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ABSTRACT
Contrary to military or essential government buildings, most bridges are designed without any con-
sideration for blast resistance. Fiber-reinforced polymers (FRPs) can provide an effective means for 
strengthening of critical bridges against such loading. This study has focused on the effectiveness of 
FRP retrofi tting in the dynamic response of reinforced concrete bridge columns under blast loading. 
Using a simplifi ed equivalent I-section with a virtual material lumped at the two fl anges; a lightly 
meshed uniaxial fi nite element model was developed and successfully validated against previous stud-
ies. The proposed model was then used for a thorough parametric study on the blast resistance of bridge 
substructures in the form of a single-column, two-column pier frame, and an entire bridge. The study 
showed the benefi ts of strengthening with composites against blast loading. The FRP tensile strength 
and diameter-to-thickness ratio, steel reinforcement ratio, and column length and damping ratio signifi -
cantly affect the blast resistance of an FRP-retrofi tted bridge. Finally, based on the parametric study 
results, predictive equations with multiple linear regression and high order terms were developed sta-
tistically for the FRP retrofi t design of single columns against blast loading.
Keywords: Blast, bridges, concrete, fi ber-reinforced polymer (FRP), fi nite element modeling, retrofi t.

1 INTRODUCTION
In the face of terrorist attacks on landmark buildings and threats against vital lifeline bridges, 
security of transportation arteries is of grave concern. Contrary to military or essential gov-
ernment buildings, most bridges are designed without any consideration for blast resistance [1,2]. 
Crucial bridge components such as reinforced concrete (RC) girders and columns are vulner-
able to large blast loads from close-by explosions, leading to progressive span collapse or 
catastrophic shearing off of columns. Therefore, it is imperative to develop techniques to 
harden critical bridges against potential blast loading.

The use of fi ber-reinforced polymers (FRPs) for retrofi tting of RC buildings to resist 
explosions has gained interest since the Oklahoma City bombing [3,4]. FRP wraps can con-
fi ne RC columns susceptible to shearing off by blast impulse, enhance their capacity, and 
limit their lateral defl ections. The use of FRP sleeves or tubes in new columns and piles has 
also proven effective under impact and seismic loads [5–7]. A number of studies have assessed 
the effect of FRP retrofi tting on the dynamic response of RC structures. Elsanadedy et al. 
studied the effect of carbon (C) FRP retrofi tting on the blast resistance of RC circular col-
umns [8]. Their results showed that CFRP retrofi tting can signifi cantly decrease the blast 
damage and maximum lateral defl ection experienced by RC columns under explosions. 
Crawford et al. developed a design procedure for using steel jackets and FRP wraps to 
improve the survivability of RC columns under blast loading [9]. Williamson and Winget 
discussed the potential effects of blast loads on bridges, provided structural design and retro-
fi t solutions to counter those effects, and suggested the use of FRP wraps or steel jackets to 
enhance shear and fl exural strength and to control lateral defl ections [10]. Hamed and Rabi-
novitch studied the behavior of RC beams strengthened with externally bonded FRP under 
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different dynamic loads (including impulse loads) using an analytical model based on 
dynamic equilibrium, deformation compatibility, and higher order theory [11]. Mosalam and 
Mosallam developed a fi nite element (FE) model to study the blast impact on two-way RC 
slabs with and without externally bonded carbon FRP strips [12].

Laboratory and full-scale blast experiments on retrofi tted RC members have been few and 
limited due to the complexity of explosive testing of different structural systems. Most stud-
ies in this area apply analytical simulations. Current analytical work in blast loading mostly 
applies 3-D complex FE modeling schemes, accuracy of which depends greatly on the fi ne-
ness of the mesh, which in turn leads to signifi cantly high computational cost [13–15]. 

This study assesses the effectiveness of FRP retrofi t measures for strengthening of RC 
bridge structures. It further investigates the effect of different design parameters, such as FRP 
type and thickness, steel reinforcement ratio, confi guration of the structure, bomb size, and 
damping ratio, on the blast resistance of FRP-retrofi tted RC bridges using a verifi ed novel 
analytical model. Accordingly, the results of this study can be used for the design of FRP 
retrofi tting of RC structures, especially bridges, to make them adequately resistant against 
explosions and terrorist attacks. Also, the simplifi ed analytical approach proposed in this 
paper enables engineers to do such designs easier and faster with high fi delity, as compared 
with the existing elaborate analytical FE approaches.

2 ANALYTICAL MODELING

2.1 Simplifi ed fi nite element modeling

A typical FRP-retrofi tted RC (FRRC) section can be discretized into a number of integration 
strips (Fig. 1). For each strip, the respective constitutive models are utilized. The interaction 
amongst the different materials (e.g. confi nement effects) is considered implicitly at the 
materials level and not in the sectional analysis. To simplify the complex blast analysis with 
high fi delity and no loss of accuracy, this study incorporates the concept of using an equiva-
lent section with a virtual material that would generate the same moment–curvature as that of 
the original section. Hence, an equivalent section is proposed to transform the existing sec-
tion geometry into an I-shaped section (Fig. 2), whereby the web thickness is considered to 
be negligible, and the entire section is lumped into two fl anges with fi nite small thickness, 
limiting the stress variation within the fl ange thickness. Since the virtual material is only 
present at the top and bottom of the section, there is no strain or stress gradient in the section. 
With the concept of equivalent section, the section performance is fi ngerprinted by the stress–
strain curve of the virtual material defi ned at the two fl anges. The stress–strain curve of the 
virtual material should be defi ned directly from the moment–curvature response of the origi-
nal cross section. Accordingly, the moment–curvature response of the original cross section 

Figure 1: Illustration of sectional analysis using strip method.
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is fi rst obtained based on the constitutive material models using a sectional analysis software, 
e.g. RESPONSE 2000 [16]. Then, the stress–strain curve of the virtual material for the equiv-
alent I-shaped section is defi ned based on the sectional moment–curvature response. The 
equivalent I-section and virtual material properties are then assigned to the FE members of 
the structural model generated in a general-purpose FE software, e.g. ANSYS 8.0, to perform 
dynamic analysis representing blast loading [17].

2.2 Constitutive material modeling under high strain rates

Blast loads typically produce very high strain rates in the range of 102 to 104 s1. This high 
straining rate would signifi cantly increase the stress and strain capacities of concrete and steel 
reinforcement, and accordingly affects the dynamic performance of the target structure [15]. 
Below, the dynamic effects on each of the materials are discussed separately.

2.2.1 Concrete
The dynamic effect is introduced into the concrete model using the factor Kd [18], as:
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where e&  is the strain rate, &e s  (quasi-static strain rate) is 30×106 s1, f ’co is the reference 
strength set as 10 MPa, and f′c  is the 28-day compressive strength of concrete at static strain 
rate. According to CEB-FIB 1990 [18], the increased compressive strength (f′cd) of concrete 
under dynamic loading can be calculated as: 

 ′ = ′f f Kcd c d  (5)

The strain at the peak stress also increases from ec to ecd, which is also strain-rate depend-
ent [19], as

 e e ecd d cK= +( . ( ) . )0 12 0 763 &  (6)

Figure 2: Illustration of the equivalent section concept.
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The stress–strain relationship of concrete under dynamic loading can be further developed 
based on the modifi ed Scott et al. model [20], as proposed by Ngo [19]:
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where f and ε are the stress and strain of concrete, respectively, and Zd is the softening slope, 
defi ned as
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where Z is the softening slope of concrete at static strain rate, ρs is the volumetric ratio of the 
hoop reinforcement relative to the concrete core area, ′h  is the width of concrete core meas-
ured to the outside of stirrups or hoops, and sh is the center-to-centerspacing of stirrups or 
hoops.

It should be mentioned that the confi ned concrete in this study is modeled using the mod-
ifi ed Kent–Park model [20].

2.2.2 Steel reinforcement
Steel reinforcement also shows higher strength and ductility under high strain rate. Soroush-
ian and Choi proposed a model for stress–strain response of steel under various loading rates [21]. 
They reported that the increases in steel yielding stress, ultimate strength, and ultimate strain 
are proportional to the logarithmic function of the strain rate, as follows:
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where fy, fp, and eu are the yielding strength, ultimate strength, and ultimate strain of steel 
reinforcement under static loading, respectively; andf ′f y , ′f p , and ε’u are their corresponding 
values under high strain rate of &e .

2.2.3 FRP materials
A uniaxial tri-linear hysteretic model was used to model the FRP tube, as proposed by Shao 
and Mirmiran [22]. According to Kuksenko and Tamuzs, FRP materials do not show signifi -
cant strength gain under high strain rates [23]. As such, no dynamic effect was included for 
FRP materials in this study. 



350 R. Zheng et al., Int. J. Comp. Meth. and Exp. Meas., Vol. 2, No. 4 (2014)

2.3 Modeling of blast loading

The threat of a conventional bomb to a structure is mainly presented by the over-pressure on 
its surface. This is a complex mechanism depending on the geometry and composition of the 
structure, the magnitude and the angle of the blast wave, and relative distance of the blast. 
After the bomb is detonated, the blast pressure wave propagates in a hemispherical shape, 
decaying over the distance as the volume of the hemisphere grows proportional to the third 
order of the distance of the outermost surface to the epicentre of the bomb. The time frame 
for the blast load is very brief and concentrated, resulting in a large impact on the structure 
often lasting only a few milliseconds. Blast pressure on the structure ramps up to a peak value 
almost instantly upon the arrival of the pressure wave front. The pressure then decays expo-
nentially and eventually becomes negative (suction) as presented in Fig. 3. A common 
practice for simulation of the blast pressure is to simplify the nonlinear curve with a triangu-
lar function, neglecting the negative phase of the blast load history (see Fig. 3). The two 
major factors controlling the blast load on a structure are bomb size, measured as charge 
weight (W) of equivalent amount of TNT and the stand-off distance (R) between the blast 
source and the target structure. In most studies in the literature, the blast pressure on a struc-
ture is simplifi ed as a uniformly distributed load along the height of the structure, if the 
stand-off distance is relatively large with respect to the size of the target structure. Accord-
ingly, the same assumption was used in this study. Software AT Blast was used to generate 
pressure-impulse histories for each blast loading condition in this study [24].

2.4 Verifi cation of the simplifi ed FE model 

To verify the proposed simplifi ed analytical model, a single-column structure that was previ-
ously studied by Ngo et al. under blast loading was considered in this study [25]. Accordingly, 
a ground fl oor column with a total height of 6.4 m and a rectangular section of 900 mm × 
500 mm (see Fig. 4) was modeled using the simplifi ed FE modeling approach. The concrete 
strength of the column was 40 MPa. Steel bars of Nos 32 and12 were used as longitudinal and 
transverse reinforcement, respectively. The yield strength of all steel reinforcement was 
414 MPa. The blast load was calculated using data from the 1995 Oklahoma bombing with a 
stand-off distance of 11.2 m [25].

The sectional moment-curvature (see Fig. 5a) was obtained using RESPONSE 2000 [16]. 
The constitutive model of the virtual material was developed for the equivalent section, as 
shown in Fig. 5b. The transient dynamic analysis was then carried out using ANSYS® 8.0 [17]. 
Then, the column with the transformed cross section (equivalent I-section) and the specifi ed 
virtual material was modeled using two-noded 3-D fi nite strain beam elements BEAM188. It 

Figure 3: Blast load simulation.
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should be mentioned that only half of the column was modeled due to symmetric boundary 
conditions. The structural mass was modeled using MASS21 element, which is a single-noded 
element with concentrated mass components along (and rotary inertias about) the element 
coordinate axes. The fi nite mesh was established with 41 mass nodes and 40 fi nite strain 
beam elements, as shown in the inset of Fig. 6. The full transient dynamic method with a 
single-step procedure to calculate the displacements and stresses was used for the analysis. 
The solution of the equation of motion was based on the Newmark direct integration scheme 
with the Newton–Raphson method, which is an iterative procedure of solving nonlinear 
equations. The tolerance value of convergence criteria for the nonlinear analysis was set as 
0.001 for the forces and moments.

The time history of lateral defl ection at column mid-height is shown in Fig. 6, as compared 
with the results from Ngo et al. [25]. The comparison indicates the suitability of the proposed 
method for analyzing concrete structures under blast loading in a fraction of time needed for 
the complex 3-D analysis.

Figure 4: Cross-section of the column studied by Ngo et al. [25].

Figure 5:  (a) Moment–curvature response of original section and (b) stress–strain response 
of the virtual material.

Figure 6:  Comparison of lateral defl ection-time histories at the column mid-height resulted 
from the present study and Ngo et al. [25].
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3 PARAMETRIC STUDY
Using the verifi ed FE analytical approach, three different FRP-retrofi tted RC structural sys-
tems; single column, pier frame, and entire bridge, were modeled and simulated under blast 
loading and the effect of different parameters on their blast loading response was thoroughly 
investigated, as explained below:

3.1 Single-column and pier frame models

A single-column model with the same boundary conditions as those used in the previous 
section (verifi cation of the analytical model) was used for the parametric study, as shown in 
Fig. 7(a). The pier frame model was adopted from the National Cooperative Highway 
Research Program (NCHRP) Project 12-49 [26].The weight of the superstructure was simu-
lated with two constant axial loads on top of the two columns (see Fig. 7(b)). The top beam 
of the pier frame was modeled as a rigid beam element. The columns in both structural sys-
tems (single column and pier frame) were modeled using BEAM 199 elements, and the 
structural mass was modeled using mass nodes between beam elements. Both the column and 
pier frame models were two-dimensional to accommodate an in-plane analysis. The same 
analysis procedure was used as that applied in the verifi cation part.

Two sets of parameters were considered for both single-column and two-column pier frame 
models (see Table 1): column parameters (column type, concrete strength, steel reinforcement 
ratio, FRP wrap diameter-to-thickness ratio, tensile strength of FRP, cross section geometry, 
column height, and damping ratio) and blast parameters (bomb size). Both FRP-retrofi tted and 
non-retrofi tted (reference) structures were investigated. Two types of cross sections, circular 
with a diameter of 387.5 mm and rectangular with the dimensions of 900 mm × 500 mm, were 
considered for the column members. The longitudinal steel reinforcement ratio was ranging 
between 1.26% and 3.6%. The transverse steel reinforcement was eliminated in  FRP-retrofi tted 
columns. The same transverse steel reinforcement was used for rectangular RC columns as 
that used for the column model in the previous section (see Fig. 4), while No. 12 spiral at 83 
mm pitch was used for circular RC columns. Three different concrete compressive strength 
values were selected in a range of 30–70 MPa. The thickness of the FRP tube was selected 
based on the common practice of limiting tube slenderness ratio or diameter-to-thickness (D/t) 
ratio in a range of 25–100. Four different types of FRP material with varying tensile strength 
values were selected. The manufacturing properties for each type of FRP materials are listed 
in Table 2. The column heights of 3.2, 4.8 and 6.4 m were considered for the single-column 

Figure 7: Finite element models used for the parametric study.
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model and 7.6, 11.4 and 15.2 m of column heights were studied for the pier frame model. The 
effect of the structural damping ratio within a range of 0.03–0.08 was investigated. Three 
bomb charge weights of 227, 454, and 1814 kg of equivalent amount of TNT were selected for 
blast loading. To limit the size of the case study matrix, only one parameter at a time was con-
sidered as variable. For each parameter, several values were selected in the practical range, 
with one identifi ed as the reference or base value, which was kept constant for studying the 
effect of other parameters. The shaded areas in Table 1 represent the base value of each param-
eter for single-column and pier frame models. 

3.2 Entire bridge model

The entire bridge model was adopted from a case study by the NCHRP Project 12-49, which 
was prepared by BERGER/ABAM Engineers [26]. The bridge includes fi ve equal 30.5-m long 
spans, with four intermediate bents with 9.8, 14.8, 16.4, and 14.8 m heights. The plan and 
elevation of the bridge are presented in Fig. 7(c). A series of bridge models with FRRC col-
umns of different FRP tube thicknesses were developed and analyzed under the effect of single 
and multiple blast loadings. The FRRC columns in retrofi tted bridge models had a 1.17-m 
diameter circular section with twenty No. 25 longitudinal steel bars. The steel bars were placed 
at 50 mm clear spacing from the inside surface of the FRP tube. No transverse steel reinforce-
ment was used in the FRRC columns due to the confi nement effects and shear resistance of 
FRP tubes. A three-dimensional model was assembled for the whole bridge structure to take 

Table 1: Parameter matrix for single column and pier frame.

Parameters Cases

FRP wrap thickness(D/t) RC 100 75 50 25
FRP type (ffrp) A B C D E
Damping ratio (ξ) 0 0.03 0.05 0.08
Longitudinal reinforcement ratio (ρ) 1.26% 2.3% 3.6%
Bomb weight of equivalent TNT (W) 227 kg 454 kg 1814 kg
Type of column RC FRRC
Shape of cross section 900 × 500 mm for rectangular 

shape
387.5 mm diameter  
for circular shape

Table 2: Mechanical properties for different FRP materials.

FRP materials
Tensile strength 
(MPa)

Elastic modulus 
(GPa) Ultimate strain (%)

Type A (Zhu ) [7] 234 15 1.6

Type B (Shaat and Fam [29]) 269 14 1.9

Type C (Shaat and Fam [29]) 510 230 0.3

Type D (Teng and Hu [30]) 1,825 80 2.3

Type E (Kaul et al. [31]) 3,030 246 1.7
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into account both in-plane and out-of-plane analyses. Similar to the  single-column and pier 
frame models, the bridge columns were modeled using mass nodes and fi nite strain beam 
elements. The bridge superstructure in the longitudinal direction was divided into four beam 
elements per span along the centroid of the superstructure. The pier caps were modeled as 
single-line beam elements at the centerline of the box girder. A rigid column link was modeled 
to fi ll the gap between the column top and the centerline of the box girder. The mass and the 
dead load of the structure were lumped at the nodes of the model (see Fig. 7(c)). The analysis 
procedure was the same as that applied in the previous simulation models.

The investigated parameters in the bridge model included the FRP wrap thickness, type of 
blast loading (uniform and multiple), and bomb charge weight, as shown in Table 3. Type E 
FRP material (see Table 2) and a damping ratio of 0.02 were used for all bridge models. For 
the single blast loading case, a uniform blast pressure in the transverse direction of the bridge 
was assumed to act on the most vulnerable, i.e. the tallest, pier frame. For the multiple-blast 
loading case, a uniform blast pressures in the transverse direction was applied simultaneously 
on all four bents, with the same bomb charge weights and stand-off distances. The uplift 
effect on the bridge deck, which may be produced from below-deck blast pressure, was not 
taken into account in this study.

3.3 Results and discussions

The results of the parametric study are presented for each parameter in terms of the minimum 
safe stand-off distanceunder three bomb charge weights of 227, 454, and 1814 kg. The bomb 
distances less than the safe stand-off distance result in structure failure.

Figure 8 represents the effect of concrete compressive strength on the blast resistance of 
rectangular and circular RC and FRRC columns in terms of the minimum safe stand-off dis-
tance for different bomb sizes. It is obvious from the graphs that the FRP wrap provides a 
signifi cant improvement in the dynamic performance of both the column and pier frame 
regardless of the concrete strength. The fi gure shows almost a linear relationship between the 
blast resistance capacity and concrete compressive strength. High-strength concrete columns 
and pier frames are shown to provide higher blast resistance capacity than those with normal 
strength concrete when subjected to the same blast loading. It should be noted that blast load-
ing is assumed to be parallel to the longer axis of the cross section. Therefore, the rectangular 
shape has a higher sectional capacity compared with the circular shape, which resulted in the 
higher blast resistance in columns with rectangular cross sections.

Figure 9 shows the effect of the steel reinforcement ratio on the blast-resistance of RC and 
FRRC columns of both single-column and pier frame models. The relationship between the 
reinforcement ratio and the safe stand-off distance is linear for the lower charge weights, 
whereas nonlinearity is observed for the higher charge values. The relatively steep slope 
implies that the reinforcement ratio has a great impact on the blast-resistance capacity of the 

Table 3: Parameter matrix for the entire bridge model.

Parameters Cases

FRP wrap thickness (D/t) RC 100 75 50 25
Bomb weight of equivalent TNT (W) 227 kg 454 kg 1,814 kg
Type of loading Single Multiple
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structures, especially in the range between 1.26% and 2.3%. The fi gure also shows that the 
application of FRP retrofi tting reduced the minimum safe stand-off distance up to 29% and 
25% for single-column and pier frame models, respectively.

Increasing FRP tensile strength improves the blast resistance of both single columns and 
pier frames, while decreasing the safe stand-off distances. The variation of safe stand-off 
distance values with different FRP materials having different tensile strengths are presented 
in Fig. 10(a). Furthermore, the blast-resistance of both single-column and pier frame struc-
tures is proportional to the thickness of FRP wrap irrespective of the shape of the cross 
section, as shown in Fig. 10(b). The results indicate that increasing FRP wrap thickness 
greatly enhances the blast resistance of these structures.

The minimum safe stand-off distance for shorter FRP-retrofi tted columns decreased signif-
icantly as compared with the taller columns. Reducing the column height from 6.4 to 3.2 m, 
the safe stand-off distance for single-column models decreased by 25% (Fig. 11(a)), while 
the minimum safe stand-off distance for half-height (7.6 m) piers decreases by about 8%, as 
compared with full-height (15.2 m) pier frames (Fig. 11(b)).

The blast resistance of both single-column and pier frame structures improved signifi -
cantly after the application of higher damping ratios (Fig. 12). This implies that installing a 
dynamic damping device on key members may effectively enhance the blast-resistance 
capacity of concerned structures.

Figure 8: Effect of concrete compressive strength on safe stand-off distance.

Figure 9: Effect of reinforcement ratio on safe stand-off distance.
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Figure 10:  (a) Effect of FRP tensile strength on safe stand-off distance and (b) effect of FRP 
thickness on the safe stand-off distance.

Figure 11:  Effect of different column heights on safe stand-off distance: (a) single-column 
models and (b) pier frame models.

Figure 12: Effect of damping ratio on safe stand-off distance.
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The effect of FRP jacket thickness on the blast resistance of the full bridge case study for 
three different bomb charge weights under single or multiple blast loadings is presented in 
Fig. 13. The relation between FRP diameter-to-thickness ratio and the safe stand-off resist-
ance is almost linear at lower charge weights, with some nonlinearity at higher charges. It is 
also clear that a single explosion near the most vulnerable pier frame has almost the same 
adverse impact as multiple simultaneous explosions near all bents. The difference is obvi-
ously more pronounced at higher charge weights.

4 DESIGN EQUATIONS
Based on the parametric study results, predictive equations with multiple linear regression and 
high order terms were developed statistically for single columns subjected to blast loading. The 
equations correlate the safe stand-off distance (SSD) with concrete compressive strength (f′c), 
steel reinforcement ratio (ρs), FRP diameter-to-thickness ratio (D/t), tensile strength (ffrp), col-
umn length-to-diameter ratio (L/D), damping ratio (ξ), and bomb weight (W), as
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The coeffi cients of independent variables in the above predictive equation are listed in Table 4 
for single rectangular and circular columns, using the statistical software package SPSS 11.5 [27].

To examine the sensitivity of the blast resistance to each parameter, the percent contribu-
tions of the parameters in the design equations are plotted in Fig. 14 with their mean, 
minimum, and maximum values for single rectangular and circular columns. The high and 
low contributions were obtained by the maximum and minimum values of the concerned 
parameters combined with the maximum and minimum values of all other parameters, 
respectively. It appears that concrete compressive strength has the least contribution to the 
safe stand-off distance, while bomb weight has the largest. It is also apparent that within the 
studied range for each parameter, contributions from concrete compressive strength and FRP 
diameter-to-thickness ratio have the least and highest variations, respectively. 

Figure 13:  Effect of FRP thicknesses on minimum safe stand-off distance of entire bridge 
under single and multiple blastloading.
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To optimize the predictive model, stepwise regression and the Box–Cox transformation 
method were used to achieve a closer normal distribution of regression residuals with signif-
icant independent variables. Box and Cox proposed a family of transformations [28], which 
include reciprocals, logarithms, and square roots, in a general form as follows:

 y
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where parameter λ is determined by the maximum log-likelihood. The coeffi cients of inde-
pendent variables in the optimized equations are listed in Table 4 for λ = 0.1.

To examine the degree of fi tness of the un-optimized and optimized multiple regression 
models, the predicted safe stand-off distances obtained from design equations and the origi-
nal safe stand-off distances obtained from the FE analysis are scatter-plotted in Fig. 15 for 

Table 4: Coeffi cients of dependent variables in non-optimized and optimized models.

Independent variables

Coeffi cients

Un-optimized model Optimized model

Parameter Coeffi cient Range
Rectangular 
column

Circular 
column

Rectangular 
column

Circular 
column

Constant a0 N/A 5.25 6.77 1.64 1.82
f′c (MPa) a1 30–70 0.04 0.04 5.26×103 4.26×103

ρs a21 0.0126–0.036 205.95 320.00 N/A 12.09

(ρs)
2 a22 1.59×104  to 

1.3×103
1508.52 3631.75 302.92 N/A

W (kg) a31 227–1814 0.01 0.02 2.89×103 2.67×103

W2(kg) a32 5.15×104  to 
3.29×106

3.89×10-6 3.34×106 9.90×107 8.50×107

L/D a41 3.55–7.11 
(Rectangular)
8.26–16.52 
(Circular)

1.49 0.77 0.06 0.04

(L/D)2 a42 12.6–50.55 
(rectangular)
68.23–2555.3 
(circular)

0.08 0.02 N/A N/A

1/(D/t) a51 0–0.04 188.58 271.28 23.26 27.50

1/(D/t)2 a52 0–0.0016 1889.61 2542.50 197.21 198.69
ffrp (MPa) a61 234–3030 2.00×10-3 2.00×103 1.20×104 1.30×104

(ffrp)
2 (MPa) a62 5.5×104 to 

9.2×106
3.47×10-7 3.49×107 N/A N/A

Ξ a71 0–0.08 51.12 61.50 3.71 3.74
ξ2 a72 0–0.0064 322.67 382.87 N/A N/A
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single rectangular column. It is clear that most of the predicted values are within ±10% of 
their original values. The high correlation between the results predicted by the proposed 
models and those resulted from the verifi ed FE models, which covers the whole practical 
ranges of parameters, testifi es the validity of both un-optimized and optimized design equa-
tions. Indeed, the better correlation between the predicted and original values in Fig. 15(b) 
indicates the higher accuracy of the multiple linear regression model optimized by the step-
wise and Box–Cox transformation methods.

5 CONCLUSIONS
Using a verifi ed novel simplifi ed FE model, a thorough parametric study on the  blast-resistance 
of FRP-retrofi tted bridge structures was carried out. Using the results of the parametric study, 
predictive equations were developed for FRP retrofi t design against blast loading. The fol-
lowing conclusions may be drawn from the present study:

The simplifi ed equivalent I-section with a virtual material provides a fast and robust alter-
native to sophisticated 3-D FE modeling for concrete structures under blast loading. 

Retrofi tting the RC columns of bridge structures with FRP wraps can signifi cantly enhance 
their blast resistance. The results of the parametric study showed that the blast resistance of 
FRP-retrofi tted columns is dependent on concrete compressive strength, internal steel rein-
forcement, column length-to-diameter ratio, FRP diameter-to-thickness ratio and tensile 
strength, and damping ratio. Among these dominant parameters, the thickness and tensile 
strength of the FRP wrap have the highest effect, while the strength of the concrete has the 
least effect on the dynamic response of FRP-retrofi tted columns under blast loading. There-
fore, D/t ratio and ffrp should be selected using a cost–benefi t analysis.

In comparison with multiple explosives, even one explosive charge placed at or near criti-
cal areas of a bridge may still produce a devastating impact on the entire bridge.

Figure 14:  Percent contribution to safe stand-off distance in single rectangular and circular 
columns.

Figure 15:  Predicted versus original safe stand-off distance for single rectangular columns: 
(a) original form in non-optimized model and (b) Box–Cox-transformed form in 
optimized mode.
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Finally, based on the parametric study results, predictive equations with multiple linear 
regression and high order terms were developed statistically, which proved to be suitable for 
the FRP retrofi t design of single columns against blast loading.
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