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Abstract: A large strain, large displacement finite elememtdel that allows element separation and
failure is constructed and validated based oniegjsesults of reinforced concrete columns subgbtde
blast loads. In this approach, concrete is reptedewith the Johnson-Holmquist-Cook model while

a plastic-kinematic relationship describes stedlabimr. The model is used to predict the capacity
of typical reinforced concrete bridge columns teisean assumed blast load scenario, where changes
in concrete strength, steel reinforcement ratiogd axial force on the column are considered.
The effectiveness of a method of column proteddnvestigated, where existing columns are wrapped
with a relatively inexpensive steel fiber reinfadgeolymer (SFRP) jacket. It was found that the afse
SFRP can significantly enhance the resistanceeotdfumns.
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1. Introduction

Bridge design in the United States is primarilygmed by standards set by the American
Association of State Highway and Transportationicdfs LRFD Bridge Design Specifi-
cations [1]. Although the LRFD Specifications renizg the importance of blast loading, these
standards do not contain corresponding design gions in detail. For example, AASHTO
notes that the blast forcBL() is governed by the size, shape, type, and latatithe explosive
charge as well as other parameters, but suggeatssfiecific design criteria are to be
determined by the bridge owner. Although variousmednts of a bridge structure may be
damaged due to blast load, including the deckegdpiers, abutments, and even foundation
components, of particular importance are the brigemns (piers), which are highly exposed
and if severely damaged, may lead to the progressillapse of the entire structure [2].

Over the last decade, a relatively small but iasieg body of research has been conducted
to better understand the vulnerability and behawidaridge structures exposed to blasts. Some
of this work considered the entire structure [3, &lhough most efforts studied individual
components such as decks, girders, and columns.

Studies focused on columns include that of Wilkam [5, 6] and Williams [7, 8, 9], who
identified various parameters that influence théquenance of concrete columns subjected to
blast loading. Major parameters were splice locatioross-section shape and size, and
transverse reinforcement type and spacing. It wasd that square columns performed better
than circular, and that continuous spiral reinfoneat performed better than tied. Son [10] and
Yi [11] studied column failures, and found that tiple modes are possible, including
crushing or shearing of the column base; fracturéigforcement; surface spalling; and plastic
hinge formation. Others explored retrofit and petiten options [12, 13, 14], and found that
steel and composite jacketing could enchance stegsacity and reduce concrete crushing.
Additional work suggested that concrete-filled btéebes could exhibit satisfactory
performance against blast loads [15, 16, 17].
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As summarized above, although experimental as a®lanalytical research has been
conducted to characterize blast load effects ashgbricolumns and some design recommend-
dations to resist blast have been proposed, timmee of these critical bridge components
under blast threats remains uncertain. Some redsofisis lack of knowledge are that blast
experiments are relatively expensive to conduet, tiest facilities are available, and highly
refined models are very computationally demandiigreover, without detailed descriptions
of experimental work, which are often limited inetlpublished literature due to security
concerns, numerical work is challenging to validateerefore, the development of a reasonably
simple but accurate model that can be used to girtité response of bridge columns under
blast threats is desirable, as is a better undetistg of the behavior of these elements as well
as the effectiveness of protective measures. Teeaddhese issues, in this study, a numerical
(finite element) model is developed and validataskd on existing results of blast experiments.
The model is used to predict the response of typiddge columns to various blast scenarios,
where changes in concrete strength, steel reinfegneratio, axial load, and blast charge weight
are considered in a parametric analysis. Moredhergffectiveness of a common method of
retrofit is investigated, where existing columne arapped with a relatively inexpensive steel
fiber reinforced polymer (SFRP) jacket.

2. Columns consider ed

The columns considered represent the supportamgesits of the central pier of a multi-
span structure. Many such designs are possible,aandnly the column elements are
considered in this study, the details of the surding structure are not critical. However,
it was assumed that the columns are joined togdihes column cap above, upon which
the bridge girders rest, and below by a continumeem that may form part of the roadway
barrier, leaving 3 m of unsupported column lengithough columns satisfy AASHTO LRFD
requirements, designing these elements to the mimistrength standards required results in
cross-sections that are much smaller than thosking®actice. Therefore, based on a survey
of bridge column designs by state Departments ah3portation in the United States [5],
the column cross-sections were increased in siz&6@mm square, as shown in Figure 1.
These short (slenderness rdtio of 14), tied columns were reinforced with 24 Idngdinal
bars and #4 ties spaced at 150 mm on center, valiaa cover of 50 mm. Depending on the
design case considered, longitudinal bar diameterg taken as 19 mm (#6 US), 25 mm
(#8 US), or 35 mm (#11 US), with corresponding f@icement ratiog of 0.012, 0.021, and
0.042. Reinforcing steel was taken as ASTM A615der&0, with 420 MPa nominal yield
strength. Concrete compressive strength was véedf'c = 21 to 55 MPa.

76 cm

76 cm

Fig. 1. Column cross-section
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To increase column resistance to blast load, seeofia SFRP retrofit reinforcement was
explored. The SFRP sheet is composed of uni-dineatiultra-high strength steel wires which
can be wrapped around a column and secured tmtiweate with resin, in a manner similar
to that used for externally-bonded FRP fabric [B]ch wrapping systems are generally used
to enhance the confinement strength of existingirmok and thereby increase axial load
capacity. However, as relatively inexpensive aratiical means of protecting existing bridge
columns from blast threats are limited, the potrgiffectiveness of using SFRP for this
purpose was examined. Although more traditionalposite wraps are available, such as those
composed of carbon fiber, the SFRP alternativeletively inexpensive (similar in price to
glass FRP) as well as ductile. In this study, thRB sheet properties (1.2 mm thick) are taken
as 985 MPa for yield stress and 66.1 GPa for elastidulus (in the strong direction; stiffness
and strength are practically zero in the weak divay, based on commercially available
products [18]. In this study, it is assumed that ®FRP sheets are applied to the column in
perpendicular directions; i.e. one oriented trarsslg as expected, and another layer oriented
longitudinally.

3. Material models

Columns were modeled with a large strain, largpldcement Lagrangian finite element
procedure allowing element separation, disintegnatand contact, using an explicit solution
algorithm as implemented in LS-DYNA [19]. Concrdtehavior was represented with the
Johnson-Holmquist- Cook (JHC) model, which was falated for concrete when subjected
to large strains and high strain rates and preg20teln the JHC approach, effective concrete
strength is given as a function of pressure, stati, and damage, where pressure is expressed
as a function of volumetric strain and includes #ffect of crushing. Material damage is
accumulated as a function of plastic volumetriénstaquivalent plastic strain, and pressure,
while the cohesive component of the equivalenngttteis degraded as damage accumulates.
The (external) pressure- (internal) stress relatignis given as:

"= [A(1-D) + BPM][1-cIn(¢")] 1)

This is expressed in terms of normalized equiva&ess” (¢ = ¢/ f'c)and normalized
pressurd®> (P* = P/ f'c) wheres is the actual equivalent stress; f c the uniavdatpressive
stress of concret®, the actual pressure; addthe dimensionless strain raté € & / &), while
¢ is the actual strain rate angthe reference strain rate, taken as-1.84aterial constants are
A, the normalized cohesive strengi);the normalized pressure hardening coefficiBinthe
pressure hardening exponef@; the strain rate coefficient; anBEMAX the normalized
maximum strength of the material. To evaluatettna; the model accumulates damabg (
from equivalent plastic strain and plastic voluriwestrain, and this expression is written as:

D=y [Ae +App/ D1 (P + T7) Py (2)

where:D1 andD; are material damage constams; andA i, are the equivalent plastic strain
and plastic volumetric strains, respectively; and is the normalized maximum tensile
hydrostatic pressurdt = T / f'¢), while T is the maximum tensile hydrostatic pressure. An
additional damage constaBf-MIN, is included to provide a minimum plastic stragtessary

to initiate damage from fracture. In the model, ligdrostatic pressure-volume relationship is
composed of a linear elastic region, which govevhenP < Psy @ linear transition region
representing compression of the air voids produgnastic volumetric strain, where
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Pcrush < P < Piock; @and a nonlinear third region where no air voids &ithin the concrete at
a pressure dPick, and is governed by:

P = K + K22 + K30® 3)

In these relationship$.ush is a function of the elastic bulk modulésand volumetric
strainucush, @S measured from a uniaxial compression Eest:Pcysiucush 1N EQ. 3,K1, K2,
andK3 are material constants, afds the modified volumetric strain which is a fuoct of
the volumetric strain correspondingR@ck, ttiock: # = @ —tiiock / 1+ diiock IN this study, material
constants are based on concrete test results eepiarthe literature [20, 5], and are given in
Table 1.

Reinforcing steel is modeled with an elastic-ptakinematic model, where yield stress is
taken as 450 MPa and post-yield modulus is conteelataken as zero. The SFRP sheet is
modeled similarly, but with yield stress of 985 MPa

Table 1. Concrete model parameters

Parameter Value Parameter Value
A 0.79 T 1.7, 3.5, 4.6 MPa*
B 1.6 Pcrush 6.9, 13.8, 18.4 MPa*
C 0.007 Ucrush 4.2,8.4, 11.2x16
N 0.61 Piock 800 MPa
SMAX 7.0 Ulock 0.1
D1 0.04 K1 85000 MPa
D2 1.0 K2 -171000 MPa
EFMIN 0.01 K3 208000 MPa

*For concrete strengths of 21, 41, and 55 MPa,aetbely.

4. Blast load mode

Once detonated, an explosive load forms a propagahock wave that decays until
ambient pressure is returned. The shock wave repiesompression of the air, resulting in a
dramatic increase in pressure above atmosphedmqéhk overpressure. In this study, blast
load is modeled using the CONWEP formulation [2d¢orithms for which are a numerical
implementation of the work of Kingery and Bulmast2], in which blast loads of various
charges were empirically modeled for use in a MedifFriedlander’s Equation (for the
positive region):

P(t) =P, (1 - (t;—:“)) exp (—b (t;—:‘)) 4)

In this expressior, is the peak overpressutgthe time of arrival, angi the duration of
the positive phase, arda decay coefficient. The shock wave will be refielcby objects in
its path, including the ground surface. This refidcwave, if it strikes a structural element,
could result in a significant pressure increaseohdythe direct blast. Reflected blast
overpressure is a function of the angle of shockeniacidence as well as time. Combining
the reflected blast overpressure as well as thdent overpressure results in:

P(t) = P-(t)cos?0 + P,,(£)(1 + cos?6 — 2cos6) (5)
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In this formulationg is the angle of incidence between the blast aaddfiecting surface;
P:(t) is the reflected blast pressure, which is compditech Eq. (1) withPo=P,; and Pg(t)
is the side-on (i.e. direct) overpressure, compfitech Eq (1) withPy = Ps. In this study,
as detailed below, the charge is placed relativdyse to the ground, and as such,
a hemispherical surface burst is assumed; i.eatefll shock waves are included.

5. Finite element model

Initially, concrete was modeled with solid hexateé@lements with edge size ranging from
approximately 1.4 — 2.5 cm, resulting in a modeksif approximately 171,000 elements.
However, it was found that similar capacity resuitsild be obtained with a much coarser
mesh, with edge sizes of 9.5 cm for elements dotbe charge where most cracks appear,
and edge sizes of 9.5 cm square and 38 cm higleleanents away from the charge.
This resulted in only 1090 elements, with a coroesling large decrease in solution time.
This more coarse model loses effectiveness forigiind detailed crack patterns, however.
Although concrete elements are softened with danaagemulation based on the material
model described above, an element is assumed thsbe#egrated, and thus deleted from
the model, when maximum principal compressive straaches 0.003. Once deleted, a contact
surface is generated upon the faces of the rengaéiposed elements, allowing for arbitrary
contact and separation to model debris collision.

Reinforcing bars were explicitly modeled with beal@ments. The bars are assumed to be
fully bonded to the concrete with no slip, and tishsre nodes with the concrete elements.
To prevent possible penetration of a bar elemetat inconcrete element during the large
deformations associated with the blast, a contadaee was used between the bars are
surrounding concrete (solid) elements that enfoticissconstraint.

For cases when the SFRP retrofit jacket was cersi it was similarly found that
a relatively coarse mesh did not lead to significhfierences in column capacity as compared
to a much finer mesh. Correspondingly, the SFRP mvadeled with shell elements with
dimensions of 7.5 by 250 cm, resulting in 100 eletmeer column face. As similar to
the beam elements used to model the reinforcing, lzacontact surface is used to prevent
the SFRP shell elements from penetrating concitetaents. SFRP elements are assumed to
be destroyed (and deleted from the model) at ammaxi principal strain of 0.021.

Nodes at the column base were fully constraineijenan axial load was placed on
the column to represent the bridge superstructeight. Conservatively, no additional lateral
constraints were placed at the top of the colunive dxial load was varied from 100 to 285
kN, depending on the column considered. The upg®ge of this load represents the reaction
of a column due to the service dead load of a @] continuous girder highway bridge of
10.6 m overall width with each span 15 m long andp®rting a 200 mm thick reinforced
concrete deck. As it is conservative to apply lowadues of axial force on the column when
exposed to blast, lower axial load levels were atswsidered for different column configure-
tions. These values were generated by maintaihingame proportion of axial load to column
nominal capacity, and may be thought to represeatlsr bridge geometries. Due to the low
probability of simultaneous occurrence of a heaehiele on the bridge and a blast load,
conservatively, no live load is included. The blastiation point is placed 50 mm above
the lower support of the column and 400 mm from ¢bkimn face, to represent a charge
placed on the ground adjacent to the column.
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6. Validation

The finite element analysis (FEA) approach desdribbove was used to model columns
exposed to blast load as described by Wiliamsdill2 These columns are similar in
dimensions, construction, and blast load applicatis those chosen for consideration in this
study and as described above, with cross-sectdim@nsions and reinforcement as shown in
Figure 2, with 24 longitudinal bars of 19 mm diaerdt6 US). The test column Has= 28 MPa
and no axial load was applied, with a fixed bagkfege column top. Results are shown in Figure
2, which compares the deformed shape of the colftenthe blast to that of the model. Major
cracks predicted in the model are highlighted. Aswa, good agreement exists between
the experimental and model results in terms ofall/deformed shape, spalled regions, as well
as crack pattern. As shown near the lower righ¢ siithe column (Figure 2), the angle of
deformation of the longitudinal reinforcing barsabppears very similar. The only quantitative
datum available is maximum column displacement,civtoccurs at the top of the column.
At the completion of the blast duration (approxielab—6 ms), the test column had a maximum
displacement of 6.6 cm, whereas the analysis giedigvas 7.1 cm. Based on these results,
the authors considered the model sufficiently aateufor the purposes of this study.

Fig. 2. Experimental and FEA results

7. Results

Using the FEA model above, a blast analysis waslwected for columns with different
combinations of concrete strength, axial load, ituainal steel, and charge weight. In addition
to applying the service dead load on the colu®DLj, to examine the effect of axial load
magnitude, another series of analyses were cordlwdtere the column was loaded to its
maximum nominal capacity, representing the higpessible axial load. In the analysis, for
a particular column design, the minimum charge tieigas determined that would damage
the column to an extent such that it could longgpsrt the applied axial load. As shown in
Figure 3, a reasonably linear relationship existvben concrete strength and blast load
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resistance in most cases. For columns loaded witvice load, doubling concrete strength
approximately doubles blast resistance. As showkigare 4, column resistance to blast load
is approximately linearly related to longitudintdeal reinforcing ratio as well. However, results
are less sensitive to steel content than conctetegih, where increasing reinforcement ratio
by a factor of approximately 3.5 results in a raafjgesistance increases from about 1.3-2.0.

Also shown on Figures 3 and 4 is the column respamhen SFRP sheets are applied.
For the column considerefla = 41 MPa wittp = 0.042), applying one layer of SFRP (in each
direction) increased blast capacity from 0.45 #®00(equivalent kg of TNT) under service
dead load, and from 0.85 to 0.95 with maximum dgiadl, representing an increase in capacity
of 33% and 12%, respectively. However, additioraels resulted in relatively minor
increases in capacity; applying as many as 10 $ayevided an increase in capacity to 0.65
(44% increase) and 1.10 kg (30% increase) of TH3pectively.
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Fig. 3. Effect of compressive strength Fig. 4. Efffef reinforcement ratio
8. Conclusion

In this study, a reasonably simple and accuratdeiibat can be used to predict the response
of bridge structures under blast threats was dpeel@and used to determine the blast resistance
of bridge pier columns. Using a Johnson-HolmquistiC model for concrete behavior and
a plastic-kinematic relationship for steel withifirdate element approach that allows for element
contact and disintegration, it was found that atiegly coarse mesh can be used to determine
blast capacity. Using the validated model, thectféd concrete strength, steel reinforcement
ratio, axial load, and SFRP sheets for retrofibtaist resistance were investigated. It was found
that a reasonably linear relationship exists betveemcrete strength and blast load resistance in
most cases, while capacity is less sensitive & statent, where increasing reinforcement ratio
by a factor of approximately 3.5 results in a ranfeesistance increases from about 1.3-2.0.
It was further found that SFRP may represent éivels inexpensive retrofit for blast protection,
where applying 1 SFRP layer increased blast caplagiB3% under service dead load. However,
additional layers resulted in relatively minor ieases in capacity.
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