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In this study, a reasonably simple and accurate model
that can be used to predict the response of reinforced
concrete bridge structures under blast threafs was

developed and used to determine the blast resistance

of bridge pier columns.

dards set by the American Association of State Highway and Trans-

portation Officials LRFD Bridge Design Specifications [1]. Altho-
ugh the LRFD Specifications recognize the importance of blast loading,
these standards do not contain corresponding design provisions in de-
tail. For example, AASHTO notes that the blast force (BL) is governed
by the size, shape, type, and location of the explosive charge as well
as other parameters, but suggests that specific design criteria are to be
determined by the bridge owner. Although various elements of a brid-
ge structure may be damaged due to blast load, including the deck, gir-
ders, piers, abutments, and even foundation components, of particu-
lar importance are the bridge columns (piers), which are highly expo-
sed and if severely damaged, may lead to the progressive collapse
of the entire structure [2].

Over the last decade, a relatively small but increasing body of rese-
arch has been conducted to better understand the vulnerability and be-
havior of bridge structures exposed to blasts. Some of this work consi-
dered the entire structure [3, 4], although most efforts studied individual
components such as decks, girders, and columns.

Studies focused on columns include that of Williamson [5, 6] and Wil-
liams [7, 8, 9], who identified various parameters that influence the per-
formance of concrete columns subjected to blast loading. Major parame-
ters were splice location, cross-section shape and size, and transverse
reinforcement type and spacing. It was found that square columns per-
formed better than circular, and that continuous spiral reinforcement per-
formed better than tied. Son [10] and Yi [11] studied column failures, and
found that multiple modes are possible, including crushing or shearing of
the column base, fracturing reinforcement, surface spalling, and plastic
hinge formation. Others explored retrofit and protection options [12, 13,
14], and found that steel and composite jacketing could enhance shear
capacity and reduce concrete crushing. Additional work suggested that
concrete-filled steel tubes could exhibit satisfactory performance against
blast loads [15, 16, 17].

Bridge design in the United States is primarily governed by stan-

As summarized above, although experimental as well as analytical re-
search has been conducted to characterize blast load effects on bridge
columns and some design recommendations to resist blast have been
proposed, the response of these critical bridge components under blast
threats remains uncertain. Some reasons for this lack of knowledge are
that blast experiments are relatively expensive to conduct, few test faci-
lities are available, and highly refined models are very computational-
ly demanding. Moreover, without detailed descriptions of experimental
work, which are often limited in the published literature due to security
concerns, numerical work is challenging to validate. Therefore, the deve-
lopment of a reasonably simple but accurate model that can be used to
predict the response of bridge columns under blast threats is desirable,
as is a better understanding of the behavior of these elements as well as
the effectiveness of protective measures. To address these issues, in this
study, a numerical (finite element) model is developed and validated ba-
sed on existing results of blast experiments. The model is used to predict
the response of typical bridge columns to various blast scenarios, whe-
re changes in concrete strength, steel reinforcement ratio, axial load, and
blast charge weight are considered in a parametric analysis. Moreover,
the effectiveness of a common method of retrofit is investigated, where
existing columns are wrapped with a relatively inexpensive steel fiber re-
inforced polymer (SFRP) jacket.

Columns Considered

The columns considered represent the supporting elements of the cen-
tral pier of a multi-span structure. Many such designs are possible, and as
only the column elements are considered in this study, the details of the
surrounding structure are not critical. However, it was assumed that the co-
lumns are joined together by a column cap above, upon which the brid-
ge girders rest, and below by a continuous beam that may form part of the
roadway barrier, leaving 3 m of unsupported column length. Although co-
lumns satisfy AASHTO LRFD requirements, designing these elements to
the minimum strength standards required results in cross-sections that



are much smaller than those used in practice. Therefore, based on a su-
rvey of bridge column designs by state Departments of Transportation in
the United States [5], the column cross-sections were increased in size to
760 mm square, as shown in Figure 1. These short (slenderness ratio L/r
of 14), tied columns were reinforced with 24 longitudinal bars and #4 ties
spaced at 150 mm on center, with a clear cover of 50 mm. Depending
on the design case considered, longitudinal bar diameters were taken as
19 mm (#6 US), 25 mm (#8 US), or 35 mm (#11 US), with corresponding
reinforcement ratios p of 0.012, 0.021, and 0.042. Reinforcing steel was ta-
ken as ASTM A615 Grade 60, with 420 MPa nominal yield strength. Con-
crete compressive strength was varied from f’c = 21 to 55 MPa.

To increase column resistance to blast load, the use of a SFRP retrofit
reinforcement was explored. The SFRP sheet is composed of uni-direc-
tional ultra-high strength steel wires which can be wrapped around a co-
lumn and secured to the concrete with resin, in a manner similar to that
used for externally-bonded FRP fabric [18]. Such wrapping systems are
generally used to enhance the confinement strength of existing columns
and thereby increase axial load capacity. However, as relatively inexpen-
sive and practical means of protecting existing bridge columns from
blast threats are limited, the potential effectiveness of using SFRP for this
purpose was examined. Although more traditional composite wraps are
available, such as those composed of carbon fiber, the SFRP alternative
is relatively inexpensive (similar in price to glass FRP) as well as ductile.
In this study, the SFRP sheet properties (1.2 mm thick) are taken as 985
MPa for yield stress and 66.1 GPa for elastic modulus (in the strong di-
rection; stifiness and strength are practically zero in the weak direction),
based on commercially available products [18]. In this study, it is assu-
med that two SFRP sheets are applied to the column in perpendicular di-
rections, i.e. one oriented transversely as expected, and another layer
oriented longitudinally.

Material Models

Columns were modeled with a large strain, large displacement La-
grangian finite element procedure allowing element separation, disinte-
gration, and contact, using an explicit solution algorithm as implemented
in LS-DYNA [19]. Concrete behavior was represented with the Johnson-
-Holmquist- Cook (JHC) model, which was formulated for concrete when
subjected to large strains and high strain rates and pressure [20]. In the
JHC approach, effective concrete strength is given as a function of pres-
sure, strain rate, and damage, where pressure is expressed as a function
of volumetric strain and includes the effect of crushing. Material damage
is accumulated as a function of plastic volumetric stain, equivalent pla-
stic strain, and pressure, while the cohesive component of the equivalent
strength is degraded as damage accumulates. The (external) pressure-
(internal) stress relationship is given as:

o* = [A(I-D) + BP™M][I-cln(€")] (1)

Thisisexpressedintermsofnormalizedequivalentstressa™* (6*=a/fc)
and normalized pressure P* (P* = P/ f'c), where ¢ is the actual equ-
ivalent stress; f'c the uniaxial compressive stress of concrete; P the ac-
tual pressure; and £" the dimensionless strain rate (§* = & / o), while & is
the actual strain rate and &, the reference strain rate, taken as 1.0s™. Ma-
terial constants are 4, the normalized cohesive strength; B, the norma-
lized pressure hardening coefficient; N, the pressure hardening expo-
nent; C, the strain rate coefficient; and SMAX, the normalized maximum
strength of the material. To evaluate fracture, the model accumulates da-
mage (D) from equivalent plastic strain and plastic volumetric strain, and
this expression is written as:

D=7% [Ae +A/1p/D1 (P*+T*D2] (2
where DI and D2 are material damage constants; Ae_and A, are the

equivalent plastic strain and plastic volumetric strains, respectively; and
T* is the normalized maximum tensile hydrostatic pressure (T* =T/ fc),

76 cm
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Fig. 1. Column cross-section

Table 1. Concrete model parameters

Parameter Value Parameter Value
A 0.79 a 1.7,3.5,4.6 MPa*
B 16 Push 6.9,13.8, 18.4 MPa*
C 0.007 Ucrush 4.2,8.4,11.2x10-4
N 0.61 P 800 MPa
SMAX 70 Uspek 01
DI 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, respectively.

while T'is the maximum tensile hydrostatic pressure. An additional da-
mage constant, EFMIN, is included to provide a minimum plastic stra-
in necessary to initiate damage from fracture. In the model, the hydrosta-
tic pressure-volume relationship is composed of a linear elastic region,
which governs when P < P_ .- a linear transition region representing
compression of the air voids producing plastic volumetric strain, where
PCrush <P< Plock; and a nonlinear third region where no air voids are wi-
thin the concrete at a pressure of Plock, and is governed by:

P=Kli+ K2 +K3i®  (3)
In these relationships, P, is & function of the elastic bulk modulus
K and volumetric strain Herushy 88 measured from a uniaxial compression
test: K = Pcrush/,ucrush InEq. 3, KI, K2, and K3 are material constants,
and # is the modified volumetric strain which is a function of the volume-
tric strain corresponding to Py ., 1, - % =1 — ﬁlock/]+ Up,ee I this
study, material constants are based on concrete test results reported in
the literature [20, 5], and are given in Table 1.

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

Blast Load Model

Once detonated, an explosive load forms a propagating shock wave
that decays until ambient pressure is returned. The shock wave repre-
sents compression of the air, resulting in a dramatic increase in pressu-
re above atmospheric, the peak overpressure. In this study, blast load is
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modeled using the CONWEP formulation [21], algorithms for which are
a numerical implementation of the work of Kingery and Bulmash [22], in
which blast loads of various charges were empirically modeled for use in
a Modified Friedlander’s Equation (for the positive region):

(4)

In this expression, PO is the peak overpressur, t, the time of arrival,
and t; the duration of the positive phase, and b a decay coefficient. The
shock wave will be reflected by objects in its path, including the ground
surface. This reflected wave, if it strikes a structural element, could result
in a significant pressure increase beyond the direct blast. Reflected blast
overpressure is a function of the angle of shock wave incidence as well
as time. Combining the reflected blast overpressure as well as the inci-
dent overpressure results in:

()

In this formulation, @ is the angle of incidence between the blast and
the reflecting surface, Pr(t) is the reflected blast pressure, which is com-
puted from Eq. (1) with Py=P, and P(t) is the side-on (i.e. direct) over-
pressure, computed from Eq (1) with Py = P_ . In this study, as detailed
below, the charge is placed relatively close to the ground, and as such,
a hemispherical surface burst is assumed, i.e. reflected shock waves are
included.

Finite Element Model

Initially, concrete was modeled with solid hexahedral elements with
edge size ranging from approximately 1.4 — 2.5 cm, resulting in a mo-
del size of approximately 171,000 elements. However, it was found
that similar capacity results could be obtained with a much coarser
mesh, with edge sizes of 9.5 cm for elements close to the charge whe-
re most cracks appear, and edge sizes of 9.5 cm square and 38 cm
high for elements away from the charge. This resulted in only 1090 ele-
ments, with a corresponding large decrease in solution time. This mo-
re coarse model loses effectiveness for predicting detailed crack pat-
terns, however. Although concrete elements are softened with dama-
ge accumulation based on the material model described above, an ele-
ment is assumed to be disintegrated, and thus deleted from the mo-
del, when maximum principal compressive strain reaches 0.003. On-
ce deleted, a contact surface is generated upon the faces of the rema-
ining exposed elements, allowing for arbitrary contact and separation
to model debris collision.

Reinforcing bars were explicitly modeled with beam elements. The
bars are assumed to be fully bonded to the concrete with no slip, and
thus share nodes with the concrete elements. To prevent possible pe-
netration of a bar element into a concrete element during the large de-
formations associated with the blast, a contact surface was used be-
tween the bars surrounding concrete (solid) elements that enforces this
constraint.

For cases when the SFRP retrofit jacket was considered, it was simi-
larly found that a relatively coarse mesh did not lead to significant diffe-
rences in column capacity as compared to a much finer mesh. Corre-
spondingly, the SFRP was modeled with shell elements with dimensions
of 7.5 by 250 cm, resulting in 100 elements per column face. As similar
to the beam elements used to model the reinforcing bars, a contact sur-
face is used to prevent the SFRP shell elements from penetrating con-
crete elements. SFRP elements are assumed to be destroyed (and dele-
ted from the model) at a maximum principal strain of 0.021.

Nodes at the column base were fully constrained, while an axial lo-
ad was placed on the column to represent the bridge superstructure we-
ight. Conservatively, no additional lateral constraints were placed at the
top of the column. The axial load was varied from 100 to 285 kN, depen-
ding on the column considered. The upper range of this load represents
the reaction of a column due to the service dead load of a two-lane,
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Fig. 2. Effect of compressive strength

Fig. 3. Effect of reinforcement ratio

continuous girder highway bridge of 10.6 m overall width with each span
15 m long and supporting a 200 mm thick reinforced concrete deck. As
it is conservative to apply lower values of axial force on the column when
exposed to blast, lower axial load levels were also considered for diffe-
rent column configurations. These values were generated by mainta-
ining the same proportion of axial load to column nominal capacity, and
may be thought to represent smaller bridge geometries. Due to the low



probability of simultaneous occurrence of a heavy vehicle on the bridge
and a blast load, conservatively, no live load is included. The blast initia-
tion point is placed 50 mm above the lower support of the column and
400 mm from the column face, to represent a charge placed on the gro-
und adjacent to the column.

Validation

The finite element analysis (FEA) approach described above was
used to model columns exposed to blast load as described by William-
son (2011). These columns are similar in dimensions, construction, and
blast load application as those chosen for consideration in this stu-
dy as described above, with cross-sectional dimensions and reinforce-
ment, with 24 longitudinal bars of 19 mm diameter (#6 US). The test co-
lumn has f’c = 28 MPa and no axial load was applied, with a fixed ba-
se and free column top. Good agreement was found between the expe-
rimental and model results in terms of overall deformed shape, spalled
regions, as well as crack pattern. The angle of deformation of the lon-
gitudinal reinforcing bars also appeared very similar. The only quantita-
tive datum available is maximum column displacement, which occurs
at the top of the column. At the completion of the blast duration (appro-
ximately 5-6 ms), the test column had a maximum displacement of 6.6
cm, whereas the analysis prediction was 7.1 cm. Based on these re-
sults, the authors considered the model sufficiently accurate for the pur-
poses of this study.

Results

Using the FEA model above, a blast analysis was conducted for co-
lumns with different combinations of concrete strength, axial load, longi-
tudinal steel, and charge weight. In addition to applying the service de-
ad load on the column (SDL), to examine the effect of axial load magni-
tude, another series of analyses were conducted where the column was
loaded to its maximum nominal capacity, representing the highest po-
ssible axial load. In the analysis, for a particular column design, the mi-
nimum charge weight was determined that would damage the column
to an extent such that it could longer support the applied axial load. As
shown in Figure 2, a reasonably linear relationship exists between con-
crete strength and blast load resistance in most cases. For columns lo-
aded with service load, doubling concrete strength approximately do-
ubles blast resistance. As shown in Figure 3, column resistance to blast
load is approximately linearly related to longitudinal steel reinforcing ratio
as well. However, results are less sensitive to steel content than concrete
strength, where increasing reinforcement ratio by a factor of approxima-
tely 3.5 results in a range of resistance increases from about 1.3-2.0. No-
te results are normalized in the figures, and resistance values shown are
to be multipled by 175 to produce equvalent kg of TNT.

Also shown in Figures 2 and 3 is the column response when SFRP
sheets are applied. For the column considered (f’c = 41 MPa with
p = 0.042), applying one layer of SFRP (in each direction) increased
blast capacity from 0.45 to 0.60 (equivalent kg of TNT) under service de-
ad load, and from 0.85 to 0.95 with maximum axial load, representing an
increase in capacity of 33% and 12%, respectively. However, additional
layers resulted in relatively minor increases in capacity; applying as many
as 10 layers provided an increase in capacity to 0.65 (44% increase) and
1.10 kg (30% increase) of TNT, respectively.

Conclusion

In this study, a reasonably simple and accurate model that can be
used to predict the response of bridge structures under blast threats was
developed and used to determine the blast resistance of bridge pier co-
lumns. Using a Johnson-Holmquist-Cook model for concrete behavior
and a plastic-kinematic relationship for steel within a finite element ap-
proach that allows for element contact and disintegration, it was found
that a relatively coarse mesh can be used to determine blast capacity.
Using the validated model, the effect of concrete strength, steel reinfor-
cement ratio, axial load, and SFRP sheets for retrofit on blast resistance

were investigated. It was found that a reasonably linear relationship exi-
sts between concrete strength and blast load resistance in most cases,
while capacity is less sensitive to steel content, where increasing reinfor-
cement ratio by a factor of approximately 3.5 results in a range of resi-
stance increases from about 1.3-2.0. It was further found that SFRP may
represent a relatively inexpensive retrofit for blast protection, where ap-
plying 1 SFRP layer increased blast capacity by 33% under service de-
ad load. However, additional layers resulted in relatively minor increases
in capacity.
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Abstract. A large strain, large displacement finite element model that al-
lows element separation and failure is constructed and validated based
on existing results of reinforced concrete columns subjected to blast lo-
ads. In this approach, concrete is represented with the Johnson-Holmqu-
ist-Cook model while a plastic-kinematic relationship describes steel be-
havior. The model is used to predict the capacity of typical reinforced
concrete bridge columns to resist an assumed blast load scenario, whe-
re changes in concrete strength, steel reinforcement ratio, and axial for-
ce on the column are considered. The effectiveness of a method of co-
lumn protection is investigated, where existing columns are wrapped with
a relatively inexpensive steel fiber reinforced polymer (SFRP) jacket. It
was found that the use of SFRP can significantly enhance the resistan-
ce of the columns.

Keywords: concrete, columns, bridges, finite element analysis, blast,
explosive load.
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