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Reliability of SFRP-Strengthened RC Bridge Columns Subjected to Blast Loads 1 

Ahmad Alsendi1 and Christopher D. Eamon2 2 

Abstract 3 

The reliability of reinforced concrete bridge columns strengthened with externally bonded, steel-4 

fiber reinforced polymer fabric subjected to blast loads was investigated. Columns were modeled 5 

with a nonlinear finite element approach that considers material damage, fracture, and separation.  6 

Different concrete strengths, longitudinal reinforcement ratios, and gravity and blast load levels 7 

were considered, while uncertainties in material strength and stiffness parameters, as well as load 8 

characteristics, were incorporated in the probabilistic analysis. It was found that the use of SFRP 9 

can allow significant increases in blast load while maintaining the same level of column reliability. 10 
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Introduction 20 

The vast majority of highway bridges in the United States are designed according to the 21 

minimum standards given in the American Association of State Highway and Transportation 22 

Officials LRFD Bridge Design Specifications (AASHTO LRFD 2017). It is mandated that State 23 

Departments of Transportation (DOTs) follow these specifications for the design of new bridges 24 

that are fully or partially funded with Federal aid.  AASHTO LRFD specifies various loads to 25 

which bridge structures must be designed, including dead load, vehicular and pedestrian live load, 26 

as well as wind, earthquake, and less frequent loads resulting from other special scenarios.   These 27 

individual loads are grouped within multiple load combination limit states, which specify which 28 

loads must be considered simultaneously and with what corresponding load factors.  Within the 29 

Extreme Event II limit state, the most recent edition of AASHTO LRFD (AASHTO LRFD 2017) 30 

also specifies blast loading.  Other extreme loads within this limit state are ice loads and vehicle 31 

and vessel collisions, which are to be considered independently. Although AASHTO specifies a 32 

limit state combination with blast load, no blast-related design provisions are given, nor are criteria 33 

for determining whether a structure should be designed for blast, a decision which is left to the 34 

designer. Rather, the specifications only note that, if a bridge is to be designed for blast load, 35 

consideration should be given to charge characteristics such as size and shape and modes of 36 

delivery. 37 

Although any bridge component is potentially susceptible to damage from blast load, such 38 

as the deck and girders as well as the supporting piers, abutments, and foundation, of primary 39 

concern and focus of this study are the central piers (columns) common to multi-span structures 40 

that bridge divided highways.  These central piers are not only readily accessible, but if damaged 41 

severely enough to cause a failure, the ends of both spans that they support will collapse.  Since 42 
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there is no requirement in AASHTO to design bridges to resist blast loads, nearly all existing 43 

bridge columns have been designed without regard to blast.  Neglecting blast load is perhaps 44 

reasonable for the large majority of structures, which may be subjected to an extremely small 45 

probability of experiencing this load effect within their design lifetime.  However, for bridges that 46 

are deemed susceptible to credible blast threats, engineers must look beyond AASHTO LRFD for 47 

an appropriate design approach.  48 

This lack of codified guidance has been identified by various researchers, who have 49 

subsequently addressed different aspects of this problem, where bridge components such as decks 50 

(Foglar et al. 2017; Foglar and Kovar 2013; Lawver et al. 2003), girders (Cofer et al 2010; Anwarul 51 

Islam and Yazdani 2008), a bridge structural system (Winget et al. 2005), and bridge columns 52 

(Williamson et al. 2011a, b; Williams and Williamson 2011) were considered.  For columns, the 53 

consensus was that blast resistance was most affected by construction geometry and reinforcement 54 

parameters such as spacing and splice locations.  In general, several different column failure modes 55 

were observed, such as base concrete crushing and/or shearing; reinforcement rupture; spalling; 56 

and plastic hinging (Winget et al. 2005; Yi et al. 2014a, b).  These results have been used to suggest 57 

design approaches for blast-resistant bridge columns.  58 

Rather than the design of new columns, this study is concerned with the large inventory of 59 

existing bridge columns that were not designed for blast mitigation.  If such a structure is 60 

determined to require blast protection due to an increased threat level, one possibility would be to 61 

replace the existing piers with a new, blast resistant design.  However, this option is not only highly 62 

disruptive to traffic but costly.  A much less expensive and minimally disruptive approach may be 63 

to strengthen rather than replace the existing columns.  This possibility was investigated by several 64 

researchers, including Malvar et al. (2007), who found that column shear capacity was increased 65 
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under blast load when retrofitted with steel jacketing or wrapped with composite fabric. Fujikura 66 

and Bruneau (2011) similarly investigated steel-jacketed columns subjected to blasts and 67 

determined that such columns typically failed in base shear, while Heffernan et al. (2011) 68 

conducted blast tests on columns wrapped with composite fabric containing either steel or carbon 69 

fibers.  This latter study found that carbon fiber as well as steel reinforced polymer (SFRP) fabric 70 

enhanced blast capacity by reducing concrete crushing near regions of plastic hinging.  Later, 71 

Eamon and Alsendi (2020) modeled a series of SFRP-strengthened columns subjected to blasts, 72 

and similarly found that resistance could be increased. Recognizing that significant uncertainties 73 

exist in load and resistance parameters, several studies examined reinforced concrete (RC) column 74 

reliability under various blast load scenarios (Hao et al. 2010; Shi and Stewart 2015; Thomas and 75 

Sorensen 2018). In a topic related to this study, Hao et al. (2016) estimated the reliability of RC 76 

columns externally reinforced with high strength FRP (2280 MPa) and found that such material 77 

could effectively increase reliability.   78 

Of the various strengthening options available, the focus of this study is the use of SFRP, 79 

which is significantly less expensive than CFRP as well as ductile.  As with any composite fabric, 80 

an added benefit over a steel jacking approach is that externally-bonded SFRP does not 81 

substantially increase column width. As discussed above, only a few studies have considered the 82 

effect of SFRP on column blast resistance, and the reliability of such columns remains 83 

unquantified. Given that the AASHTO LRFD Specifications were probabilistically calibrated to 84 

provide a minimum reliability index of 3.5 for elements designed by these standards, a reliability-85 

based approach for evaluating SFRP-strengthened columns to account for the inherent 86 

uncertainties in loads and resistance is appropriate. 87 
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Therefore, the objective of this study is to estimate the reliability of a typical RC bridge 88 

column retrofitted with externally-bonded SFRP when subjected to blast load, and to compare the 89 

reliability results to unprotected columns.  Results can be used to assess the effectiveness of SFRP 90 

wrapping considering uncertainties, as well as to quantify the column design characteristics needed 91 

to achieve a desired level of reliability under a given blast load, such as that specified by AASHTO 92 

LRFD.  In this process, a reliability model is constructed with key parameters taken as random 93 

variables, then column resistance is assessed with a numerical (finite element) approach suggested 94 

by Eamon and Alsendi (2020) that was validated to experimental data.  The influence of several 95 

design parameters, such as concrete strength, amount of reinforcement, axial load, and use of 96 

SFRP, on column reliability is then determined. 97 

Columns Considered 98 

The bridge and column design considered are shown in Figures 1 and 2.  The exact 99 

configuration of the bridged is not critical to this study, and it is used only to obtain reasonable 100 

estimations of dead load on the column.  Although a wide variety of column designs exist, 101 

characteristics of the considered column are based on typical bridge designs used by the Michigan 102 

DOT (Eamon et al. 2018). These columns are very similar to those used in other states as well, 103 

where common rectangular bridge pier columns are square with edge dimension ranging from 760 104 

to 914 mm and heights from about 3 to 5 m.   Typically, multiple columns support a pier cap, 105 

which is used as a support beam upon which the ends of the bridge girders rest.  In this study, the 106 

upper range of column size, 914 mm square and 5 m unsupported length, was considered for 107 

analysis, to represent the larger range of common bridge designs which are perhaps more prone to 108 

blast attack. 109 
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Concrete compressive strengths (f’c) of 28 MPa, 42 MPa, and 55 MPa were considered, 110 

along with three longitudinal reinforcement ratios (ρ) of 0.015, 0.029, and 0.042. As shown in 111 

Figure 2, longitudinal reinforcement consists of 24 bars (7 bars per face), where bar area was varied 112 

to produce the reinforcement ratios given above.  Keeping the number of bars constant, this would 113 

amount to using #8 (25 mm), #11 (35 mm), and #14 (43 mm) bar sizes.  Note that the larger bar 114 

sizes are not commonly used in construction for typical bridge columns, but were considered to 115 

examine the effect of a reasonable range of reinforcing ratio on column reliability. Typical #4 (13 116 

mm) stirrup ties were spaced at 300 mm, a spacing commonly used in the design of bridge pier 117 

columns.  Reinforcing bars are taken to have yield stress of 414 MPa, with concrete cover of 50 118 

mm. 119 

In cases where SFRP wrap is used, properties are taken from commercially available 120 

products (Hardwire 2014).  The considered fabric is composed of a 1.2 mm thick polymer sheet 121 

which contains unidirectional, high-strength steel strands with yield strength of 985 MPa.  In its 122 

strong direction, the complete composite sheet has an effective elastic modulus of 66.1 GPa, while 123 

in the weak direction, sheet strength and stiffness are structurally insignificant. As with most 124 

externally-bonded FRP products, the SFRP sheets are adhered to the column with epoxy resin after 125 

appropriate preparation of the concrete surface.  Typically, FRP sheets are applied with the strong 126 

direction oriented horizontally, with the desire to increase the axial load carrying capacity of an 127 

existing column by providing additional confinement.  As no specific guidance is codified as to 128 

the use of FRP sheets for strengthening columns for blast load, the above application process is 129 

assumed to have been followed for the columns considered in this study.   Although FRP wrapping 130 

is sometimes used for column repair, this is not the purpose investigated in this study.  Rather, the 131 

concern is to protect an existing, undamaged column from blast load.   132 
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Load Models 133 

Bridge dead load effects include those from prefabricated (Dp) and site-cast (Ds) 134 

components, as well as from the deck wearing surface (Dw). Nominal dead loads on the column 135 

were determined assuming that the central pier supports the ends of two bridge spans, where each 136 

span is 18.3 m long and 13 m wide as shown in Figure 1, representing a typical two-lane bridge 137 

deck.   The reinforced concrete deck is taken to be 228 mm thick and is supported by seven steel 138 

girders (W36x170) spaced at 1.9 m.  The central pier is composed of four columns that support a 139 

13 m long, 1 m high, and 0.9 m wide pier cap on which the girder bearings rest. This bridge 140 

configuration is typical of structures built by the Michigan DOT as well as other state DOTs 141 

(Eamon et al. 2018).   142 

Bias factor λ (ratio of mean to nominal value) and coefficient of variation (V) for dead load 143 

random variables are given in Table 1.   To maintain consistency with the established reliability 144 

level in AASHTO LRFD, dead load random variable statistical parameters are based on those used 145 

in the AASHTO LRFD calibration (Nowak 1999), and are taken a normally distributed. 146 

Because axial load on the column was found to affect reliability when exposed to blast, 147 

several different axial load levels were considered for comparison, including dead load alone as 148 

well as dead load in conjunction with vehicular live load, as discussed in more detail in the results 149 

section. For the latter case, vehicular live load statistics are also taken from those developed for 150 

the AASHTO LRFD calibration, and are given in Table 1, where a range of statistical parameters 151 

were considered that represent maximum traffic loads corresponding to daily maximums to 152 

maximums expected throughout the design lifetime (i.e. 75 years).   In this case, no dynamic load 153 

effect is applied, as it is assumed that the likelihood of a maximum vehicle load passing over the 154 

column while at speed, at the same instant a severe blast load occurs, is practically zero. Thus, the 155 
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vehicular load is assumed to represent static or very slow-moving traffic (such as caused by traffic 156 

congestion) on the bridge during the blast event.  The sum of dead and live loads was considered 157 

to be normal in the AASHTO LRFD calibration (Nowak 1999). Here, the same approach is used 158 

for consistency with previously reported reliability levels.  159 

Blast pressure is represented with the CONWEP model (Hyde 1988), which is based on a 160 

modified form of the Friedlander Equation fit to experimental data of various blast pressures found 161 

from a variety of charge weights and standoff distances (Kingery and Bulmash 1984).  An idealized 162 

blast pressure curve resulting from this model is shown in Figure 3.  The resulting blast pressure 163 

at a particular point away from the source is commonly represented with the scaled distance 164 

parameter Z, which is a function of the explosive weight and distance: Z = R / W1/3 , where R is 165 

the distance from the blast initiation point to the column face (m), and W is the explosive weight, 166 

in terms of equivalent mass of TNT (kg).  Although statistical data describing typical charge 167 

standoff distances from blast threats to bridge columns are unavailable, the author inspected 168 

approximately 100 bridges damaged from blasts in Iraq from 2014-2016, where a large variation 169 

in apparent standoff distance was observed.  Based on these inspections, the mean charge 170 

placement is taken as 1 m away from the column, with a 50 mm height above the ground surface. 171 

Two random variables are used to describe the uncertainty in scaled distance:  the effective charge 172 

weight (Qw) and the resulting blast pressure equivalency (Qe), where Qw has a Gaussian distribution 173 

and Qe a triangular distribution. Statistics for these parameters are taken from Shi and Stewart 174 

(2015), and are provided in Table 1. Since the shock wave generated from the blast load may strike 175 

the ground, the blast is modeled as a hemispherical surface burst that includes the reflected shock 176 

wave. 177 

 178 
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Resistance Model 179 

The FEA approach used to evaluate column capacity is taken from Alsendi and Eamon 180 

(2020), which was used to model columns very similar to those considered here, and was reported 181 

to well-match experimental data. In this approach, concrete is modeled with the Johnson-182 

Holmquist-Cook approach, which was specifically formulated for the large strains, high strain 183 

rates, and high pressures associated with blast loads.  Here, material strength is a function of 184 

pressure, strain rate, and cumulative damage caused by pressure and plastic strains. The sixteen 185 

specific material constants needed to define the model are taken from Alsendi and Eamon (2020), 186 

which are based on values experimentally determined from tests conducted by Holmquist et al. 187 

1993 and Williamson et al. 2010 for concrete strengths similar to those used in this study.  188 

 The constitutive relationship of reinforcing steel is represented by a kinematic, elastic-plastic 189 

model, where nominal yield stress is taken as 414 MPa, Young’s modulus 200 GPa, and post-yield 190 

modulus 20 GPa.  The Copwer and Symonds approach (Livermore Software Technology 191 

Corporation 2018) is used for strain-rate strengthening, where yield stress is factored by the 192 

relationship:  1 + (
ἑ

𝐶
)

1/𝑝

 .  In this expression,  ἑ is the strain rate, and c and p are material-specific 193 

parameters, taken as 40.4 s-1 and 5.0, respectively (Bai and Jin 2016). 194 

An anisotropic model is used to characterize the SFRP sheet, with Young’s modulus and 195 

yield stress nominally taken as 66.1 GPa and 985 MPa in the strong direction, with a Poisson ratio 196 

of 0.30, and approximately 1/100th of these values in the weak direction, where strength and 197 

stiffness are insignificant (Hardwire 2014).  Based on typical resin properties, the SFRP bond is 198 

modeled with a shear strength of 32 MPa and a normal (tensile) strength of 29.4 MPa (Sikadur 199 

2017).  200 
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Using these material models, approximately 171,000 hexahedral elements were used to 201 

model the column concrete, with element length ranging from 14 to 25 mm.  Reinforcing bars 202 

were modeled with beam elements, and, prior to concrete failure/crushing, are assumed to be fully 203 

bonded to the concrete.  To model debris resulting from fracturing as well as to avoid greatly 204 

distorted elements in the analysis, once the principal strain of a concrete element reaches 0.003 or 205 

greater, it is assumed to be completely crushed/fractured and deleted from the mesh.  In general, 206 

elements so greatly strained have insignificant remaining strength and stiffness per the material 207 

softening model used above. If an element surface is exposed due to the elimination of adjoining 208 

elements, a new contact surface is generated to prevent the penetration of potentially colliding 209 

elements.  Similar surfaces are used on reinforcing bar elements. 210 

 The SFRP was modeled with shell elements.  For the columns considered, the SFRP was only 211 

applied to the lower half of the column (wrapped around all sides), where blast load was greatest.  212 

It was found that wrapping the entire height of the column with SFRP increased computational 213 

time but made little difference to column blast resistance when compared to results from the half-214 

height wrapping.  This is not surprising, since failure generally occurs at the column base, as 215 

discussed in more detail below. 216 

Similar to the reinforcing bar elements, contact surfaces are used to link the SFRP elements 217 

to the concrete elements, allowing potential element collision if elements become detached.  The 218 

SFRP contact surface, which represents the resin bond between the concrete and composite 219 

wrapping, is assumed to link the SFRP to the concrete without slip, prior to failure.  However, 220 

once the bond failure criteria is reached, the link between the SFRP shells and concrete solid 221 

elements is released, allowing the possibility of sliding or contact.  The bond failure criteria is 222 

given as the vector sum of the ratios of the calculated normal (tensile) and shear stresses to the 223 
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normal and tensile failure stresses, where summations greater than unity indicate bond failure. 224 

Further, if a SFRP element reaches a longitudinal strain limit (in the strong direction) of 0.021, 225 

fiber rupture is expected (Hardwire 2014).  In this case, the SFRP element is deleted from the 226 

model.  227 

To represent a typical bridge column, which is poured integral with a reinforced concrete 228 

foundation, its base was taken as fixed (all nodal degrees of freedom constrained at the ground 229 

level).  The top of the column was attached to a simple frame (beam element) model of the pier 230 

cap and adjoining columns to provide an equivalent lateral constraint stiffness, using stiffness 231 

properties based on the member geometries given above.  232 

These models were explicitly solved with a large strain, large displacement Lagrangian 233 

FEA approach that allows element disintegration, separation, and contact, as implemented in LS-234 

DYNA (Livermore Software Technology Corporation 2018), using the approach described 235 

above.  236 

As reported by Alsendi and Eamon (2020), this FEA modeling approach was found to well-237 

represent experimental results of similar columns exposed to blast loads.  An example comparison 238 

of the model to a typical test result is given in Figure 4, where the overall deformed shape, 239 

magnitude of displacement, concentration of cracks, and locations of spalled concrete appear to be 240 

reasonably represented. Particularly important is the ability of the model to represent the behavior 241 

of the column base, where failure occurs.  As shown in Figure 4, the model result reasonably 242 

matches the deformation angle and displacement of the column base, as perhaps seen most clearly 243 

from the exposed reinforcing bars that are on the right side of the column.   The test column was 244 

similar in form but slightly smaller than those considered in this study, with height of 3.43 m and  245 

otherwise identical to the section shown in Figure 2, except each side length is 760 mm.  This 246 



12 
 

column had 28.6 MPa concrete strength and seven, 19 mm (#6) longitudinal bars per face and 13 247 

mm (#4) stirrup ties with spacing of 150 mm and 25 mm cover. The longitudinal bars and ties had 248 

yield strength of 450 and 345 MPa, respectively. The column had a fixed base and pinned top with 249 

no axial load.  250 

 To select appropriate resistance random variables, a preliminary investigation was conducted 251 

and determined that reliability results were relatively insensitive to variables representing 252 

geometric uncertainties (column width, rebar area, FRP sheet thickness), based on random variable 253 

statistical parameters reported in the literature (Nowak and Szerszen 2003; Behnam and Eamon 254 

2013; Ellingwood et al. 1980; Atadero and Karbhari 2008). The remaining, most influential 255 

resistance random variables are material strength and stiffness parameters, and include concrete 256 

compressive strength (f’c); yield stress of the longitudinal bars (Fyl), stirrup ties (Fyt), and SFRP 257 

(FyS); Young’s modulus of the longitudinal bars (El), stirrup ties (Et), and SFRP (ES); and tangent 258 

modulus of the  longitudinal bars (ETl), stirrup ties (ETt), and SFRP (ETs). In the model, all strength 259 

(and stiffness) random variables were initially taken as independent among separate reinforcing 260 

bars.  However, it was found that the level of correlation between stirrup tie properties did not 261 

significantly influence results, and these were thus taken as fully correlated to simplify the 262 

reliability model.  This resulted in 24 random variables each for yield stress, elastic modulus, and 263 

tangent modulus to describe uncertainties in the 24 longitudinal bars, and one random variable for 264 

each of these three parameters to describe all stirrup ties, and two random variables to decribe the 265 

SFRP fabric. This resulted in 79 resistance random variables (3 RVs Fyl, El, and ETl for each of the 266 

24 bars, and 1 additional RV for f’c, Fyt, FyS, Et, ES, ETt, and ETs) as summarized in Table 1.  267 

Statistical parameters are taken from Nowak and Szerszen (2003), Wisniewski et al. (2012), and 268 

Val and Chernin (2009).  All are reported as normally distributed. 269 
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Reliability Analysis 270 

 The limit state function is written in terms of the axial load capacity of the column, where failure 271 

is defined as the event where the column can no longer support the axial load imposed and begins 272 

to collapse (while subjected to the blast load described above).  The resulting limit state function 273 

can be expressed as:  g = f(Xi) , where g < 0 corresponds to column collapse.  Random variables 274 

Xi are identified in Table 1, and g is not written in closed form but must be evaluated implicitly 275 

with the finite element procedure described above.  Various methods are available for assessing 276 

reliability, including reliability-index based approaches (Rackwitz and Fiessler 1978; Nowak and 277 

Nowak 2008), simulation methods (Au and Beck 2001; Rocha et al. 2011), as well as other 278 

techniques (Gomes and Awruch 2004; Acar et al. 2008). For this study, the high computational 279 

demand of the model coupled with the relatively high reliability indices in some of the cases 280 

explored required an accurate method with reasonable computational cost.  It was found that the 281 

most probable point of failure (MPP) could not be located for this problem, prohibiting the use of 282 

the highly efficient reliability-index based methods, whereas direct Monte Carlo simulation (MCS) 283 

is too costly for the accuracy desired.  Thus, failure probability was computed with the Failure 284 

Sampling method, an alternative approach specifically developed for efficient evaluation of 285 

complex, moderate to high reliability problems.  Described in detail elsewhere (Eamon et al. 2020), 286 

a brief description of the process is as follows: 287 

1. The initial limit state function g(Xi) is rewritten as g*. g* is expressed in terms of a control 288 

random variable, taken as Qw, and the function of remaining RVs, R(Xj). Setting g* to zero to 289 

represent the failure boundary, the problem is alternatively expressed as: 290 

                          g* = R(Xj) - Qw  = 0                                                        (1) 291 
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In Eq. 1, g* is mathematically equivalent to original limit state function g.  Note that function R(Xj) 292 

is not explicitly formed as it is evaluated from the FEA model.   293 

2. For a particular simulation, values for RVs within R(Xj) are determined by MCS, then the 294 

required value for Qw necessary to satisfy Eq. 1 is determined.  Because R(Xj) is implicit, a  295 

nonlinear solver is required to determine this value.  That is, Eq. 1 is solved by incrementing Qw 296 

with the FEA procedure until the simulated column can just no longer support its axial load.   297 

3. The simulation process (step 2) is repeated until the desired sample size is generated. For each 298 

simulation, the FEA model is updated with the simulated values of the RVs given in Table 1.  A 299 

program was written to automate the procedure of generating the random values via MCS, 300 

inserting these values into the FEA input file, running the FEA code, extracting results, 301 

incrementing the control variable for nonlinear solution of Qw, and repeating the process for 302 

subsequent simulations.  In this study, 1000 simulations were used. This choice is further discussed 303 

below.  304 

4. Since R(Xj) = Qw  on the failure boundary, the values determined for Qw also must equal 305 

corresponding values for R(Xj).  Thus, the (1000-point) data sample reduces the complex, high-306 

dimensional function R(Xj) into that describing a single representative random variate R. Due to 307 

the sparsity of data in the critical tail region of R(Xj) when solving the column scenarios that have 308 

high reliability, the data sample is further represented with an analytical curve that can be used to  309 

extend the tail region indefinitely.  Since the accuracy of the reliability solution depends on how 310 

well the actual distribution of R is modeled, the curve representing the CDF of R is developed from 311 

an ensemble of three highly-flexible, three and four-parameter distributions: the generalized 312 

lambda distribution (GLD), Johnson’s distribution (JSD), and the generalized extreme value 313 

distribution (GEV). Although each curve is relatively flexible by itself, the resulting hybrid CDF 314 
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takes advantage of the combined ability of all three curves to best match R. To determine how the 315 

curves are optimally combined, the individual CDFs are assigned weight factors depending upon 316 

their anticipated accuracy.  Using a weighted sum formulation, a unique, problem-specific 317 

ensemble of CDFs is formulated as: 𝐹𝑅𝐸 =  ∑ 𝑤𝑖𝐹𝑅𝑇𝑖
3
𝑖=1 , where FRE is the final ensemble CDF of 318 

the three stand-alone CDFs FRTi, and wi is the weight factor of ith stand-alone CDF.   The weight 319 

factors are determined by a sequential quadratic programming optimization process where the 320 

difference between the CDF formed directly from the 1000 sampled datum points, the "true" CDF, 321 

given as: FR(s) = s / (1000 + 1), and the analytical representation, FRE, is minimized, where FR(s) 322 

is the CDF value for datum s.  The error between the true CDF and FRE is measured using 323 

generalized mean square error.  The final optimized ensemble CDF of resistance is thus used to 324 

represent R. An example curve used to represent R for a typical column exposed to blast is given 325 

in Figure 5. As shown, the optimized curve is dominated by the GEV in this case (with 326 

corresponding curve weights wGEV = 0.91; wGLD =  0.08; wJSD = 0.01).      327 

5. Since Q is an RV with known parameters, Eq. 1. can now be explicitly expressed as: g* = R – 328 

Q.  This simple, analytical, two RV limit state function can then be readily solved with any 329 

reliability method as desired.  In this study, direct MCS was used (from approximately 1x106-330 

1x108 simulations, as appropriate for the reliability level evaluated). 331 

It is important to note that this process  is not a simple curve fit to the limit state function 332 

g, which would require a much larger data sample to produce an accurate representative single 333 

variate G.  The effectiveness of the method relies on separating R and Q to identify points on the 334 

failure boundary.  As demonstrated in Patki and Eamon (2016), this allows defining a region within 335 

g much closer to the failure region, which requires much fewer points to define accurately, than g 336 

as a whole.   Thus, sufficient data are only needed to define the shape of R rather than to attempt 337 
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to capture failures of g.  This concept is shown in Figure 6.  The sample size needed to do this 338 

effectively for a variety of problems has been discussed by Eamon and Charumas (2011). As 339 

expected, increasing the number of simulations typically leads to greater accuracy.  However, 1000 340 

was recommended for most problems, even if using a single curve rather than an ensemble, as a 341 

reasonable balance between computational effort and accuracy.  To verify the appropriateness of 342 

a 1000-point data sample for this specific problem in this study, several columns exposed to 343 

different blast loads to produce reliability indices between approximately -0.5 to 3.8 were modeled.  344 

To allow for feasible validation, the mesh of these columns was coarsened and the analysis stopped 345 

once a displacement limit was met that was predictive of column failure rather than complete 346 

collapse.  These simplifications were found to reasonably approximate the behavior of the original 347 

models, and could be feasibly solved with MCS using up to 1x105 simulations. The validation 348 

analysis found that the FS reliability result was within 3% of the direct MCS solution in each case 349 

(case 1: βMCS= -0.52; βFS = -0.52; case 2: βMCS= 2.65; βFS = 2.65; case 3: βMCS= 3.89; βFS = 3.80). 350 

As this result confirmed the earlier sample size recommendation and was deemed sufficiently 351 

accurate for this study, no further changes in the number of simulations were implemented. 352 

Results  353 

To assess column reliability across a variety of small to moderate blast threats, results are 354 

presented for a range of scaled distances from approximately 0.1 to 0.3 m/kg1/3.  A representative 355 

column response to blast is given in Figure 7.  Typically, when the peak overpressure on the 356 

column face is reached, the base of the column is pushed laterally from the blast, producing 357 

extensive cracking at the base.  Although this does not represent a traditional concrete shear failure 358 

due to the very steep (nearly parallel to the lateral blast load) primary crack angle at the very base 359 

of the column, this critical crack formation is predominately caused by a shearing distortion, 360 
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accompanied by high deviatoric stress.  This behavior, ultimately the result of excessive concrete 361 

strain from shearing and tension, can be clearly seen in the experimental results (see Fig. 4), as 362 

well as from the distortion of the reinforcing bars at the base of the FEA model.  This displacement 363 

causes the column to slightly rotate as the base becomes eccentric to the top, crushing some 364 

concrete elements into the load plate used to represent the lower surface of the pier cap.  Similar 365 

behavior was also reported for concrete masonry walls exposed to blasts (Eamon et al. 2004).  The 366 

lateral displacement of the base similarly causes yielding of the reinforcing bars.  Once the base 367 

loses stiffness due to extensive material softening from cracking and bar distortion, the column 368 

can no longer offer sufficient support for the axial load imposed and it ultimately collapses.   369 

The cause of failure of a SFRP-strengthened column exposed to blast is similar to the 370 

unwrapped case: base failure.  The SFRP on the column face (as well as SFRP on a narrow vertical 371 

region on  the sides of the column closest to the blast-exposed face) is first severely damaged and 372 

experiences bond loss and destruction, while SFRP on the remaining column surface areas does 373 

not experience significant damage.  The column base then soon fails thereafter in the same manner 374 

as with the non-wrapped column.  SFRP increases blast resistance capacity by providing additional 375 

external reinforcement and some enhancement of confinement.  It was found that the primary 376 

benefit from wrapping, however, with respect to blast resistance, is its reinforcing ability rather 377 

than confinement.  This was determined by removing the continuity of SFRP by placing four 378 

independent, disconnected sheets on the column faces. This resulted in only a minor loss of blast 379 

resistance as compared to the continuous sheet (within a few percent), suggesting that confinement 380 

provides a measurable, but minor role in resistance.  It was also found that the SFRP does not act 381 

as reinforcement in the traditional sense, where a fundamental distinction exists between flexure 382 

and shear.  Rather, changing the strong orientation of the SFRP from the horizontal (acting as shear 383 
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reinforcement) to vertical (acting as flexural reinforcement) made little difference, where the 384 

vertical orientation could resist only slightly less (again within a few percent) blast load effect than 385 

the horizontal orientation, suggesting that it serves modestly more effectively as shear 386 

reinforcement.  This is perhaps expected, given the shear distortion that was observed to cause 387 

column failure.  Other resistance mechanisms result from the additional mass and ductility of the 388 

SFRP sheets that absorb blast energy with their destruction; as well as the ability of the wrapping 389 

to simply hold the concrete shell together (when not destroyed) and enable the column to resist 390 

spalling, such that it can continue to carry a portion of the axial force as well as continue to protect 391 

the concrete core.   392 

Although useful for providing an understanding of column behavior, a drawback of the 393 

model discussed above is the large computational effort involved.  However, it was found that 394 

nearly identical (within a few percent) blast load capacity results could be obtained with a less 395 

detailed mesh and by varying mesh density, with concrete element edge sizes of 9.5 cm for 396 

elements close to the charge where most cracks appear, and edge sizes of 9.5 cm square and 38 cm 397 

high for elements away from the charge. This resulted in only 1090 concrete elements (not 398 

including SFRP shells), with a corresponding large decrease in solution time.  This less detailed 399 

model was used to perform the reliability analysis results detailed below. Although useful for 400 

ultimate capacity analysis, this more coarse model loses effectiveness for predicting crack patterns.  401 

However, this detailed information is not of further interest to this study. 402 

 403 

As the axial load on the column was found to affect reliability under blast, to present a range of 404 

possible reliability results, three axial load cases were considered.  These are dead load (DL); 405 

nominal load (NL); and maximum load (ML). The DL case includes only the self-weight of the 406 
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structure described above (deck, girders, barriers, diaphragms, and pier cap), and represents the 407 

most likely scenario when the column is subjected to blast load.  Because traffic live load is highly 408 

variable and a function of time and location, appropriate sustained, or arbitrary-point-in-time 409 

values for traffic load to be used in conjunction with a transient blast load have not been 410 

established.  Thus, a variety of live load levels were investigated in this study.  Based on the traffic 411 

load model used in the AASHTO LRFD calibration (Hardwire 2014), as well as actual traffic data 412 

recorded in the State of Michigan (Eamon et al. 2016), typical daily or even yearly maximum loads 413 

were found to have little effect on reliabilty under blast, as results are insensitve to changes in axial 414 

load above dead load at these relatively low live load levels. To explore this issue further, an 415 

extremely heavy mean maximum vehicle load on the bridge was considered, taken as 2450 kN. A 416 

traffic load of of this magnitude may represent a yearly maximum special permit vehicle.  For 417 

example, weigh-in-motion data collected for two years over dozens of major highway in Michigan 418 

reported a maximum vehicle weight of 2420 kN (Eamon et al. 2014), from over 66 million vehicle 419 

records. Note that a maximum legally loaded common 5-axle tractor-semi trailer truck in most 420 

states of the US is about 356 kN; assuming 4 such vehicles on the bridge together, one on each 421 

span and in both lanes, results in 1424 kN. This was also found to have minimal impact on 422 

reliability. As these loads were found to have little influence on reliabiltiy under blast load, 423 

theoretically higher levels of load were considered in order to better understand how reliabilty 424 

changes with axial load level. These higher load levels are represented with the NL and ML cases.  425 

The former is set equal to the total unfactored load that the column can support, per AASHTO 426 

LRFD design criteria.  This load would practically apply only to a much larger structure than that 427 

shown in Fig 1. The ML case corresponds to applying a load equal to the nominal capacity of the 428 
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column. Although the latter case represents an unrealistic design scenario, it was studied to 429 

establish a bound of possible column performance when subjected to blast.    430 

Reliability results are given in Figures 8-16. Failure probability (pf) results are converted 431 

to generalized reliability index β (i.e. β = -Ф-1(pf)) for ease of comparison to established levels of 432 

code reliability.  For each case, columns were subjected to a range of blast loads such that the 433 

resulting reliability indices ranged from about 5 to -1, where positive values indicate pf < 0.5 and 434 

negative values represent pf > 0.5.  Baseline results can be thought to be represented at the β = 0 435 

line, where pf = 0.50.  That is, this represents the blast load applied that just causes the column to 436 

fail, regardless of the accompanying uncertainties; i.e. these load values essentially represent 437 

deterministic column capacity results when evaluated using the mean values of the random 438 

variables.  Note that in any situation where mean load effect exceeds mean resistance, reliability 439 

index will fall below zero.  In this study, this occurs for cases where the scaled distance Z becomes 440 

small and the corresponding blast load effect becomes high, resulting in probable column failure.   441 

 Figures 8-10 present results for columns with reinforcement ratios ρ=0.015 for different axial 442 

load levels.  Considering Figure 8, for columns subjected to axial dead load (DL), as expected, 443 

reliability index increases as scaled distance increases (and thus as effective blast load decreases), 444 

and the reliability of the bare columns to those wrapped with SFRP tends to converge as blast load 445 

is increased.  This latter observiation is not surprising, since as blast load increases, reliability 446 

becomes more dominated by load effect rather than SFRP resistance characteristics. 447 

As noted above, and as expected, increasing concrete strength significantly increases 448 

reliability for low to moderate blast loads.   Even at Z = 0.24 m/kg1/3, increasing concrete strength 449 

from 28 to 55 MPa results in a corresponding increase in reliability index from about 1 to about 3.  450 

As compared to increasing concrete strength, the benefit of SFRP is measurable but less 451 
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significant.  For example, applying SFRP on the 28 MPa column at a scaled distance of 0.24 452 

m/kg1/3 increases reliability index from 1 to approximately 2, which is about the same effect as 453 

increasing concrete strength from 28 to 42 MPa.  Similar to changes in concrete strength, the 454 

largest benefits from SFRP occur at low and moderate blast loads.   455 

Comparing results in Figures 8-10, a significant benefit in blast reliability is realized by 456 

increasing the mean axial load on the short columns studied here where buckling is not a concern, 457 

where enhancements in reliability due to increases in concrete strength or the use of SFRP become 458 

more pronounced.  For example, considering Z = 0.22 m/kg1/3, increasing the axial load from the 459 

DL (Figure 8) to NL (Figure 9) cases resulted in increases in reliability index from 0.0 to 0.5 (28 460 

MPa column) and 1.1 to 3.0 (55 MPa column) without SFRP, and from 0.5 to 1.0 (28 MPa column) 461 

and 2.0 to 4.0 (55 MPa column) with SFRP.  This remains an increasingly beneficial effect as axial 462 

load increases to a load approximately equal to the nominal axial capacity of the column.  463 

However, this benefit does have limits; it was found that increasing axial load slightly beyond 464 

nominal capacity will cause a failure even at very low blast loads, as the column has little reserve 465 

capacity remaining to sustain damage of any kind.   Here note that the mean axial load capacity, 466 

as used in the analysis, is about 15% greater than nominal capacity due to the material strength 467 

bias factors shown in Table 1.  Although the peak effective load level depends on the specific 468 

column properties, applying an axial load large enough to be approximately within the region 469 

between nominal and mean capacity becomes detrimental to blast resistance (and of course, 470 

applying an axial load beyond mean capacity will cause an immediate failure due to overload).  At 471 

lower load levels, however, the axial load practically serves as prestressing, lowering tensile 472 

stresses and inhibiting the crack development and growth that ultimately causes base failure.   473 
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Note that the ML results are provided as theoretical interest only, since such a high axial 474 

load level does not represent a realistic scenario.  To study the effect of blast damage on remaining 475 

column axial capacity in more detail, a column at a more reasonably expected maximum NL load 476 

level was considered. Here, a typical column (f’c = 42 MPa, ρ = 0.029) subjected to the NL load 477 

level was exposed to a scaled blast distance that was close too, but below that (approximately Z = 478 

0.20) which would cause failure.  Once the blast event was complete and the column reached static 479 

equilibrium, the axial load was slowly increased until column collapse occurred.   480 

For an unwrapped column, it was found that the blast-damaged column could maintain 481 

approximately 90% of its undamaged maximum axial load.  When exposed to an effective blast 482 

load of 90% of the original effect (i.e. Z = 0.22), the column could maintain 94% of the undamaged 483 

maximum axial load.  And when exposed to 50% of the original blast load (Z = 0.40), the column 484 

could sustain nearly 98% of its undamaged maximum load.   Therefore, the column axial capacity 485 

is largely unaffected unless the blast load reaches a relatively high level, close to that which would 486 

cause immediate collapse.  It thus appears that there is a significantly nonlinear relationship 487 

between blast load and column axial capacity. 488 

Wrapping the same column allowed an increase in resistance to blast load effect by 489 

approximately 10% (Z = 0.18) as compared to the unwrapped case, though the post-blast column 490 

could carry a slightly lower proportion of its maximum axial load (87%, vs 90% for the unwrapped 491 

column exposed to a lower blast level).   Subjecting the wrapped column to 90% of its initial blast 492 

load (Z = 0.20) allowed the post-blast column to resist just slightly more axial load than the 493 

unwrapped column exposed to the same blast level  (92% vs 90%); and subjecting the wrapped 494 

case to 50% of its initial blast load (Z = 0.36) enabled the column to resist 96% of its maximum 495 

axial load post-blast (as compared to the unwrapped column, exposed to 50% of its initial blast 496 
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load at a lower Z of 0.40, which could sustain 98% of its initial maximum load).   As shown above, 497 

exposing a wrapped column to same load level as an unwrapped case is accompanied by an 498 

increase in post-blast capacity, as expected.  Within the range of loads considered, the benefit that 499 

wrapping provides to post-blast capacity appears to increase at lower blast load levels. 500 

Figures 11-13 and 14-16 are similar to 8-10, except results for columns with higher 501 

reinforcement ratios (0.029 and 0.042) are presented. Similar trends are shown, but column 502 

reliabilities are generally higher, as expected.  For example, again considering a 28 MPa column 503 

at Z = 0.24 m/kg1/3 under the DL load case, reliability indices vary from approximately 1.3 for 504 

ρ=0.015, 1.8 for ρ=0.029, and 2.2 for ρ=0.042.  In summary, for the columns studied, reliability is 505 

most sensitive to changes in concrete strength, SFRP, then longitudinal reinforcement ratio.   506 

As this study concerns reliability due to blast,  the results shown consider failures initiated 507 

by blast load only, not from extreme gravity loads.  That is, any column failure that occurred due 508 

to sampling an extreme vehicle overload before the blast load could be applied was removed from 509 

the results.  For comparison, the effects of extreme gravity loads on column reliability, when not 510 

exposed to blast,  are given in Table 2.   As shown, reliability increases as reinforcement ratio 511 

increases and concrete strength decreases.  This occurs at the NL and ML load levels because the 512 

axial load applied is a function of column capacity (as column capacity increases, axial load is 513 

correspondingly increased, per the definition of these load cases given earlier), and the variability 514 

of column strength decreases as steel, with its relatively low coefficient of variation, carries 515 

proportionally more load than concrete.  Perhaps unexpected, this also occurs at the DL load level, 516 

where axial load is held constant regardless of column strength.  Again, this trend occurs for a 517 

similar reason, where the increase in mean column strength is outweighed by the corresponding 518 

increase in variability of strength, causing a net increase in failure probability.  For example, for 519 
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the column with ρ = 0.042, as concrete strength is increased from 28 to 55 MPa, mean column 520 

capacity increased by 57%, but the standard deviation of column strength approximately doubled. 521 

To provide context to the values shown in Table 2, a column designed according the 522 

AASHTO LRFD specifications, without overdesign, would correspond to the NL load case.  The 523 

reliability index is for a reinforced concrete beam designed per AASHTO LRFD is approximately 524 

4 (Nowak 1999).  This reported beam reliability index is based on a tension-controlled flexural 525 

failure, as  opposed to the compressive-controlled column failures considered in this study, for 526 

which the AASHTO code was not calibrated.  The significantly higher NL reliability index values 527 

for the columns are primarily due to the code-specified column reduction factors of 0.75 and 0.80 528 

(to produce an effective combined strength reduction factor of 0.60), as opposed to the less severe 529 

tension-controlled strength reduction factor for tension-controlled beams of 0.90.  When the 530 

column is strengthened with SFRP, no significant difference in axial load reliability results.  This 531 

is because the column is half-wrapped near the bottom only, and provides no increase in 532 

compressive capacity for the upper half of the column.   533 

The effect of including gravity load failures with blast load failures on reliability depends 534 

on the blast and axial load levels applied.  For the DL and NL load levels, including gravity load 535 

failures, within the range of blast loads considered, has no significant effect on the overall failure 536 

probability in nearly all cases.  For example, considering the case where failure probabilities 537 

between these two cases (i.e. values shown in Table 2 and those for a corresponding column in 538 

Figures 11 - 16) are closest, which would cause the greatest change in reliability when these two 539 

modes are combined, is for a ρ = 0.015, 55 MPa column wrapped with SFRP at the NL load level 540 

exposed to a scaled blast distance of  Z = 0.23 m/kg1/3, with a reliability index of β = 4.75, as shown 541 

on Figure 9).  Per Table 2, the corresponding  axial-load only reliability index for this column is β 542 
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= 4.58.  The resulting reliability index when both failure modes are included is approximately 4.53, 543 

or a 5% decrease from the blast load only reliability index shown in Figure 9.  The next most-544 

affected result is the 42 MPa column but otherwise the same as the 55 MPa column case above, 545 

where reliability index was found to be approximately 3% lower than shown in Figure 9.   For all 546 

other cases shown on the Figures, differences in reliability due to including the initial gravity load 547 

failures were less than 1% from the values shown.  548 

 549 
In contrast,  for the ML load level, including gravity overload failures with blast failures 550 

will have a profound effect on column reliability level.  Unlike the DL and NL load levels, which 551 

have relatively high reliability under axial load only, reliability under axial load is close to zero 552 

due the extreme value of the ML gravity load imposed.  Combining this high initial failure 553 

probability with blast load results in all ML cases with reliability close to or below zero (values 554 

ranged from -1.47 ≤ β ≤ 0.12), where reliability decreases as scaled distance Z decreases on all 555 

cases.  These reliability levels are so low as to be beyond practical interest, and were not 556 

investigated further.  557 

For comparison to current code standards, note that that minimum acceptable reliability 558 

index for bridge members according to the AASHTO LRFD Specifications is 3.5 (Nowak 1999).  559 

For the columns and blast scenarios studied, consider those subjected to the most likely (and 560 

conservative) DL axial load condition.  To meet the minimum reliability target of 3.5, columns 561 

with no SFRP applied can be subjected to Z values from 0.23-0.28 m/kg1/3, depending on concrete 562 

strength and reinforcing ratio.  With SFRP, the scaled distance can be decreased to 0.19-0.26 563 

m/kg1/3 while meeting the same level of reliability. Although these differences appear small, they 564 

represent substantial changes in charge weight for a given distance.  For example, considering a 565 

closely placed charge at 1 m from the column face, the equivalent change in weight varies by a 566 
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factor of 1.2-1.75, where larger increases in charge weight occur for columns with higher concrete 567 

strengths and reinforcing ratios.  568 

It should be noted that the reliability analyses assume that the given column material and 569 

geometric characteristics are as-specified at the time of blast exposure.  That is, depending on 570 

environmental exposure, actual column strength may be expected to deteriorate over time.  571 

Although the degree of deterioration is generally governed by the inspection, maintenance, and 572 

repair strategies of the agency, it is certainly possible that a deteriorated column may experience a 573 

blast event prior to a full repair.  Such potential decreases in strength are not accounted for in the 574 

results presented.  However, general reductions in concrete strength and steel area (due to 575 

corrosion) might be indirectly accounted for in the results provided by taking inputs on the graphs 576 

of concrete strength and reinforcing ratio as effective values at the time considered (e.g. using a 577 

reduced steel area due to corrosion) rather than nominal values, interpolating results between the 578 

given curves as needed.  Another issue to consider is that FRP is typically used to retrofit columns 579 

that may have previously experienced damage from deterioration, impact, or another source.  In 580 

this case, modeling the type of repair may become critical to assess performance under blast load. 581 

For example, the extent of the existing concrete surface that was removed, and the quality of bond 582 

between the old and new cementitious materials may become important considerations.   583 

Conclusions 584 

 The reliability of typical reinforced concrete bridge columns externally strengthened with 585 

SFRP and exposed to blast and gravity load was investigated.  Columns behavior was represented  586 

with a finite element model that accounted for cumulative damage, fracture, and element 587 

separation.  A variety of concrete strengths, reinforcement ratios, and load levels were studied, 588 
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while uncertainties in material strength, stiffness, as load parameters were considered in the 589 

probabilistic analysis.  Specific results of the study are as follows:  590 

• For the columns and blast scenario considered, reliability under blast is most significantly 591 

increased by raising concrete strength, followed by SFRP wrapping, then by increasing 592 

steel reinforcing ratio. 593 

• Because increasing axial load on a short column enhances resistance to lateral blasts, 594 

neglecting axial load provides a conservative assessment of blast reliability. 595 

• The degree to which SFRP wrapping benefits column reliability varies with blast level and 596 

column characteristics, where greater enhancements generally occur for lower blast loads 597 

and higher strength columns. 598 

• For the cases considered, strengthening columns with SFRP enables maintaining a 599 

reference reliability index of 3.5 while subjected to decerases in scaled distance from 600 

approximately 5-20%.  These differences represent subtaintal increases in allowed charge 601 

weight at close distance.  602 

• Because SFRP wrapping is a relatively inexpensive, fast, and unobtrusive retrofit option, 603 

results of this study suggest that it may be a viable option for blast protection of existing 604 

bridge columns when maintaining a given level of reliability is of concern.  Although 605 

bridge blast loading is mentioned in AASHTO LRFD and was considered in other studies, 606 

currently, such an event does not appear to be a substantial threat in the United States.  607 

Given the beneficial results of SFRP wrapping suggested by this study, it may be 608 

worthwhile to further explore the effectiveness of this strengthening method to mitigate 609 

damage from vehicular impacts as well, which may pose a higher level of risk. 610 

 611 
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Table 1. Random Variables. 

Random Variable (RV) Total Nominal value Bias factor* V** 

Resistance RVs     

Concrete strength (f’c) 1 28-55 MPa 1.15 0.15 

Yield stress, long. bars  (Fyl) 24 414 MPa 1.14 0.05 

Yield stress, ties (Fyt) 1 276 MPa 1.145 0.05 

Yield stress, SFRP steel fibers (FyS) 1 985 MPa 1.14 0.03 

Young’s Modulus, long. bars (El) 24 200 GPa 1.0 0.04 

Young’s Modulus, ties (Et) 1 200 GPa 1.0 0.04 

Young’s Modulus, SFRP(ES) 1 66.1 GPa 1.0 0.04 

Tangent modulus, long. bars (ETl) 24 20 GPa 1.0 0.04 

Tangent modulus, ties (ETt) 1 20 GPa 1.0 0.04 

Tangent modulus, SFRP (ETs) 

 

1 98.5 MPa 1.0 0.04 

Load RVs (load on column)     

Weight, prefab items (Dp) 1 67 kN  1.03 0.08 

Weight, cast in place items (Ds) 1 387 kN   1.05 0.10 

Weight, wearing surface (Dw) 1 134 kN mean=89 mm 0.25 

Gravity load, vehicular traffic (LL) 1 145 kN 1.3-2.3 0.11-0.18 

Charge weight (Qw) 1 50-600 kg 1.0 0.10 

Equivalency factor (Qe) 1 1.00 mode=0.82 0.36 

*Ratio of mean to nominal value.   Vehicle load bias factor given in terms of two-lane HS-20 live load.   

**Coefficient of variation.   

 

Table 2. Column Reliability Index Under Axial Load Only. 

Column DL NL ML 

ρ = 0.015, f’c = 28 8.15 5.05 0.116 

ρ = 0.015, f’c = 42 7.66 4.74 0.114 

ρ = 0.015, f’c = 55 7.42 4.58 0.113 

ρ = 0.029,  f’c = 28 9.77 5.96 0.121 

ρ = 0.029,  f’c = 42 8.77 5.37 0.118 

ρ = 0.029,  f’c = 55 8.26 5.06 0.116 

ρ = 0.042,  f’c = 28 10.2 6.70 0.124 

ρ = 0.042,  f’c = 42 9.76 5.92 0.121 

ρ = 0.042,  f’c = 55 9.01 5.49 0.119 
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Figure 1. Bridge Pier Considered.  

 

Figure 2. Column Cross-Section Considered.  

 

 

Figure 3. Typical Blast Pressure Curve. 
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Figure 4. Comparison of Experimental and FEA Results (Alsendi and Eamon 2020; Williamson 

et al. 2011). 

 

 

Figure 5. Example CDF Ensemble of Column Resistance. 
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Figure 6. Illustration of Direct MCS vs FS Approach (Problem with β= 3.31). 

 

Figure 7. Typical Response of Column to Blast. 
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Figure 8. Column Reliability, ρ = 0.015, DL Load Case. 

 

 

Figure 9. Column Reliability, ρ = 0.015, NL Load Case. 
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Figure 10. Column Reliability, ρ = 0.015, ML Load Case. 

 

 

 

Figure 11. Column Reliability, ρ = 0.029, DL Load Case. 
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Figure 12. Column Reliability, ρ = 0.029, NL Load Case. 

 

 

 

Figure 13. Column Reliability, ρ = 0.029, ML Load Case. 
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Figure 14. Column Reliability, ρ = 0.042, DL Load Case. 

 

 

Figure 15. Column Reliability, ρ = 0.042, NL Load Case. 

 

-1

0

1

2

3

4

5

0.1 0.15 0.2 0.25 0.3

R
el

ia
b

il
it

y
 I

n
d

ex

Scaled Distance (m/kg1/3 )

Axial Load = DL

ρ = 0.042

28 MPa

42 MPa

55 MPa

28 MPa with SFRP

42 MPa with SFRP

55 MPa with SFRP

-1

0

1

2

3

4

5

0.1 0.15 0.2 0.25 0.3

R
el

ia
b
il

it
y
 I

n
d
ex

Scaled Distance (m/kg1/3 )

Axial Load = NL

ρ = 0.042

28 MPa

42 MPa

55 MPa

28 MPa with SFRP

42 MPa with SFRP

55 MPa with SFRP



43 
 

 

Figure 16. Column Reliability, ρ = 0.042, ML Load Case. 
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