Section Properties From XTRACT

D = 32 inches, Logitudinal bar 16#6 20000

15000 -

10000 ~

5000 ~

Axial Force (kN)

0 5 f :
0 500.0 1000.0 1500.0 20G0.0

Moment (kNm)
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DESIGN STEP 3 _ Determine Elastic Seismic Forces and Displacements
Design Step 3.1 _ Longitudinal Direction

Effective Weights

Total superstructure weight, W

L := 90m Length of bridge

Wsuper =123.21 F

Wsuper = Wsuper-L
Wsyper = 11089kN
Vertical load, Py
Ppier := 4090-kN

Dead load of column, P :

Dcol = 32-in Dcol = 813 mm
HC'I" = 6m
T 2 kN
Pco| = Z'Dcol 24_3Hcl|n Pco| = 747 kN
m

Weight of cap beam, Peqp o

. . kN
Pcap_bm = (42|n) (48|n) (15m) 24; Pcap_bm — 468 kN
Total dead load at bottom of column, P,y 4

n:=3 Number of columns per pier

Ppier‘ Pccxp_bt’n
Pcol_dl = . + . + Pcol Pcol_dl = 1594 kN

Total dead load at top of column, Pcg_gjtop'

Number of columns per pier

Ppier Pcap_bm
Peol_dltop = . + . Pcol_dl'rop=1519kN
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Yield Displacement

P = Pcol_dh-op P = 1519 kN
Myt = 978.2-kN-m  Pyq = 1522.6kN

My2 = 944.1-kN-m Py2:= 1367.3kN

Required Lateral Strength

Required lateral strength of column, V,;:

Mn

VUP = VUP = 140 kN
H

ZVUP = Z'n'VUP ZVUP = 838 kN

P—Px2
> M= ————(Mx1 - My2) + M2 M=977kN'm Mp= M From P-M Curve
Px1 - Px2
Mp =977 mkN Nominal moment at top of column
H:=70m Height to bearing from foundation
f'c:= 4000-psi
E. = 57000-psi>> [ F¢ E. = 3605ksi E. = 24856 MPa
4
T Deol . .
Ier = o 2 Cracked section taken as one-half gross section.
Mn~H2
Ay = ——— Ay = 60mm Ay = 0.20ft
y 3.EC.IC|" y y
Effective Period
Hclr‘ = 600m
3-EcTer kN
Keff = 2-n——— Keff = 13973 —
3 m
H
Wsuper
Teff:=27 Teff =179s
Keffg
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Seismic coefficient, C,

ZVUP

CS =
WSUPCI"

Maximum Deformation

FV . 51
Sq = -sec
Teff

VEQ = Sa-Wsuper

VEQ
Keff

Amax
Ay

Amax =

o=

Amax
H

epi—

CS = 008

Sq=0.168
VeQ = 1861 kN
Amax = 133 mm

w=222

Gp:0019 ep: 1.9°/o

Plastic Rotation
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Design Step 3.2 _ Transverse Direction

Effective Weights

Same as longitudinal direction.

Yield Displacement

Mp =977 kN-m
2
2-Mp-Helr
Ayi=——"— Ay = 22 mm
12'Ec'Icr-
Effective Period
Hclr‘ = 600m
6-EcIcr kN
Keffi=2:n——— Keff = 44376 —
3 m
Helr
Wsuper
Teff:=27 Teff = 1.00s
Keffg
Required Lateral Strength
First iteration:
2-Mp
VUP = VUP = 326 kN
Helr
vUPl = Vup VUPZ = vup VUP3 = vup
Mn1 = My, Mn2 == Mp, Mn3 = Mp,

(Vupl + Vyp2 + Vup3)'Hcg_bo’r - (Mnl + Mn2 + Mn3)

AP_bot :=

Height from cg of superstructure to bottom of column

Height from cg of superstructure to top of column

AP_bot = 326 kN

P1:= Pcol_dI + AP_bot

P2:= Pcol_dI

12-m

Increment on outer columns

P1= 1920 kN

P, = 1594 kN
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P3:= Pcol_dl — AP_bot P3= 1268 kN Outer column

Second iteration:
From the column interaction diagram:
P:=Pq P = 1920 kN

Mx1 := 1061.3-kN-m Px1:= 1922 9kN

My2 = 1017.5-kN-m Px2 := 1707.6kN
P—Px2
-=> M= —~(Mx1 - sz) + My2 M =1061kN-m Mp1=M From P-M Curve
Px1 - Px2
P:=Pp P = 1594 kN

Mx1 := 1017.5-kN-m Px1:= 1707.6kN
My2 = 978.2-kN-m  Pyp = 1522.6kN
P—Px2
> M= ————(Mx1 - My2) + M2 M=993kN'm  Mp2:=M  FromP-M Curve
Px1 — Px2

P:=P3 P = 1268 kN

My = 944.1-kN-m Pyt = 1367.3kN

M2 = 912.8-kN-m P2 := 1228.5kN

P—Px2

-=> M= —~(Mx1 - sz) +My2 M=922kN-m Mp3:=M From P-M Curve
Px1 - Px2

2Mn1
Mnl = 1061 kNm vUpl =

Helr

2Mn2
an = 993 kNm VUP2 =

Helr

2Mn3
Mp3 = 922 kN-m Vup3 =

Helr

(Vupl + Vyp2 + Vup3)'Hcg_bo’r - (Mnl + Mn2 + Mn3)
12-m

AP_bot =

AP_bot = 331kN Increment on outer columns at bottom
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Vbent == Vup1 + Vup2 + Vip3 Vbent = 992 kN
Vbent
=101 Converge
APt —(Vupl + Vup2 + Vup3)'Hcg_‘rop + (Mnl + Mnp2 + Mn3)
op :=
—1oP 12'm
AP_top = 165 kN Increment on outer columns at top
Seismic coefficient, C
2-Vbent
CS = CS = 018
Wsyper
Maximum Deformation
Fvsl
a = -sec Sq=0.299
Teff
VEQ = Sa‘WSuper‘ VEQ = 3317 kN
VEQ
Amax = Amax = 75 mm
Keff
A
po= max pn=3.39
Ay
Amax . . .
Op:= 6p=0.011 0p=11% Plastic Rotation
H
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DESIGN STEP 4 _Determine Transverse Steel in Columns

Required Shear Strength by Transverse Steel for P~ Column
c:=2-in Clear cover
di = E-in Diameter of longitudinal reinforcement
dy = E -in Diameter of transverse reinforcement
D:=32-in Column diameter

D':=D-2.dy-dt-2.¢c Circle diameter of longitudinal reinforcement

D' = 667mm D'=26.25in

D''=D-2c Circle diameter of fransverse reinforcement
D' =711mm D'' =28.00in

Hclr‘ = 600m

DI
o= a = 6.37deg
Helr
flc = 276 MPG

Inside potential plastic hinge zones:
Pcol_top = Pcol_dltop + AP_top
P = Peol_top P = 1685kN
Mx1 := 1017.5-kN-m Px1 := 1707.6kN
My2:= 9782 KN-m Py = 1522.6kN
- M= m(mxl - Mx2) + Mx2 M =1013kN-m  Mp_top:=M  FromP-M Curve

Px1 - Px2

Mp_top = 1013 mkN

Pcol_bot == Pcol_dI + AP_bot Pcol_bot = 1925 kN
P = Pcol_bof P = 1925 kN
M1 = 1106.7 -kN-m Px1:= 2169.3kN

Myx2 = 1061.3-kN-m Px2 := 1922.9kN
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P—Px2
> M= ————— (M1 - Mx2) + Mxz M =1062kN-m  Mp_pot==M  From P-M Curve
Px1 - Px2
Mp_bot = 1062 kN-m

Suppose the overstrength factor, OS, to 1.5.

0s=15
Pe = Pcol_dI + OS-AP_bot Pe = 2090 kN
Mp_bot == OS-Mp_pot Mp_bot = 1592 kN-m
M top + M bot
V= PP TR0 Vy = 519 kN
Helr
Shear resistance in the end regions:
2
n-D 2 .
Ag = 2 Ag=10.5189m Cross-sectional area of column
lI2
n-D 2 .
Ac = 2 Ac=040m Cross-sectional area of column core
Ay:=0.8-Aq A, =042 m2 Shear area of concrete
V= 0.05-/ 1"C~A\,'MPa0'5 Ve = 109kN Contribution of concrete
A=2 Fixity Factor: 2 for Fix-Fix
A'Pe'TGn(a)
pi= > Vp=233kN Contribution of arch action
¢:=0.90 Strength reduction factor for shear
Vu
Vg = K -Ve-Vp Vg1 := Vg Vg1 = 234kN  Contribution of truss action

Required Shear Strength by Transverse Steel for P .. Column

Inside potential plastic hinge zones:

Pcol_top = Pcol_dItop — AP_top
P = Pcol_top P - 1354 kN
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My == 944.1-kN-m Py1 = 1367.3kN

M2 = 912.8-kN-m P2 := 1228.5kN

P—Px2
> M= ————(Mx1 - My2) + Mx2 M = 941kN-m Mp_top:= M
Px1 - Px2 -

Mp_fop =941 mkN

IDcol_bo’r = Pcol_dl — AP_bot

P = Pcol_bo-‘- P = 1263 kN

Mx1 := 912.8-kN-m Pyx1:= 1228 .5kN

M2 = 879.9-kN-m P2 := 1084.4kN

P—Px2
> M= ————(Mx1 - My2) + Mx2 M = 921kN-m Mp_bot = M
Px1 - Px2 -

Mp_bot = 921kN-m

Suppose the overstrength factor, OS, to 1.5.

From P-M Curve

From P-M Curve

0s:=15
MP_TOP = OSMP—TOP MP_TOP = 1412 kNm
Mp_top + Mp_bot
Vg P P Vy = 465kN
Helr
Shear resistance in the end regions:
V¢:=0.05-/ 1"C-A\,~MPC(0'5 Ve = 109 kN Contribution of concrete
A=2 Fixity Factor: 2 for Fix-Fix
A PeTan(a)
Vp:= — Vp=123kN Contribution of arch action
¢:=0.90 Strength reduction factor for shear
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v,
Vg = f “Ve-Vp  Vepi- Vs Vez = 286kN  Contribution of truss action

Transverse Reinforcement for Confinement at Plastic Hinges

Vs := max(Vs1, Vs2) Vg = 286 kN
Suppose s:= 20-in and Aph = O.20-in2 (#4)
2-Abh
Pvim 5 py = 0.0007 py=0.07%
S.

At = 16.0.44.in°

At
py= — p+ = 0.009 pt=09%
Ag
0 := atan|| ——— 0 = 25.5deg
A-p1-~Ag
tan(0) = 0.48 > tan(a) = 0.11 ---> use tan(0)

For a circular section:

fyh:= 60 ksi Yield strength of spiral

2)[ Vs 1 2 2
Abhr=|— |- Aphr = 0.233in < Aph = 0.20in OK

T fth“ COT(G)

Outside the plastic hinge zone:
Ve:=017-/ 1"C-A\,~MPGO'5 Ve =371kN Contribution of concrete

Therefore, the spiral spacing can be much greater than the one in plastic hinge zone.

Note that according to LRFD Article 5.10.6.2, the spiral spacing for a compression member shall not
exceed 6 inches.
> s—6in and  App= 0.20-n° (#4)

4-Aph
s-D"

pg = ps=0.48% Provided

Transverse Reinforcement for Confinement at Plastic Hinges by LRFD
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Extent of plastic hinge region, L

D=32.00in Column diameter
Help= 6.00m Column height
Helr . .
Lp:= max| D,——,18-in LP:I.OOm Lp:39m
6

Minimum reinforcement from LRFD Article 5.10.11.4.1 d:

f'c = 4000 psi f'c=27.6MPa
f'e
Ps_minl == 0-12'f— Ps_min1 = 0.008
Y

Minimum reinforcement from LRFD Article 5.7.4.6:
Ag - 804.25in"

A, - 615.75in°

fyh = 60.00ksi fyh = 413.7 MPa

Ag f'c
Ps_min2 = 045 — - 1|.— Ps_min2 = 0.0092

Ac fyh
Ps_min= mGX(Ps_minlaps_minZ) Ps_min= 0.0092
Suppose s:= 45.in and Aph = 0.3Lin° (#5)
4-Aph

pg = ps=0.0098 > Ps_min= 0.0092

s-D"
pg=098% Provided

LRFD Article 5.10.114.1 ¢
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--- Steel Jacketing Design of Prototype Bridge ---

DESIGN STEP 1 _ As-built Column Transverse Reinforcement

Required Shear Strength by Transverse Steel for P .- Column
c:=2-in Clear cover
di = E-in Diameter of longitudinal reinforcement
dy:= —-in Diameter of transverse reinforcement
D:=32:in Column diameter

D':=D-2.dy-dt-2.¢c Circle diameter of longitudinal reinforcement

D' = 667mm D'=26.25in
D''=D-2c Circle diameter of fransverse reinforcement
D' =711mm D'' =28.00in
Hclr‘ = 600m
DI
o= a = 6.37deg
Helr
flc = 276 MPG

Inside potential plastic hinge zones:
Pcol_top = Pcol_dltop + AP_top
P = Peol_top P = 1685kN
Mx1 := 1017.5-kN-m Px1 := 1707.6kN
My2:= 9782 KN-m Py = 1522.6kN
—> M= %(Mxl ~ Mx2) + Mx2 M =1013kN-m  Mp_top:=M  FromP-M Curve

Mp_top = 1013 mkN

Pcol_bot = Pcol_dI + AP_bot Pcol_bot = 1925 kN
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P:= Pcol_bot P =1925kN
Myt = 1061.3-kN-m  Pyq:= 2169.3kN
Mx2 = 10175-kN-m  Pyp:= 1707.6kN
P—Pyo
—> M= m‘(mxl ~ Mx2) + Mx2 M =1038kN-m  Mp_pot:=M  FromP-M Curve

Mp_bot = 1038 kN-m

Suppose the overstrength factor, OS, to 1.0.

0s:=10
MP_TOP = OSMP—TOP MP_TOP = 1013 kNm
Mp_top + Mp_bot
Vg ——p P V, = 342 kN
Helr
Shear resistance in the end regions:
2
n-D 2 .
Ag:= 2 Ag=05189m Cross-sectional area of column
lI2
n-D 2 .
Ac = 2 Ac=040m Cross-sectional area of column
Ay:=0.8-Aq A, =042 m2 Shear area of concrete
V¢ := 0.05.,/ f'C-AV-MPao'5 Ve = 109kN Contribution of concrete
¢:=0.90 Strength reduction factor for shear
Vu
Vs = I - Ve Vs1:= Vg Vg1 =271kN  Contribution of truss action

Required Shear Strength by Transverse Steel for P_.. Column

Inside potential plastic hinge zones:

Pcol_top = Pcol_dItop — AP_top

P = PCOI_“'OP P = 1354 kN
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My == 944.1-kN-m Py1 = 1367.3kN

M2 = 912.8-kN-m P2 := 1228.5kN

P - sz
> M= ————(Mx1 - My2) + Mx2 M = 941kN-m Mp_top:=M  From P-M Curve
Px1 - Px2
Mp_fop =941mkN
Pcol_bot = Pcol_dI — AP_bot
P = Pcol_bo-‘- P = 1263 kN
Mx1 = 944.1.-kN-m Px1:= 1367.3kN
M2 = 912.8-kN-m P2 := 1228.5kN
P - sz
> M= ————(Mx1 - My2) + Mx2 M = 921kN-m Mp_bot:=M  FromP-M Curve
Px1 - Px2
Mp_bot = 921kN-m
Suppose the overstrength factor, OS, to 1.5.
0s:=10

Mp_‘]‘op = OSMP—TOP
Mp_bo‘r = OS‘/V\p_bo‘r

v Mp_'rop + Mp_bo'r
u-=
Helr

Shear resistance in the end regions:

Ve = 0,05/ Fo-Ay-MPa> Ve = 109kN
¢:=0.90

Vu
Vs = E - Ve Vg2 = Vs Vs2 = 236 kN

Transverse Reinforcement for Confinement at Plastic Hinges

Vs = max(Vs1. Vs2) Vg = 271kN

Mp_fop = 941 kNm

Mp_bot = 921kN-m

Vy = 310kN

Contribution of concrete
Strength reduction factor for shear

Contribution of truss action

224




Appendix B

Suppose s:= 8.25-in
.2
At = 16-0.44 in
At
Pt = A_g pt+ = 0.009 pt=09%
0 := 45.deg
fyh = 60-ksi Yield strength of spiral
2 Vs:s 1 2
Abhr:=|— | - Aphr = 0.190in
T fth COT(G)
4-Abhr .
pg = — ps = 0.0033 ps=0.33%
s-D
4-Aph
pg = T pgs = 0.0035 ps=0.35%
S'

DESIGN STEP 2 _ Steel Jacketing Design

Required Steel thickness, t‘i for Confinement

fs:= 200-MPa Stress induced in the jacket
At strain of 0.001 when E, = 200,000 MPa
f|:= 2.07-MPa Required confinement stress
This assumpution is from Chai et al., 1991
Suppose Xc:=0.25-in  Clearlance
Dj:=D+2:xc Dj = 826 mm Dj=325in
f|-Dj
Tj= Tj= 4.3mm Tj= 0.17in
2-fs

Check steel thickness, ti for Shear

Vg =271kN Required shear strength

tj=43mm

Longitudinal reinforcement ratio

———o> Aph = O.20-in2 (#4)

Required

Provided

Outside diameter of steel jacket
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0 := 30-deg

Shear strength enhancement by steel jacket, Vg;:

Vsj = -Tj-fyj-(Dj - Tj)-cof(e)

T
2

Vsj= 2764kN >

Vs = 271kN

OK
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APPENDIX C
DESIGN OF FOOTING AND CAP BEAM OF PROTOTYPE
BRIDGE BENT

This appendix provides details on the design of the footing and cap beam for the prototype
bridge pier bent. The footing and cap-beam were designed to be capacity protected as well as the
shear force design of the column as presented previously. This was considered through
overstrength factor of 1.5. The resisting length, width and height of the footing were 3.6 m (11 ft
10in), 15.0 m (49 ft 3 in) and 1.0 m (39 in), respectively. The footing reinforcement was
designed to resist the moment and shear force capacity of the column, resulting in D19 bars
spaced at 242 mm (#6 at 9 17/32 in) in the longitudinal direction and D22 bars spaced at 262 mm
(#7 at 10 5/16 in) in the transverse direction. For 1067 mm (42 in) by 1219 mm (48 in) cap-
beam, ten D22 (#7) longitudinal bars were provided to resist the moment and D16 (#5) stirrups

spaced at 300 mm (12”) center-to-center were provided to resist the shear force.
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--- Prototype Footing and Cap-beam Design ---

Column: D =32 in,L. Bar =16 #6, T. Bar = #4®@6 in

f'c = 4 ksi

DESIGN STEP 1 _ Footing Design in Longitudinal Direction

Design Step 1.1 _ Forces
Bf:= 15.0-m
Df:=10-m
Lf:=3.6-m
Vftg:= Bf D -Lf

Foundation weight:

kN

Pfig = -2.350-— Pftg = 127k

ftg = Vftg-2.35 3 ftg 7kN
m
Axial Force:

Pcol_dI := 1594 -kN

n:=3

P:=Pcol_dI'n + Pftg P = 4909 kN

P:=125-P P = 6136 kN

Design moment and shear forces:
0s:=15

My, := 1055-kN-m

MoT:= 0S5-Mp-n
H=6m

MoT

VoT:=—
oT H

Verg = 54.00m

Vot = 791kN

MoT = 4748 kN-m

Width of footing
Depth of footing
Length of footing

Volumn of footing

Dead load a top of a column

Number of columns per pier

Load factor (1.25 for DC)

Overstrength factor
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My = VoT-Df My = 791kN-m
Design moment for overturning check:

Mweak = MOT + MV Mweak = 5539 kNm Mweak = 4085 kalp
Design shear forced for sliding check:

MoT

vWeak = T vWeak = 791 kN vWeak =178 klp

Design Step 1.2 _ Check foundation for overturning

L¢ = 3.60m

Mweak
P

Lf
e:= e=0.90m < 3 1.20m  Eccentricity limit OK

Design Step 1.3 _ Check soil bearing capacity

Bf = 15.00m Width of footing
. 2-P
1= L Maximum contact stress at edge footing
3- Bf ? - e

q = 0.30 MPa < 0.38 MPa (Coarse to midium sand) LRFD 10.6.2.3.1

q = 44 psi
Design Step 1.4 _ Check foundation for sliding

Vr:=0.8-P Sliding resistance (0.8: concrete cast-in-plase on sand, LRFD 10.5.5)

V.= 4909kN > VoT = 791kN oK

Design Step 1.5 _ Design of footing reinforcement

Design forces

Ultimate shear:
Vy=P Vy= 6136 kN Vy = 1379 kip
Ultimate moment:

My = Mweak M, = 5539kN-m M, = 4085 kip-ft
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Design for moment

Required longitudinal Bar:

¢:=0.90 fy = 60-ksi j:=0.925
c:= 3-in
dp| = ® .,
bl = 2 -in
dp| ,
d:= Df—C—? d=091m d=36.00in
My
Ast = o-Fy-j-d Agt = 27.27in°
A

Ag:= 044.in (#6)

Bf-Ag
S:= s=953in s =242 mm

Ast

Design for shear

f'c:=4.0ksi fy = 60.00ksi
AsT'fy
a=——— a=20.69mm
0.85-f'¢-Bf
a
dv:=d—z dy=0.90m
¢:=0.9

One-way shear:
B:=20

B¢ = 15.00m
.05 :
Vet = 6-0.0316-ksi -/ F c-Be-dy
Ve2 = ¢-0.25-f'-Bf-dy
(I)Vc = mln(d)Vd s ¢VC2)

Two-way shear:

Depth of equivalent stress block

Effective depth

V1 = 10635 kN

Vo = 84137 kN

Ve = 10635 kN

>

Vet = 2391 kip
V2 = 18915kip

Vy = 6136 kN

OK
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Be:=1 For circular column
dy=0.90m
Dcol := 28-in
Deol  dv . . :
bo:= 2=n- -~ + £} bo=5.07m bo=200in Length of critical shear perimeter
0.126
Vel = ¢/ 0.063 + -ksio'5-,/ f'e:bo:dy  ¢Ve1 = 10758 kN Vet = 2419 kip
Be
$Ve2 = ¢~O.126«ksio'5‘1/ f'c-bo-dy ®Ve2 = 7172 kN Vo = 1612kip  Limit
Ve = min(¢Ve1. ¢Vez) Ve=7172kN >  V,=6136kN oK

Design Step 1.6 _ Extention column steel into footing

Extention of column steel into a footing is set to be 1.251.

fy = 414 MPa

f'c=27.6 MPa

Ap = O.44~in2 (#6 : column longitudinal bars)

1.25-Ab-fy

Id= ——— Id =419 mm Ilg=17in
. 05 ;
in-ksi f'e

lq:= 12514 Ild=524mm lg=21in
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DESIGN STEP 2 _ Footing Design in Transverse Direction

Design Step 2.1 _ Forces

Bf:=3.6:m Width of footing
Df =1.00m Depth of footing
Lf:=15.0-m Length of footing

From column design in transvers direction,
P1:=1926-kN P2 := 1594 kN P3:= 1263 kN
P :=P1+Pp+P3 ¥P = 4783 kN

Vbent := 1028 kN

ZVUP = Vbenf ZVUP = 1028 kN

Mp1 := 1091-kN-m Mp2 = 1055-kN-m Mp3 = 938-kN-m
ZMn = Mnl + Mn2 + Mn3 ZMn = 3084 kNm

MV = EVupr MV = 1028 kNm

Mpp:= 6-m-P1+ 0-m-P2 - 6-m-P3 Map = 3978 kN-m

Design moment:

0s:=15 Overstrength factor

Mstrong = OS-(ZMn + My + MAP) Mstrong = 12135kN'm  Strong direction driving moment
Design shear forces:

Vstrong = OS-ZVyp Vstrong = 1542 kN Shear in strong direction

Axial forces:

P=6136 kN Factored axial force (1.25 for DC)

Design Step 2.2 _ Check foundation for overturning

L¢ = 15.00m
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Mg+ Lf
SP"°”9 e=198m < 3" 500m  Eccentricity limit OK

e:=

Design Step 2.3 _ Check soil bearing capacity

Bf=3.60m Width of footing
_ 2.p
1= L¢ Maximum contact stress at edge footing
3- Bf ? - e

q=0.21 MPa < 0.38 MPa (Coarse to midium sand) LRFD 10.6.2.3.1

q = 30psi
Design Step 2.4 _ Check foundation for sliding

Vr:=0.8-P Sliding resistance (0.8: concrete cast-in-plase on sand, LRFD 10.5.5)

Vr- = 4909 kN > VSfr-ong = 1542 kN OK

Design Step 2.5 _ Design of footing reinforcement

Design forces

Ultimate shear:
Vy=P Vy = 6136 kN Vy = 1379 kip

Ultimate moment:
My = OS-max(Mnl ,Mn2, Mn3) My = 1637 kN-m M = 1207 kip-ft

Design for moment

Required longitudinal Bar:

¢:=0.90 fy = 60-ksi Jj=0.925
c:=3-in
7. ,
dpt = Eun dp|=0.75in
dpt ,
d:= Df—C—db]—T d=0.89m d=35.18in
My )
Agt = .
st p-Fy-jed Ast = 8.24in
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Ag = 060-in°  (#7)

Bf-As
S:= s=10.32in s=262mm
Ast

Design for shear

Same as longitudinal direction.
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DESIGN STEP 3 _ Cap-beam Design

Design Step 3.1 _ Forces

Design forces of dead load

(632,00
532,00
482,80

=

|

.\éSE‘ .ap

AN D 4
Analysis model
1 T 1 1_] [~ [ai] ~] 1 [ 11T A0
284 kKN m

Moment diagram

619 kN

745 kN

Myy_d = 1023-kN-m
Myl_d:= 284-kN-m
Vy d:= 745-kN
Considering Load factor (1.25 for DC):
Myy_d:=125-Myy_d Myy_d =
Myl_d:=125-My_d
Vy d:=125-Vy 4

Design forces of earthquake load

Muu_eq = 1091 kNm

Shear diagram

Maximum moment at column
Maximum momnet at span

Maximum shear force

1279 kN-m

Myl_d = 355kN-m

Vy_d = 931kN

Maximum moment at top (form transverst design of column)
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My|_eq = 1091-kN-m Maximum moment at bottom (form transverst design of column)
0S =150

Myy_eq = 0S-Myy_eq Myy_eq = 1637kN-m

Myl_eq = OS-My|_eq My|_eq = 1637 kN-m

H:=6-m

Mul_eq + Muy_eq
H

VU_eq = 546 kN

VU_eq =

Design forces
Muu = max(Muu_d , Muu_eq) Muu = 1637 kNm

Mul = mGX(Mu|_d . Mu]_eq) Muu = 1637 kNm

Vu = mGX(Vu_d 5 VU_eq) VU = 931 kN

Capbeam dimension

Bc:=42:in B. = 1067 mm Width of cap-beam

D¢ = 48-in D¢ = 1219 mm Depth of cap-beam

Design Step 3.2 _ Design of cap-beam reinforcement

Design for moment

Required longitudinal Bar:

Mu = Muu Mu = 1637 kNm
¢ :=0.90 fy = 60 ksi j=0.875
c:=2-in

4 .
dip:= 3 -in (#4) Transverse bar diameter

7 o .
dp = E-in #7) Longitudinal bar diameter

dp

d:= DC—C—dTr—? d=114m d=45.06in
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Bc'AS

S =
Ast

Design for shear

Bc=107m
dv = d

B:=20

Agt = 6.80in°

(#7)

s=4.07in

f'c=4.00ksi

Ve = 0.0316-ksi >/ Fo-Be-dy

VC2 = 0.25'flc'Bc'dv

Ve = min(Vc1 , ch)

Vy = 931kN

Ag = 0.31.in°

0 := 45deg

(#5)

fy-As-dycot(0)

S =

Check minimum fransverse reinforcement:

Ag = 0.31.in°

Ay_min:= 00316 ksi >/ Fober

Suppose s:=14.in

T
2 Vs

(#5)
S

Y

s =104 mm

Vei = 1064 kN Vet = 239 kip
Vo = 8419kN Veo = 1893 kip

Ve = 1064 kN

Vs = -29kN

s=-199.1in -----> Transverse reinforcement is not required.

Av_min = —8.81 inz > 2-Ag=0.62 in2 NG

s =356 mm
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S
Ay min= O.O316-ksio'5-ﬁ/f'c~BC-f— Ay min=0619in° <  2.Ag=062in° OK
y

Note that according to LRFD Article 5.10.6.3, the spiral spacing for a compression member shall not
exceed 300 mm.

-—-> s:= 300-mm and Ag=0.31 in2 (#5)

Design Step 3.3 _ Skin reinforcement

d = 1145 mm
mm in )

Agk = 0.001-(d — 760-mm) Agk = 0.38 — Agk=0.18— LRFD Article 5.7.3.4
mm ft

Agt = 6.80in2 Flexural tension reinforcement

D¢ = 1219 mm
2 Ast 2 -

Askt = Agk-Dc Agkt = 0.73in < e =170in OK Limit

.2

Ag:=0.20-in (#4)

(d . :
s:= min o 300-mm s=191mm s=75in Maximum spacing
DC — 2'C - db
— =574 —-—-=>  n:=4 Number of bars

s

.2 .2
n-Ag=0.80in > Agkt = 0.73in OK

Design Step 3.4 _ Extention column steel into cap-beam

Same as footing.
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APPENDIX D
DESIGN OF STEEL JACKETED RC COLUMN OF
PROTOTYPE BRIDGE

This appendix provides details on the design of steel jacketed RC columns of prototype bridge
pier bent. The non-ductile RC column with diameter of 813 mm (32 in), 16-D19 (#6)
longitudinal bars and transverse reinforcement ratio of 0.35 % was retrofitted with steel jacket
with thickness of 4.3 mm (3/18 in). A clearance of 13 mm (1/2 in) was provided between the
existing column and the jacket. This thickness of steel jacket was designed such that a steel

jacket provided the confinement stress of 2.07 MPa.
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--- Steel Jacketing Design of Prototype Bridge ---

DESIGN STEP 1 _ As-built Column Transverse Reinforcement

Required Shear Strength by Transverse Steel for P .- Column
c:=2-in Clear cover
di = E-in Diameter of longitudinal reinforcement
dy:= —-in Diameter of transverse reinforcement
D:=32:in Column diameter

D':=D-2.dy-dt-2.¢c Circle diameter of longitudinal reinforcement

D' = 667mm D'=26.25in
D''=D-2c Circle diameter of fransverse reinforcement
D' =711mm D'' =28.00in
Hclr‘ = 600m
DI
o= a = 6.37deg
Helr
flc = 276 MPG

Inside potential plastic hinge zones:
Pcol_top = Pcol_dltop + AP_top
P = Peol_top P = 1685kN
Mx1 := 1017.5-kN-m Px1 := 1707 .6kN
My2:= 9782 KN-m Py = 1522.6kN
- M= %(Mxl ~ Mx2) + Mx2 M =1013kN-m  Mp_top:=M  FromP-M Curve

Mp_top = 1013 mkN

Pcol_bot = Pcol_dI + AP_bot Pcol_bot = 1925 kN
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P:= Pcol_bot P =1925kN
Myt = 1061.3-kN-m  Pyq:= 2169.3kN
Mx2 = 10175-kN-m  Pyp:= 1707.6kN
P—Pyo
—> M= m‘(mxl ~ Mx2) + Mx2 M =1038kN-m  Mp_pot:=M  FromP-M Curve

Mp_bot = 1038 kN-m

Suppose the overstrength factor, OS, to 1.0.

0s:=10
MP_TOP = OSMP—TOP MP_TOP = 1013 kNm
Mp_top + Mp_bot
Vg ——p P V, = 342 kN
Helr
Shear resistance in the end regions:
2
n-D 2 .
Ag:= 2 Ag=05189m Cross-sectional area of column
lI2
n-D 2 .
Ac = 2 Ac=040m Cross-sectional area of column
Ay:=0.8-Aq A, =042 m2 Shear area of concrete
V¢ := 0.05.,/ f'C-AV-MPao'5 Ve = 109kN Contribution of concrete
¢:=0.90 Strength reduction factor for shear
Vu
Vs = I - Ve Vs1:= Vg Vg1 =271kN  Contribution of truss action

Required Shear Strength by Transverse Steel for P_.. Column

Inside potential plastic hinge zones:

Pcol_top = Pcol_dItop — AP_top

P = PCOI_“'OP P = 1354 kN
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My == 944.1-kN-m Py1 = 1367.3kN

M2 = 912.8-kN-m P2 := 1228.5kN

P - sz
> M= ————(Mx1 - My2) + Mx2 M = 941kN-m Mp_top:=M  From P-M Curve
Px1 - Px2
Mp_fop =941mkN
Pcol_bot = Pcol_dI — AP_bot
P = Pcol_bo-‘- P = 1263 kN
Mx1 = 944.1.-kN-m Px1:= 1367.3kN
M2 = 912.8-kN-m P2 := 1228.5kN
P - sz
> M= ————(Mx1 - My2) + Mx2 M = 921kN-m Mp_bot:=M  FromP-M Curve
Px1 - Px2
Mp_bot = 921kN-m
Suppose the overstrength factor, OS, to 1.0.
0s:=10

Mp_‘]‘op = OSMP—TOP
Mp_bo‘r = OS‘/V\p_bo‘r

v Mp_'rop + Mp_bo'r
u-=
Helr

Shear resistance in the end regions:

Ve = 0,05/ Fo-Ay-MPa> Ve = 109kN
¢:=0.90

Vu
Vs = E - Ve Vg2 = Vs Vs2 = 236 kN

Transverse Reinforcement for Confinement at Plastic Hinges

Vs = max(Vs1. Vs2) Vg = 271kN

Mp_fop = 941 kNm

Mp_bot = 921kN-m

Vy = 310kN

Contribution of concrete
Strength reduction factor for shear

Contribution of truss action
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Suppose s:= 8.25-in
.2
At = 16-0.44 in
At
Pt = A_g pt+ = 0.009 pt=09%
0 := 45.deg
fyh = 60-ksi Yield strength of spiral
2 Vs:s 1 2
Abhr:=|— | - Aphr = 0.190in
T fth COT(G)
4-Abhr .
pg = — ps = 0.0033 ps=0.33%
s-D
4-Aph
pg = T pgs = 0.0035 ps=0.35%
S'

DESIGN STEP 2 _ Steel Jacketing Design

Required Steel thickness, t‘i for Confinement

fs:= 200-MPa Stress induced in the jacket
At strain of 0.001 when E, = 200,000 MPa
f|:= 2.07-MPa Required confinement stress
This assumpution is from Chai et al., 1991
Suppose Xc:=0.5-in Clearlance
Dj:=D+2:xc Dj = 838mm Dj = 33.0in
f|-Dj
Tj= Tj= 4.3 mm Tj= 0.17in
2-fs

Check steel thickness, ti for Shear

Vg =271kN Required shear strength

tj=43mm

Longitudinal reinforcement ratio

———o> Aph = O.20-in2 (#4)

Required

Provided

Outside diameter of steel jacket
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0 := 30-deg

Shear strength enhancement by steel jacket, Vg;:

Vsj = -Tj-fyj-(Dj - Tj)-cof(e)

T
2

Vsj= 2850kN >

Vs = 271kN

OK
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APPENDIX E
SHOP DRAWINGS OF PIER BENT SPECIMEN

This appendix provides the shop drawings of pier bent specimen. The general layout,

reinforcement details, formwork details and shipping frame details are presented.
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APPENDIX F
MODELS AND RESULTS OF MOMENT-CURVATURE
ANALYSIS OF TEST COLUMNS FROM XTRACT

Moment-curvature relationships were calculated using XTRACT (2007) for the test columns.
This appendix provides the details of section and material models and analytical results. The
stress-strain relationships for confined and unconfined concrete, steel bars and steel jacket are

presented.
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z B Compression hefore end of spalling
¢ o G
z O Compression after spalling
oo
e __BL I
Ee-E_,, Relerence:
f o Mander, ] B, Priestley, M. . N, "Observed Stress-Strain
& sec Behavior of Confined Concrete”, JTourmal of Structural

£=Conecrete Strain

fo = Concrete 3tress

Ec = Elastic Modulus

E pp = decant Modulug

£ 4 = Tension Strain Capacity

2 o, = Ultimate Conerete Strain

£ oo = Strain at Peak Btress = 002
fap = Hpalling Btrain

f . =128 Day Compressive Sirength
foy="tressat 2 )

£ ¢

e Fost Bpalling Strength

Engineering ASCE, Vol 114, Ho. 2, August 1988, pp. 1327-1849
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1)~

Dlaterial M ame:  otifinedl AT
SR o Whaltibaz ard
Material Type: T onfined Conerete RO
Page of
Input Parameters:
TensionSteength: 5710 ksi Bleeag il
28 Day Strength: 5213 ka g
Confined Concrete Strength: 7485 ks &
Tension 3 train C apacity A314E-3 Comp
Strain at Peak Stress: 4342E-3 4
Crashing Stran: 20.00E-3 Comp 2
Elastic Moddus: 4346 k=i
Secant Modulus: 1542 ksl | ' ' : y i ; ]
-0.010 0010 nozo NEN]

Model Details: 2 S
For Btrain - 2= 2-£t fe=0

. Material Color States:
ForBtraiti - £ 0 fo=z-Ec

I O Tension strain after tension capacity

) oo

FQraiinc 2.8 g iy z O Tension strain before tension capacity
t—14x

= —

SCC

T
g = 00214521
fl:'

£=Concrete Strain
fr = Concrete Stress
Ec = Elastic Modulus

2 = Tension Btrain Capacity

2= Ultitnate Concrete Straity

£ .o = Otrain at Peak Stress

f . =28 Day Compressive Strength
;= Confined Concrete Btrength

[ Initial state

O Compression hefore crashing strain

Reference:

Matder, I B, Priestley, ML T M, "Ohbeerved 3 tress-Strain
Boehanor of Confined Conerete, JTournal of Structuaral
Engineering ASCE Vol 114, No. B, August 1988, pp. 18271840
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Material B atme: Steell

Material Type: Atrain H ardering Steel

UE

4472008
Mlultihaz ard
RC1

Page of

Input Parameters:
TieldStress:

Fracture Stress:
TieldStrain:

Strain o Strain Harderdng:
Failure Strain:

Elastic Modhdus:

Additional [nformation

Nodel Details:

ET.09 ks

87.09 ka

3.080E-3

10.00E-3

g0.10E-3

2E.3BE+T ka

Symetric Tension and Comp.

For 3train - £< SY fs=Ez

For3train - £ £ ah fz= fj.r

Forftrein- < 8 5, f5=f,- (f,-fy)

Zqu~ Egh

£="teel Stramn

fa = Steel 3tress

f}.r = Yield Streas

fu = Fracture Stress

£ ¥ = Yield Strain

£ = Strain at Strain Hardening

£ Failure Strain

E = Elastic Moduhas

Material Color States:
[ Tensionforce after onset of strain hardering

[ Tensionforee after wWeld
B Initial state
[0 Compression foree after yield

O Compression force after onset

of strain hardening

stress - ksi

100

a0

&0

40
20

0
0.00 001 002 003 004 005 0.06 007 002 009 010

strain
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Daterial M ame:
Material Type:

Steeld

Atrain H ardering Steel

3. Fujiloura
UE

4472008
Mlultihaz ard
RC1

Page of

Input Parameters:
TieldStress:

Fracture Stress:
TieldStrain:

Strain o Strain Harderdng:
Failure Strain:

Elastic Modhdus:

Additional [nformation

Nodel Details:

44.32 ks

4432 ks

1 471E-3

7000E-3

1840

30.07E+S ks

Symetric Tension and Comp.

For3train - £ £ fs=Ez

¥

For3train - £ £ ah fz= fj.r

Forftrein- < 8 5, f5=f,- (f,-fy)

Zqu~ Egh

£="teel Stramn

fa = Steel 3tress

f}.r = Yield Streas
fu = Fracture Stress

£ ¥ = Vield Strain

£ = Strain at Strain Hardening

£ Failure Strain

E = Elastic Moduhas

Material Color States:
[ Tensionforce after onset of strain hardering

[ Tensionforee after wWeld

W Initial state

[0 Compression foree after yield

O Compression force after onset of strain hardening

stress - ksi

507

401
30:
ED:
ID:

0

0.00 002 004 004 008 010 012 014 016 018 020

strain
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1)~

Dlaterial M ame: C arifine AT
SR o Whaltibaz ard
Material Type: T onfined Conerete RO
Page of
Input Parameters:
TensionSteength: 5710 ksi Bleeas il
28 Day Strength: 5213 ka g
Confined Concrete Strength: ThAl12 ks &
Tension 3 train C apacity A314E-3 Comp
Strain at Peak Stress: 5.095E-3 4
Crashing Stran: 20.00E-3 Comp 2
Elastic Moddus: 4346 k=i
Secant Modulus: 1494 lesi | ' ' : y i ; ]
-0.010 0010 nozo NEN]

Model Details: 2 S
For Btrain - 2= 2-£t fe=0

. Material Color States:
ForBtraiti - £ 0 fo=z-Ec

I O Tension strain after tension capacity

) oo

FQraiinc 2.8 g iy z O Tension strain before tension capacity
t—14x

= —

SCC

T
g = 00214521
fl:'

£=Concrete Strain
fr = Concrete Stress
Ec = Elastic Modulus

2 = Tension Btrain Capacity

2= Ultitnate Concrete Straity

£ .o = Otrain at Peak Stress

f . =28 Day Compressive Strength
;= Confined Concrete Btrength

[ Initial state

O Compression hefore crashing strain

Reference:

Matder, I B, Priestley, ML T M, "Ohbeerved 3 tress-Strain
Boehanor of Confined Conerete, JTournal of Structuaral
Engineering ASCE Vol 114, No. B, August 1988, pp. 18271840
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Section Name: RC

3. Fujituea
ue

{42005
Iultihaz ard
Rl

Page of

Section Details:
X Centrand:

Y Centroid:

Section Area;

El gross ahout 2

El gross about ¥

-64 93E-P in

- 2446E-15 in
013 102

1 363E+ kip-in™d
1 363EH kipan™d

[ rans(Confinedl) sbout X 2133 in™

[ trans(Confinedl) sbout ¥, 2133 in™
Remforcimg Bar Area: AB00 1™
PercentLongtadina Steel; S5T4 %
Crrerall Widthe T84 in
Orrerall Height: 2000 in
Mumber of Fibers; 494

MNumber of Bars: 16

Mumber of Materials: 3
Material Types and Names:
Utieenfined C oticrets: B Uncorfined!
Canfined Conerete: O C anfined
Strain Hardemng Steel: M Steell
Comments:

T ger C otumoerts
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8. Fujikura
ug

4/4/2005
Hection Mame: A Middle )
Iultihaz ard
RC1
Page of
Section Details:
£ Centrond: G65TE-16 1n
PRPSTIE PN
Y Centroid: - 2359E-15 in ool Ll =i .
. *
Section Area 5496 in2 o i e et i e e
; ;i .
El gross ahout 2 1 363E+ kip-in™d & T i
El gross about ¥ 1 363EH kipan™d ..- i e
[ rans (Confined?) sbout X 3136 in™ * . *
L : *
[ trans(Confined) shout ¥, 3136 in™ . = ‘.
Reinforcing Bar Area 1651 ir2 . » R R —4
’ .
PercentLongtadina Steel; 3.005 % [T *
Overall Width 2359 in RS 4
Overall Height: 2376 in . '
gt . ® *
Mumber of Fibers; 418 b
L ] » . »
MNumber of Bars: a0 bt - ]
; e v*
Mumber of Materials 3 L o'ne * L]
Material Types and Names:
Strain Hardening Steel: B Steell
Strain Hardemng Steel: H Steel2
Confined Concrete: O € orfined2
Comments:

T ger C otumoerts
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8. Fujikura

For we only inanacademic or revearch vedting uB
Section Hame: o] B otbom fﬂﬁg -
RC1
Page of
Section Details:
X Centroid: -2112E-15 in
¥ Centroid: - 2208E-15 in N
Section Area; 50013 in™2 '._ #»
El gross ahout 2 1 363E+ kip-in™d .
El gross about ¥ 1 363EH kipan™d
[ rans (Confined?) sbout X 2132 in™
[ trans(Confined) sbout ¥, 2132 in™ = =
Reinforcing Bar Area 4300 2 D
PercentLongtadina Steel; S5T4 %
Crrerall Widthe T84 in
Orrerall Height: 2000 in -
Mumber of Fibers; 418 e
MNumber of Bars: 32 B . A
Mumber of Materials: 2

Material Types and Names:

Strain Hardening Steel:
C onfined C onerete:

Comments:

U ger Cotumoents

W Steelt
O © arfinedz
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For use only inan academic or research setiing
Section Mame: RC

Loading Name: RC X

&nalysis Type: Moment Crrvature

UE

4472008
Mlultihaz ard
RC1

Page of

Section Details:

Z Centroid: -64 93E-0 in

¥ Centroid: - 2446E-15 in
Section Area: 50013 in™2
Loading Details:

Inerementing Loads: Ixx Oy
Mutber of Points: 31

Analysis Btrategy: Displacement C ontrol
Analysis Results:

Failing hMaterial: Hteell

Failyre Strain: 90.10E-3 Tension
Curwature ot Initial Load: 0 14n

Curvatre at First Vield GTTTES 1éin
Ultimate Curvabare; 1594E-3 1An
Mot at First Vield: 953537 kip-in
Ultimate Mlom et 120 8 kip-in
Certroid Strain o Vield: 1.206E-3 Ten

Centroid Strain o Tltimate; 3E39E-3 Ten

N & atFirst Vield: 2087 in

M.& at Ul ate: 2409 in

Energy per Lengthr 1929 kips
Effectrve Yield Curvature: TATOE3 1An
Effective Yield M oment: 1240 kip-in

Orwer Strength Factor: 9743

EI Effective: 161 BE+3 kip-in™2
Yield EI Effectrve: 0 kip-in™2
Bilinear H arding Slope: 0 %

Curvature Ductility 20,78

Moments about the 2-As - kip-in
1401
1201
1001
801

&0

20

0000 0002 0004 0006 0008 0010 0012 0014 0018

Curvatures about the 3-Axis - 1in

—d—— DMoment Curvature Relation
= DMoment Curvature Bilinearization
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Section Mame: S Dliddle

Loading Name: AR R

&nalysis Type: Moment Crrvature

UE

4472008
Mlultihaz ard
RC1

Page of

Section Details:

Z Centroid: S63TE-16 in

¥ Centroid: - 2359E-15 in
Section Area 54.96 in™2
Loading Details:

Inerementing Loads: Ixx Oy

Mummtber of Points: 31

Analysis Btrategy: Displacement C ontrol
Analysis Results:

Fatling Material:  onfined

Failyre Strain: 2000E-3 Compression
Curvatie at Irnitial Doad: 0 1in

Curvatire at First Vield: Z26T0E3 Ldn
Ultimate Crurvabare: 12.91E-3 1lin
Mot at First Vield: 1580 kip-in
Ultimate Mlom et 3053 kip-in
Certroid Strain o Vield: 3584E-3 Ten

Centroid Strain o Tltimate; 31 67E-3 Ten

N & atFirst Vield: 1.342 in

M.& at Ul ate: 2453 1n

Energy per Lengthr 3852 kips
Effectrve Yield Curvature: S15E-3 1An
Effective Yield M oment: 3050 kip-in

Ower Strength Factor: 1.001

EI Effective: 591 TE43 kipin™2
Yield EI Effectrve: 0 kip-in™2
Bilinear H arding Slope: 0 %

Curvature Ductility 25.05

Moments about the 2-As - kip-in

4007

3007

2007

100

o
0.0aa0

—_—
—_——

0002 0004 0006 0008 0010 0012 0014

Curvatures about the 3-Axis - 1in

Mloment Curvature Relation
Mloment Curvature Bilinearization
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&, Fujikura

For use only inan academic or research setiing ve
Section Mame: S B ottomm AT
Mlultihaz ard

Loading Name: B RO
&nalysis Type: Moment Crrvature Page of
Section Details:
Z Centroid: -2112E-15 in
¥ Centroid: - 2Z208E-15 in
Section Area: 3013 in™2 & * L]

@ &
Loading Details:
Inerementing Loads: Ixx Oy o &
Mutber of Points: 31
Analysis Btrategy: Displacement C ontrol o o
Analysis Results: + *
Failing hMaterial: Hteell
Failyre Strain: 90.10E-3 Tension

Curwature ot Initial Load:
Curvatre at First Vield
Ultimate Curvabare;
Mot at First Vield:
Ultimate Mlom et

T entroid Strain & Vield:

Centroid Strain o Tltimate;

N & atFirst Vield:

M.oA. atUltimate:

Energy per Lengthr
Effectrve Yield Curvatiare:
Effective Yield M oment:
Ower Strength Factor:

EI Effective:

Yield EI Effectrve:
Bilinear H arding Slope:

Curvature Ductility

0 14n
STMES LhAn
14.27E-3 lhn
91.95 kip-in
1365 kip-in
1.2ME3 Ten
41 ETE-3 Ten
2074 in
2818 in
1944 kips
B4TTES lhn
1346 kip-in
1.014

138 BE+3 kip-in™2
0 kip-in™2
0%

17.54

Moments about the 2-As - kip-in
1401
1201
1001
801

&0

20

0000 0002 0004 0006 0008 0010 0012 0014 0018

Curvatures about the 3-Axis - 1in

—d—— DMoment Curvature Relation
= DMoment Curvature Bilinearization
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APPENDIX G
SIMPLE PLASTIC ANALYSIS OF TEST COLUMNS

This appendix provides details on the simple plastic analyses of the RC columns and steel
jacketed RC columns. These plastic analyses were conducted to calculate ultimate lateral load
capacity and reactions of these columns. The maximum resulting reaction forces at the base and
top of the RC columns were 112.1 kN (25.2 kip) and 22.4 kN (5.0 kip), respectively. The
maximum resulting reaction forces at the base and top of the steel jacketed RC columns were
198.7 kN (44.7 kip) and 39.7 kN (8.9 kip), respectively.
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Appendix G

Simple Plastic Analysis

--- RC1 and RC2 Test Specimen ---
(Applied Force at Blast Height)

. .  kip sec
Units: kip := 1000-Ibf ksi:= — msec ;= ——
2 1000
in
kN := 1000-N MPa := 1000000-Pa
Geometry: L:=15m Height of Column:
a:= 0.25-m Height of Load
b:=L-a b=1.250m
3,. .2 2 : .
El:= 161.6-10" -kip-in El = 463.8kN-m Flexural Stiffness *1
Mp := 124.0-kip-in Mp = 14.0kN-m Plastic Moment

Capacity of Column *1

*1 : Dinamic Increase Factors were considered for material.
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Appendix G

Step 1: Forming 1st Plastic Hige

Maximum Force

Mp-L2
Pq1:= >
a-b
Reactions
P:|_~b2
R11:= —3-(3-a+ b)
L
P1~a2
R2 1:= 3 (a+3-b)
L
Moment
Pl-a-b2
M1 1=-—F—
L2
Pl-az-b
M2 1:=-
L2
2-P1-az-b2
Mg 1:=
L3
Deflection
P:|_~a3-b3
Wa 1= —
3-EI-L3

Step 2: Forming 2nd Plastic Hinge

Maximum Force

2.3
P2a:= (Mp - |v|a_1)-—2.a+ L Poa = 49.7kN
a-b
212 1
Poo = (-Mn— Mo 7). 20— Poo = 92.2kN
22 = «(-Mp - M2 1) — T 22
P = min(P2a3P22) P2 =497 kN

P1 = 80.7kN

R1 1="747kN

R 1= 6.0kN

M1 1 =-140kN-m

M2 1 = -2.8kN-m

Ma_ 1= 4.7kN-m

Wg 1 =0.5mm

When base moment (M,) reaches Mp

Reaction @ Bottom

Reaction @ Top

Moment @ Bottom

Moment @ Top

Moment @ Load Point

Deflection @ Load Point

When M, reaches Mp

When M, reaches Mp

----- > Plastic hinge formes
at load point
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Appendix G

Reactions
P2~b2
R1 2:= (a+2-L)
2-L
P2-a
R2 2:= (3-L2 - a2)
2-L
Moment
Po-a-b
M2 2:=— > (a+1L)
2-L

Mg 2:=R1 2-a

Deflection

P2~&12-b3

Wa 2= ———-(3-L +a)

12-El-L

Step 3: Forming Last Plastic Hinge

Maximum Force

~ Mp +M2 1+M2 2

P3:
3 b
Reactions
R2_3:=P3
Moment
M2 3:=P3'b
Deflection
P3~b3
Wi, = —
a3~ g

R1 2 = 37.4kN

R2 2 =123kN

M2 2 =-6.0kN-m

Ma_2 = 9.3kN-m

Wg 2 =15mm

P3 = 4.1kN

R2 3=4.1kN

M2 3=52kN-m

Wg_ 3 =58mm

Reaction @ Bottom

Reaction @ Top

Moment @ Top

Moment @ Load Point

Deflection @ Load Point

When M, reaches Mp

Reaction @ Top

Moment @ Top

Deflection @ Load Point

270




Appendix G

Summary

Step 1:

Step 2:
P''=P1+ P2

R1:=R1 1+R1 2
R2:=R2 1+R2 2

Wai=Wg 1+ Wg 2

Step 3:
P":=P1+ P2+ P3
R"1 = Rl_l + R1_2
R'2:=R2 1+R2 2+R2 3

W'y = Wg 1+ Wg 2+ Wg 3

P1 = 80.7kN
Ry = 74.7kN
Rp = 6.0kN

Wg = 0.5mm

P'=130.4kN
R'1 = 112.1kN
R'p = 18.3kN

W'g=21mm

P" = 134.5kN
R"1 = 112.1 kN
R"2> = 22.4kN

W'g =7.9mm
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Appendix G

Simple Plastic Analysis

--- SJ1 and SJ2 Test Specimen  ---
(Applied Force at Blast Height)

. .  kip sec
Units: kip := 1000-Ibf ksi:= — msec ;= ——
.2 1000
in
kN := 1000-N MPa := 1000000-Pa
Geometry: L:=15m Height of Column:
a:= 0.25-m Height of Load
b:=L-a b=1250m
B i 2 2 . .
El:= 591.7-10" -kip-in El = 1698.1kN-m Flexural Stiffness *1
(Steel Jacketed Column)
MpB = 134.6-kip-in MpB = 15.2kN-m Plastic Moment
Capacity of Column at Base and Top *1
MpM := 305.0-kip-in MpMm = 34.5kN-m Plastic Moment

Capacity of Column at Middle *1

*1 : Dinamic Increase Factors were considered for material.
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Appendix G

Step 1: Forming 1st Plastic Hige

Maximum Force

Pq:= — P1 = 87.6kN When base moment (M,) reaches M,
a-b
Reactions
P:|_~b2 .
R11:= —3-(3-a + b) Ry 1=8L1kN Reaction @ Bottom
L
P1~a2 .
R2 1:= 3 (a+ 3-b) R2 1 =6.5kN Reaction @ Top
L
Moment
Pl-a-b2
M1 1:= — M1 1 =-152kN-m Moment @ Bottom
L
Pl-az-b
M2 1:=- > M2 1 =-3.0kN-m Moment @ Top
L
2-P1-az-b2 )
Mg 1:= — 3 Ma 1 =51kN-m Moment @ Load Point
L
Deflection
P:|_~a3-b3 _ _
Wg 1:=——— Wy 1=02mm Deflection @ Load Point
3-EI-L3
Step 2: Forming 2nd Plastic Hinge
Maximum Force
3
2-L 1
Poa = (MpM - Mg 1)~—. P2a =156.3kN  When M, reaches M,
= 2 a+2-L
a-b
2
2-L 1
P22 = —(—MpB - M2 1)-—. P22 = 100.1kN  When M, reaches M,
- ab a+lL
Po = min(Pza, P22) P2 =100.1kN  --—- > Plastic hinge formes

atTop
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Reactions
P2~b2
R1 2:= (a+2-L)
2-L
P2-a
R2 2:= (3-L2 - a2)
2-L
Moment
Po-a-b
M2 2:=— > (a+1L)
2-L

Mg 2:=R1 2-a

Deflection

P2~&12-b3

Wa 2= ———-(3-L +a)

12-El-L

Step 3: Forming Last Plastic Hinge

Maximum Force

P3: ~
Reactions
P3-b
R1_3 = T
P3-a
R2 3:= C
Moment
P3-a-b
Ma_3 = L
Deflection
P3~a2 b2
Wi, =—
337 SR

~ MpM-Ma_1-Ma 2 .

R1 2 = 75.3kN

R2 2 =248kN

M2 2 =-122kN-m

Ma 2 = 18.8kN-m

Wg 2 =0.8mm

P3 = 50.7kN

R1_ 3= 42.2kN

R2 3 =284kN

Ma_3 = 10.6kN-m

Wg 3 =0.6mm

Reaction @ Bottom

Reaction @ Top

Moment @ Top

Moment @ Load Point

Deflection @ Load Point

When M, reaches Mp

Reaction @ Bottom

Reaction @ Top

Moment @ Top

Deflection @ Load Point
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Summary

Step 1:

Step 2:
P''=P1+ P2

R1:=R1 1+R1 2
R2:=R2_1+Rz 2

Wai=Wg 1+ Wg 2

Step 3:
P":= P1+ Pp+P3
R"1 = Rl_l + R1_2 + R1_3
R'2=R2 1+R2 2+Rz 3

W'y = Wg 1+ Wg 2+ Wg 3

Pq = 87.6kN
Rq = 81.1kN
Ry = 6.5kN

Wg = 0.2mm

P'=187.7kN
R'1 = 156.4 kN
R'p = 31.3kN

W'g = 1.0mm

P" = 238.4kN
R"1 = 198.7 kN

R"2 = 39.7kN

W'g = 1.6mm
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APPENDIX H
SIMPLIFIED BLAST ANALYSES OF RC COLUMN TESTS

This appendix provides details on the simplified analyses of the RC columns for Test 1 and Test
2 to calculate the maximum deformations of the columns under blast loading. The maximum
deformations were obtained using an equivalent SDOF system and energy conservation. The
maximum deformation and plastic rotation at base respectively resulted in 19.2 mm and 4.4 deg
for Test 1 and 9.5 mm and 2.2 deg for Test 2.
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Appendix H

--- Test Specimen: Column RC1, Test1 ---

w=W Ib-TNT, x=2.16X, z=0.25m

INELASTIC RESPONSE OF A RC COLUMN UNDER
BLAST LOADING

Geometry: Height of the column: L := 59in
Outside diameter of the column: D:= 8-in
Concrete cover: c:= 0.5-in
Diameter of longitudinal bar: dj:= 0.195-in

Center to center diameter of perimeter hoop: D*=D-2c-d D"=6.805in

Ac = 0”7 Ac = 32429 mm?
Area of section: c™ 3 ¢ = 32429 mm

Assumed boundary conditions: fixed at the bottom, fixed at the top.
Blast load parameters: (these parameters were obtained using BEL)

Height of charge: H:= 0.25-m H = 0.820ft

Equivalent uniform pressure: pr := 9280-psi pr = 64.0 MPa

Equivalent uniform impulse: ir :== 880.7 -psi-msec ir = 6.07 MPa-msec

. ir-2
Time parameter: tg:= —
Pr tg = 0.19 msec
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Appendix H

Inelastic deformation of the column:
Moment curvature Analysis of RC column:
(using XTRACT)

Plastic moment Capacity:

Equivalent flexural stiffness:

Inelastic deformation:

Equivalent elastic stiffness per unit length:

Load - mass factor:

Mass per unit length:

Ultimate resistance per unit length:

Deflection at yielding:

Shape factor of circular column:

Impulse per unit length:

Inelastic deformation demand:

Plastic rotation:

Xd =

Mp := 124.0-kip-in

Elg = 161600-kip~in2

307 -Elg
KE :=
L4
KLMm = 0.66
kg
mass := AC-2500-—3
m
28.8-Mp
ru = 5
L
fu
Xg:i=—
E Ke
B := 0.450
i:=p-Dif
2
i

- 2-K[M-mass-ry

Xd
0 := atan| —
H

6 = 0.077rad

Mp = 14.01 kN-m

Elg = 464 kN-m>

kN
KE = 28229 —
m

mass = 81—

kN
fu= 180 F

XE = 6.4mm

Xd=19.2mm

Xd - XE = 12.9mm

6 = 4.4deg
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--- Test Specimen: Column RC2, Test2 ---

w=W Ib-TNT, x=3.25X, z=0.

25m

INELASTIC RESPONSE OF A RC COLUMN UNDER

BLAST LOADING

Geometry: Height of the column: L := 59in
Outside diameter of the column: D:= 8-in
Concrete cover: c:= 0.5-in
Diameter of longitudinal bar: dj:= 0.195-in

Center to center diameter of perimeter hoop:

Area of section:

Assumed boundary conditions: fixed at the bottom, fixed at the top.

Blast load parameters: (these parameters were obtained using BEL)

Height of charge:

Equivalent uniform pressure:

Equivalent uniform impulse:

Time parameter:

D":=D-2.c—d D" =6.805in

2
D =n
Ac=— Ac = 32429 mm
H:=0.25-m
pr = 5438-psi pr = 37.5MPa
ir := 552-psi-msec ir = 3.81 MPa-msec
ir-2
td:= or tq = 0.20 msec

2
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Appendix H

Inelastic deformation of the column:
Moment curvature Analysis of RC column:
(using XTRACT)

Plastic moment Capacity:

Equivalent flexural stiffness:

Inelastic deformation:

Equivalent elastic stiffness per unit length:

Load - mass factor:

Mass per unit length:

Ultimate resistance per unit length:

Deflection at yielding:

Shape factor of circular column:

Impulse per unit length:

Inelastic deformation demand:

Plastic rotation:

Mp := 124.0-kip-in

Elg = 161600-kip~in2

307 -Elg
KE :=
L4
KLMm = 0.66
kg
mass := AC-2500-—3
m
28.8-Mp
fy = —2
L
fu
Xg:i=—
E KE
B := 0.450
i:=p-Dif
i2
Xd =

- 2-K[M-mass-ry

Xd
0 := atan| —
H

+ —

0 = 0.038rad

Mp = 14.01 kN-m

Elg = 464 kN-m>

kN
KE = 28229 —
m

mass = 81—

kN
fu= 180 F

XE = 6.4mm

Xd=95mm

Xd - XE =3.1mm

0 = 2.2deg
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APPENDIX I
CYLCIC ANALYSIS TEST SETUP AND HYSTERESIS LOOPS
FOR FIBER-BASED MODEL VERIFICATION

This appendix provides details on the cyclic analysis test setups and hysteresis loops for fiber-
based analysis verification. Figures I-1 to I-6 show the test setups and the hysteresis loops

experimentally obtained for CFST-34, CFST-42, RC-TP60, RC-Unit9, SJ-Unit4, and SJ-CR2

Column, respectively.
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"Inelastic Three-Dimensional Response Analysis of Reinforced Concrete Building Structures (IDARC-3D),
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Nagarajaiah, A.M. Reinhorn and M.C. Constantinou, 8/3/89, (PB90-161936, A06, MF-AO01). This report has
been replaced by NCEER-93-0011.

"Structural Control Considering Time-Rate of Control Forces and Control Rate Constraints," by F.Y. Cheng
and C.P. Pantelides, 8/3/89, (PB90-120445, A04, MF-A01).

"Subsurface Conditions of Memphis and Shelby County," by K.W. Ng, T-S. Chang and H-H.M. Hwang,
7/26/89, (PB90-120437, A03, MF-AO01).

"Seismic Wave Propagation Effects on Straight Jointed Buried Pipelines," by K. Elhmadi and M.J. O'Rourke,
8/24/89, (PB90-162322, A10, MF-A02).

"Workshop on Serviceability Analysis of Water Delivery Systems," edited by M. Grigoriu, 3/6/89, (PB90-
127424, A03, MF-A01).

"Shaking Table Study of a 1/5 Scale Steel Frame Composed of Tapered Members," by K.C. Chang, J.S.
Hwang and G.C. Lee, 9/18/89, (PB90-160169, A04, MF-AO1).

"DYNAID: A Computer Program for Nonlinear Seismic Site Response Analysis - Technical
Documentation," by Jean H. Prevost, 9/14/89, (PB90-161944, A07, MF-AO01). This report is available only
through NTIS (see address given above).

"1:4 Scale Model Studies of Active Tendon Systems and Active Mass Dampers for Aseismic Protection," by
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"Reconnaissance Report on the Northern Iran Earthquake of June 21, 1990," by M. Mehrain, 10/4/90, (PB91-
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"MUMOID User's Guide - A Program for the Identification of Modal Parameters," by S. Rodriguez-Gomez
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G.C. Yao, G.C. Lee, D.S. Hao and Y.C. Yeh," 7/2/91, (PB93-116648, A06, MF-A02).

"Seismic Response of a 2/5 Scale Steel Structure with Added Viscoelastic Dampers," by K.C. Chang, T.T.
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