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A bstract: This study presents the effectiveness of a composite structure at improving blast resistance. The proposed 
composite structure consists of carbon fiber reinforced polymer (CFRP) and steel layers. While CFRP layer is used for 
blast energy reflection due to its high strength, steel layer is used for blast energy absorption due to its high ductility. 
A dynamic model is used to simulate the elastoplastic behavior of the proposed composite structure subject to blast 
load. Considering the magnitude variations of a blast event, the probability of failure of each layer is evaluated using 
reliability analysis. By assigning design probability of failure of each layer in the composite structure, the thickness of 
layers is optimized. A case study for the design of CFRP-steel composite structure subjected to an uncertain blast event 
is also presented.
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1. Introduction

Military vehicles are usually protected by armor 
from a blast or impact loading. While steel is the 
most commonly used material for armor, other 
materials are also used for enhancing armor such as 
uranium to transmit low loads by its high density. 
There are also demands for lighter materials for armor 
to increase vehicle mobility. Carbon fiber reinforced 
polymer (CFRP) is considered as efficient substitute 
for steel due to its various advantages such as lower 
weight, higher strength and corrosion resistance 
(Emmons et al. 1998, Rizkalla et al. 2003).  

When an explosion event occurs, a significantly 
large amount of energy is released over a short time 
period. Most of the energy released is contained in the 
blast wave. Specific impulses as well as the value of 
over pressure above ambient pressure are used to 
describe and characterize the blast wave with time. 
Because the blast wave moves farther from the 
detonation source, the over pressure decays (Smith and 
Hetherington 1994). The material behavior according to  
strain rate loading must also be considered for realistic 
modeling (Xia et al. 2007). Fluid structure interaction 
has been shown a significant effect on the pressure 
distribution and transfer (Ngo et al. 2007). As 
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deterministic blast simulations cannot provide a robust 
design given the significant sensitivity of blast 
simulation to many uncertain parameters that govern 
any blast (Borenstein and Benaroya 2009), a 
reliability-based approach was proposed for the design 
of blast-resistant composites (Kim et al. 2011). While 
the importance of the above issues in rational 
simulation of blast events was acknowledged, it is 
emphasized here that uncertainty consideration in blast 
events is necessary for blast resistant design. 

In this study, a simplified dynamic model is 
developed to simulate dynamic behavior of a 
composite structure under blast air pressure. For an 
uncertain blast event, the probability of failure of each 
layer is evaluated using reliability analysis. By 
assigning a high probability of failure to steel layer 
and a relatively low probability of failure to CFRP 
layer, the thickness of the composite layers is 
optimized. A case study for the design of CFRP-steel 
composite structure subjected to an uncertain blast 
event is presented and the results are discussed.

2. Methods

1. CFRP-steel composite structure
For the modelling of CFRP-steel composite structure 

subject to air pressures due to blast, elastoplastic 
dynamic responses of mass, damper and spring system 
(Biggs 1982) are used. CFRP layer, which is subjected 
to the blast pressure, is considered as reflecting layer 
and steel layer is considered as absorbing layer. 
Therefore, constitutive response of CFRP layer is 
modeled as elastic and that of steel layer is modeled 
as idealized elastoplastic as shown in Fig. 1. 
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Fig. 1 Idealized elastoplastic model of steel in a 
composite structure

The composite structure, consisting of CFRP and 
steel layers as shown in Fig. 2, is modeled as two 

lumped mass system.  The equation of motion of this 
system is then formulated as 
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where    and u are acceleration, velocity and 
displacement of two layers respectively as shown in 
Fig. 2 and m  and c are mass and damping constant 
per unit area respectively.    is resisting stress 
according to the applied strain rate considering 
elastoplastic constitutive of steel in Fig. 1. k is the 
stiffness per unit area of layers computed as the 
modulus of elasticity over the layer thickness. Q  is the 
applied blast pressure with respect to time to CFRP 
layer. Subscript “s” and “c” represent the 
corresponding properties of steel layer and CFRP layer 
respectively. 

   Fig. 2 Lumped mass, damper and spring modeling of 
CFRP-steel composite structure

For our interest, the maximum stress fCFRP in CFRP 
and the maximum strain   in steel during the 
response time are computed as

  max           (2)
  max                  (3)

where, hs is the thickness of steel layer. It is 
noticeable that the stress transferred to object as 
shown in Fig. 2 will be constraint to the yield 
strength of steel, fsy.

   

2. Reliability analysis
To incorporate uncertainties in applied load to a 
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structure and mechanical material properties of the 
structure to structural design, reliability analysis has 
been used (Melchers 1999, Nowak and Collins 2000). 
Limit states of CFRP and steel layers are defined to 
establish undesirable conditions (failure) for the layers. 
For the limit state of CFRP, the maximum stress fCFRP 
in CFRP during dynamic response to a blast wave 
should be less than the maximum elastic stress of 
CFRP, fmax to reflect all energy applied to the layer. 
Therefore, the limit state Gc of CFRP layer is defined 
as

  max                    (4)

Considering that the use of steel is for absorbing 
the applied blast energy in the layer as strain energy, 
this layer needs to yield. If the strain energy capacity 
of steel is incapable of absorbing the strain energy by 
blast, the layer response is undesirable. Therefore, the 
limit state Gs of steel layer is defined as

                      (5)

where,   is failure strain of steel. The failure 
of steel layer will take place when Gs is less than or 
equal to zero. The integration of joint probability 
density functions (PDF) of   and   for the 
violation region of limit state  ≤   will give the 
probability of failure of steel layer. The probability of 
failure of CFRP layer is also computed similarly. To 
simplify the design problem, the probability of failure 
is converted to reliability index   using the 
relationship as:  

 
                            (6)

where   is the inverse of the standard normal 
cumulative density function (CDF). 

3. Design optimization using reliability index
The optimization process is formulated to identify 

the optimal thickness of each layer to have a certain 
level of reliability of the composite structure subjected 
to an uncertain blast event. The optimal thickness 
combination of the layers gives the desired reliability 
index, denoted   and   for CFRP and steel layers 

respectively. The optimization problem can be posed 
as: 

min      
 min ≤ ≤ max ∀

         (7)

where hmin and hmax are the lower and upper bounds 
of each layer thickness respectively. The thickness 
ranges for CFRP and steel were selected from 2 mm 
to 20 mm and from 50 mm to 150 mm respectively 
in this study. 

3. Case Study

Mechanical properties of CFRP and steel for a case 
study are presented in Table 1.  

Table 1. Mechanical properties of CFRP and steel for the 
proposed composite structure

Material
Properties

Density
(kg/m3)

Modulus
(GPa)

Strength
(MPa)

Rupture
strain

CFRP  1800 245 2500 -

Steel 7800 200 400 21%

To simulate blast pressure, Friedlander decay 
function (Smith and Heatherington 1994, Park et al. 
2006, Kim et al. 2011) is used here such as

   
 exp

                   (8)

where Qm is the maximum magnitude of the 
positive pressure due to blast. td is the time duration 
of the positive pressure and   is the shape factor for 
the blast model. 
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 Fig. 3 Friedlander blast air pressure wave 
         (Qm = 500 MPa and td = 0.018 sec)
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The selected blast produced an incident pressure of 
500 MPa on the outer composite surface. Selection of 
the blast incident was performed with the intention to 
produce significantly high stress in the composite 
structure. In this model td and   are selected as 
0.0018 sec and 1.0 respectively. The blast model is 
formulated in Fig. 3. Dynamic responses of the 
composite plate due to the blast load were analyzed 
according to the layer thicknesses of CFRP and steel 
varying from 2 mm to 20 mm and from 50 mm to 
150 mm respectively. The damping coefficients for 
both layers are assumed as viscous damping 
    (Chopra 2001). Here, the damping ratio 
of 1% is used for both layers. It is also assumed that 
bonding between two layers holds perfectly during the 
blast loading. 

The transferred stress to the protection object is 
formulated in Fig. 4 with respect to the combinations 
of CFRP and steel thicknesses. The transferred stress 
was determined from the dynamic response of stress 
in steel of the composite structure. For example, the 
dynamic response of stress in steel of the composite 
structure consisting of 10 mm CFRP and 150 mm 
steel is presented in Fig. 5 As expected, the yield 
strength 400 MPa of steel governed the transferred 
stress for all the selected thickness ranges. 

Fig. 4 Transferred stress to the protection object, which 
is equivalent to the maximum stress in steel. 
Marked point is determined from stress evolution 
in steel in Fig. 5 for example

The maximum stress in CFRP with respect to the 
combinations of CFRP and steel thicknesses are 
computed in Fig. 6. The dynamic response of stress in 
CFRP of the composite structure consisting of 10 mm 
CFRP and 150 mm steel is presented in Fig. 7 for 

example. As shown in Fig. 6, the maximum stress in 
CFRP decreases when CFRP thickness increases and 
steel thickness decreases. 

Fig. 5 Stress evolution in steel of the composite structure 
consisting of 10 mm thick CFRP and 150 mm 
thick steel due to blast air pressure wave in Fig. 
2 

The maximum strain in steel with respect to the 
combinations of CFRP and steel thicknesses are 
computed in Fig. 8. The dynamic response of strain in 
steel of the composite structure consisting of 10 mm 
CFRP and 150 mm steel is also presented in Fig. 9. 
In Fig. 8, the maximum strain in steel decreases when 
steel thickness increases. However, the maximum strain 
in steel is not sensitive for the change of CFRP 
thickness. The maximum strain of steel is computed 
under its rupture strain 21% for all selected analysis 
region as shown in Fig. 8. 

    

Fig. 6 The maximum stress in CFRP. Marked point is 
determined from stress evolution in CFRP in 
Fig. 7 for example
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Fig. 7 Stress evolution in CFRP of the composite 
structure consisting of 10mm CFRP and 150mm 
steel due to blast air pressure wave in Fig. 2

Fig. 8 The maximum strain in steel. Marked point is 
determined from strain evolution in CFRP in Fig. 
9 for example

Fig. 9 Strain evolution in steel of the composite structure 
consisting of 10 mm CFRP and 150 mm steel 
due to blast air pressure wave in Fig. 2

Considering uncertain blast event, the magnitude of 
blast pressure Qm was assumed normally distributed to 
have a coefficient of variation (COV) of 30% (Altunc 
et al. 2011). In the meantime, the rupture strengths of 
CFRP and the rupture strain of steel were assumed to 
be normally distributed with COVs of 10% for both 

properties. 

4. Results and Discussion

By assigning these uncertainties to the limit state 
functions in Eqs. (2) and (3), probability of failure for 
CFRP and steel with respect to layer thicknesses are 
computed and formulated as reliability index in Fig. 
10 and Fig. 11 respectively. 

Fig. 10 Reliability index of CFRP

Reliability index for both CFRP and steel increases 
with increase of layer thicknesses. To determine 
optimum thicknesses of CFRP and steel for an 
uncertain blast event using Eq. (7), the following 
design reliability index for each material is considered: 
    for CFRP (corresponding to probability of 
failure of 0.003%) and     for steel (probability 
of failure of 2.275%). Reliability index for 
conventional strength design is assigned to CFRP 
while a relatively low reliability index is assigned to 
steel by considering steel as a consumable and 
replaceable. 

Fig. 11 Reliability index of steel
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By formulating objective function in Eq. (7) as 
shown in Fig. 12, the optimal combination of 8 mm 
thick CFRP and 130 mm thick steel for the composite 
structure can be obtained. The corresponding contour 
plot is presented in Fig. 13.

Fig. 12 Objective function surface.

If there exist more than two optimal solutions due 
to significant non-linearity of the beta surfaces, the 
optimal solution can be determined by minimizing the 
use of materials. In this case, a cost function can be 
utilized as a secondary objective. The cost of the 
composite plate might be a weighted function of 
CFRP and steel thicknesses.

0.02

0.1 0.26
0.28

Fig. 13 Contour plot of the objective surface in Fig. 12

The optimal composite structure to resist uncertain 
blast event having a mean maximum pressure 500 
MPa with 30% COV is then determined to have a 
total thickness of 138 mm (8 mm CFRP and 130 mm 
steel). The dynamic responses for this composite 
structure can be  computed as the residual strain of 
steel approaches 4.1%, while CFRP layer stress 
reaches 969 MPa right after blast. It is important to 

note that a realistic blast event will not generate 
uniform pressure on the surface of the composite plate 
and materials yield typically happens locally.  
Therefore, while the above method provides a 
simplified approach for design of the composite 
structure, detailed analysis of the composite structure is 
necessary to examine the effect of the blast event 
using finite element (FE) analysis. 

5. Conclusions 

In this study, a simplified reliability-based design 
method of blast-resistant composite structure is 
presented along with a case study. The composite 
structure consists of CFRP and steel to reflect and 
absorb the blast energy. Different levels of target 
reliability indices are assigned to each material to 
consider the different purposes of each material. A 
design example of a CFRP-steel composite structure 
subjected to an uncertain blast event is presented. The 
optimized CFRP-steel composite structure proved the 
ability of the structure to resist blast events. As the 
analysis used in this study neglects strain 
rate-dependent material properties, the proposed design 
method might be considered as a conservative design 
methodology of composite structure for enhanced blast 
resistance. 
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