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a b s t r a c t 

This paper aims to evaluate the stochastic response of steel columns subjected to blast loads using the modified 

single degree of freedom (MSDOF) method, which assessed towards the conventional single degree of freedom 

(SDOF) and the experimentally validated Finite Element (FE) methods (LSDYNA). For this purpose, special atten- 

tion is given to calculating the response of H-shaped steel columns under blast. The damage amount is determined 

based on the support rotation criterion, which is expressed as a function of their maximum lateral mid-span dis- 

placement. To account for uncertainties in input parameters and obtain the failure probability, the Monte Carlo 

simulation (MCS) method is employed, complemented by the Latin Hypercube Sampling (LHS) method to reduce 

the number of simulations. A parametric analysis is hence performed to examine the effect of several input pa- 

rameters (including both deterministic and probabilistic parameters) on the probability of column damage as a 

function of support rotation. First, the MSDOF method confirms its higher accuracy in estimating the probability 

of column damage due to blast, compared to the conventional SDOF. The collected results also show that un- 

certainties of several input parameters have significant effects on the column behavior. In particular, geometric 

parameters (including cross-sectional characteristics, boundary conditions and column length) have major effect 

on the corresponding column response, in the same way of input blast load parameters and material properties. 
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. Introduction 

Steel structures are widely favored in construction, being one of the

ost prevalent materials in building projects. This is especially true in

nvironments where the imperative to conserve space is paramount,

aking steel a good choice for its versatility and efficiency in design.

n recent decades, the perceived risks of various loads (like blast, earth-

uake, fire, etc.) on different structures have significantly increased

 1–10 ]. Blast loads from explosions create intense, short-duration pres-

ure waves that impact structures, with their effect diminishing as the

istance from the explosion increases. This localized nature means that

tructural members closer to the explosion experience higher pressures

nd greater potential damage, while those farther away face reduced

oads and damage. Analyzing these effects is critical for understanding

he overall response of a structure under blast conditions. By studying

he behavior of key structural members, such as columns, engineers can

ssess how the entire structure might react to a blast and determine the

ikelihood of collapse. Effective blast-resistant design relies on strategic

eatures that help dissipate energy and prevent progressive failure, en-

uring the resilience and safety of structures subjected to blast loads.
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n this regard, the blast performance assessment of structures (mostly

tructural members) has become a necessary step in design and a crit-

cal focus of research [ 11–19 ]. Some experiments, documented in the

iterature [ 20–23 ], have been conducted to evaluate the response of

teel columns under various blast loads. In terms of numerical studies,

esearchers have often implemented equivalent single degree of free-

om (SDOF) systems or the finite element (FE) method to calculate the

esponse of blast loaded steel columns [ 22 , 24–32 ]. To enhance the ac-

uracy of SDOF method, certain researchers [ 27 , 33 , 34 ] have incorpo-

ated nonlinear resistance functions into the equation of motion for blast

oaded steel columns. This modification has led to the proposal of an

quivalent modified single degree of freedom system (MSDOF), replac-

ng the conventional SDOF approach. In the MSDOF method, the use

f nonlinear resistance function allows the designer to more accurately

onsider the effects of axial load on the reduction of column flexural

apacity for a given steel column. This improvement brings numerical

nalyses closer to reality. Despite the availability of several determin-

stic methods for analyzing blast-loaded structures, these methods are

ot able to account for uncertainties in problem parameters, such as

last loads and material properties. This is due to the fact that deter-
cember 2024 
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inistic methods provide a single solution based on fixed input val-

es. In response to this limitation, numerous studies have focused on

he reliability analysis of structures under impulsive loads, taking into

onsideration the uncertainties associated with material properties and

last parameters. These investigations cover a wide range of structures,

ncluding steel buildings [ 35 ], reinforced concrete (RC) buildings [ 36–

8 ], RC beams [ 39 ], RC columns [ 40–43 ], RC wall panels [ 44 , 45 ], RC

labs [ 46 , 47 ], composite walls [ 48 ], masonry walls [ 49 , 50 ], clamped

luminum plates [ 51 ], profiled wall structures [ 52 ] and steel columns

 53–55 ]. Additionally, various studies have explored blast loading vari-

bility for incorporation into structural reliability analyses [ 40 , 46 , 56–

0 ]. While many of these studies have utilized the Monte Carlo simula-

ion (MCS) method in conjunction with SDOF, multi degree of freedom

MDOF) and full 3D FE models, none have employed the MSDOF method

o determine the probabilistic response of steel columns exposed to blast.

The MSDOF offers several advantages in the analysis of steel columns

ubjected to explosions. These include reduced computational cost (i.e.,

aster analysis time) and the ability to handle large-scale simulations for

arget structures. Overall, these benefits make the MSDOF particularly

uitable for conducting probabilistic analyses, with increased accuracy

ompared to SDOF method. Although it is clear that FE simulations can

rovide more detailed results, especially when considering localized fail-

re modes (such as shear, bending, or local buckling), they are almost

ecommended when a more comprehensive understanding of column

ehaviors is required (i.e., stress distribution, strain pattern, etc.). In

his regard, the MSDOF method is advantageous over FE method for

robabilistic analyses in which the global response of structures is as-

essed. It is also essential to recognize that simple methods with one

egree of freedom may produce responses that diverge from reality. 

Besides, these methods prevail among researchers due to their pop-

larity. A key objective of present investigation is thus to substantiate

his condition and promote the use of MSDOF methods. The stochastic

esponse of steel columns subjected to dynamic blast is investigated. To

his aim, the damage amount is calculated based on the support rotation

riterion as a function of maximum lateral mid-span displacement of col-

mn under blast. To obtain the failure probability and take into account

he uncertainties of input parameters, the MCS method is utilized with

he Latin Hypercube Sampling (LHS) method, to reduce the number of

imulations. Finally, a comprehensive parametric analysis is presented

o assess the influence of input parameters on the structural behavior of

last loaded steel columns, by varying input variables (including deter-

inistic and probabilistic parameters) and investigating their impact on

he column performance (i.e., probability of column damage). 

. Impulsive blast load 

Impulsive dynamic loads are characterized by their rapid application

o a structure, lasting for a very short duration. Examples of such loads

nclude those generated by free air bursts, ground shocks from surface

nd underground explosions, impact of vehicle collision etc. Calculating

he response of a structure under impulsive loading is inherently com-

lex, primarily due to the rapid and substantial changes in force over

ime. Impulsive dynamic loads occur less frequently than more conven-

ional loads like dead and live loads. However, despite their infrequency,

he destructive potential of impulsive loads is substantial, leading to sig-

ificant consequences. Their rapid and intense nature sets them apart,

aking the assessment of a structure’s response under such loads a chal-

enging but crucial task. 

For present study, the idealized time history of reflected blast pres-

ure is determined by an instantaneous rise to the peak positive reflected

ressure ( Pr ), which occurs right after detonation. Pr reduces exponen-

ially to the negative phase and it is often defined as [ 61 ]: 

 𝑟 ( 𝑡 ) = 𝐶𝑟 × 𝑃𝑠𝑜 ( 𝑡 ) (1a)

𝑠𝑜 ( 𝑡 ) =
( 

𝑃0 + 𝑃𝑠𝑜 
( 

1 −
𝑡 − 𝑡𝑎 
𝑡+ 

) 

exp 
( 

− 𝛼
𝑡 − 𝑡𝑎 
𝑡+ 

) ) 

(1b)
2

here 𝑃𝑠𝑜 is the peak overpressure monitored for t = 0, P0 is the am-

ient atmospheric pressure ( 101 . 3 kPa ), 𝑡+ and 𝑡− are the positive and

egative phase durations; ta is the arrival time; Cr is reflected pressure

oefficient and 𝛼 is a shape parameter. It is worth mentioning that the

eason for using Pr (t) as an input load on the structure is that, after an

xplosion occurs —often taking place at or near ground level —the in-

eraction between the blast wave and the ground surface results in the

mplification of the blast incident pressure (i.e. Pso (t)), leading to an

mplified pressure known as the reflected pressure. There are many lit-

rature formulas to calculate Pso , 𝑡
+ [ 62 ] and 𝛼 [ 63 ] as a function of

caled distance Z ( R / W1/3 , where R is the stand-off distance (in m) and

 is explosive charge (in kg of TNT)). For Cr , the proposal by Rank-

ne and Hugoniot [ 61 ] defining it as 𝐶𝑟 = (14𝑃0 + 8𝑃𝑠𝑜 )∕(7𝑃0 + 𝑃𝑠𝑜 ) , or

he graphs provided by UFC-3-340-02 [ 64 ] as a function of angle of

ncidence and peak overpressure can be used. For the present investiga-

ion, the effect of shape function was disregarded (i.e., triangular path)

nd 𝛼 was set to zero, and the formulae in [ 40 ] was used to express Pr 

nd td . 

. Modelling assumptions 

.1. SDOF method 

The SDOF system is one of the simplest analytical methods for study-

ng the behavior and vibration of structures under the effect of impul-

ive dynamic loads. While structural systems have commonly more than

ne degree of freedom, their global behavior can be expressed by SDOF

ethod with good approximation. The real structure is replaced by an

quivalent system with lumped mass m , spring stiffness k and damp-

ng c as shown in Fig. 1 (a). The SDOF system’s response is designed to

pproximate the main structure’s behavior at key control points, typi-

ally corresponding to plastic hinges. Blast load can be idealized as a

riangular shock with maximum load Fm 

and positive phase duration td 
 Fig. 1 (b)). Additionally, damping is generally negligible, given that has

inimum effects on the structural response. According to Fig. 1 , the dy-

amic equation of motion for equivalent SDOF system by considering

 = 0 can be thus expressed as: 

𝑦 + 𝑘𝑦 = 𝐹 ( 𝑡) (2)

hen the member has elastoplastic behavior, ky is replaced with resis-

ance parameter Rs in Eq. (2) , which is equal to ky in the elastic region

nd Ru after yielding ( Fig. 1 (c)). In Fig. 1 (c), the parameters ye and ym 

tand for yielding and ultimate displacement. For a SDOF system with

lastic-plastic behavior, the dynamic equation of motion becomes: 

𝑦 +𝑅𝑠 = 𝐹 ( 𝑡) (3) 

To solve Eq. (3) , various methods are available such as graphical

olution, pressure-impulse diagram, and numerical step-by-step meth-

ds as Newmark’s- 𝛽, Wilson- 𝜃, central difference etc. [ 65–67 ]. In the

urrent study, the equation of motion is solved using the Newmark’s- 𝛽

ethod with a linear acceleration strategy, where the parameters 𝛾 and

assume are set to 1/2 and 1/6, respectively. To calculate the blast re-

ponse of steel columns using the SDOF method, it is necessary to first

etermine the equivalent parameters for the SDOF system; specifically,

he equivalent mass (Me), equivalent stiffness (Ke), and equivalent force

Fe). These parameters are derived based on transformation factors [ 68 ].

y determining KL and KM 

, the equivalent force, the equivalent stiff-

ess, the equivalent strength and the equivalent mass can be obtained

s Fe = KL × F, Ke = KL × k, Re = KL × Rs and Me = KM 

× m , respectively,

hich should be placed in Eqs. (2) and (3) . 

Table 1 summarizes the transformation factors for beams or columns

ith pinned and fixed boundary conditions. The parameters MPC and

PS are the maximum plastic moment capacities of structural member

t mid-span and support; L is the column length; w is the intensity of

niform load; E is the elastic modulus; I is the moment of inertia about

ending axis. 
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Fig. 1. Example of blast structural analysis based on SDOF method. 

Table 1 

Transformation factors for beams (or columns) with pinned and fixed boundary conditions under uniform load [ 68 ]. 

Support condition and loading 

diagram 

Strain range Load factor 

( KL ) 

Uniform mass 

factor ( KM ) 

Maximum 

resistance ( Rs ) 

Spring 

constant ( K ) 

Dynamic 

reaction ( V ) 

Elastic 

Plastic 

0.64 

0.50 

0.50 

0.33 

8 MPC /L 

8 MPC /L 

384 EI/ 5 L3 

0 

0.39 Rs + 0.11 F 

0.38 Ru + 0.12 F 

Elastic 

Elastic-plastic 

Plastic 

0.53 

0.64 

0.50 

0.41 

0.50 

0.33 

12 MPS /L 

8 (MPS + MPC )/L 

8 (MPS + MPC )/L 

384 EI/L3 

384 EI /5 L3 

0 

0.36 Rs + 0.14 F 

0.39 Rs + 0.11 F 

0.38 Ru + 0.12 F 
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.2. MSDOF method 

The primary distinction between MSDOF and SDOF methods lies in

he approach to determining the resistance function of a structural mem-

er. In MSDOF, a nonlinear resistance function is employed, deviating

rom the bi-linear one used in SDOF. This choice not only improves re-

ponse accuracy but also accounts for the influence of axial force on re-

ucing the strength and stiffness of the member. In essence, the analysis

f beam-columns under the effect of a blast differs from the approach

aken for beams. Using the energy stability principle, Shope [ 34 ] pro-

ided an analytical method for designing steel columns under the si-

ultaneous effect of axial and explosive loads. Al-Thairy modified the

DOF method [ 27 , 33 ] by presenting a new nonlinear resistance function

f steel columns under transverse blast, based on a quasi-static approxi-

ation of column behavior, by taking into account the reduction in the

olumn transverse resistance caused by axial compression. The corre-

ponding nonlinear resistance function is shown in Table 2 . It should be

oted that for the present study, the blast load is considered as a uni-

orm load applied laterally to the steel column. Given that the nature

f explosions involves the expansion and propagation of a blast wave,

f the structure is sufficiently distant from the explosion site, the load

xhibits a uniform intensity. 

In Table 2 , U is the maximum transverse displacement and

= 1.4318 𝜋/ L; P is the applied axial load and Pcr is the Euler buck-

ing load of the column: 

𝑐𝑟 =
𝜋2 𝐸𝐼 (
𝐾𝑒𝑓𝑓 𝐿 

)2 (4) 
Table 2 

Elastic and elastic-plastic resistance functions for steel columns with 

axial load and wide blast load along the column. 

Boundary Mode shape equation Elasti

Pin ‒ pin 𝑢( 𝑥 ) = 𝑈 × sin ( 𝜋𝑥 
𝐿 
) 𝜋2 

𝐿2 𝑈

Fix ‒ fix 𝑢( 𝑥 ) =
𝑈 

2 
[1 − cos ( 2 𝜋𝑥 

𝐿 
) ] 2𝜋2 

𝐿2 𝑈

Pin ‒ fix 𝑢( 𝑥 ) =
𝑈 

6 . 2824 
[sin (𝜂𝑥 ) − 𝜂𝐿 cos (𝜂𝑥 ) + 𝜂𝐿 (1 − 𝑥 

𝐿 
) ] 1 . 466𝜋2

𝐿2 

3

here Keff is the effective length factor (equal to 1.0, 0.5 and 0.7 for

olumns with pinned ends, fixed ends and fixed-pinned ends). 

The elastic-plastic nonlinear flexural resistance function of the col-

mn is denoted as MEL-PL . To calculate this function, let’s consider

 steel column with an H-shaped cross-section exposed to both blast

nd axial loading, as depicted in Fig. 2 . The stress distribution in the

ross-section for both negative and positive strains at the bottom layer

 ɛt,bottom 

) is illustrated in Fig. 2 (a) and (b). MEL-PL is obtained by sum-

ing up the bending resistance of all the layers over the section depth

s: 

𝐸𝐿 − 𝑃𝐿 = 

( ℎ +𝑦𝑐 −𝑦𝑡 ) ∕2 ∑
0 

(
𝜀𝑐 𝐸 

)
Δℎ 𝑏1 

[(
ℎ + 𝑦𝑡 − 𝑦𝑐 

)
∕2 + 𝜅1 − Δℎ 

]
+
( ℎ +𝑦𝑡 −𝑦𝑐 ) ∕2 ∑

0 

(
𝜀𝑡 𝐸 

)
Δℎ 𝑏2 

[(
ℎ + 𝑦𝑡 − 𝑦𝑐 

)
∕2 − 𝜅2 + Δℎ 

]
− 𝑃

ℎ 

2 

(5) 

By considering a linear strain distribution over the cross-section

epth, 𝜀t and 𝜀c are calculated as follows: 

𝑐 =
𝑃 

𝐸𝐴 

+ 𝜙 𝜅1 𝑈 ≤ 𝜀𝑦 (6)

𝑡 =
𝑃 

𝐸𝐴 

− 𝜙 𝜅2 𝑈 ≥ −𝜀𝑦 (7)

The parameter ∆h represents the selected layer depth, so that the

maller the value ∆h , the higher accuracy of the output. The distance of

ach layer from the neutral axis in the compressive and tensile regions
different boundary conditions under the simultaneous effect of 

c curvature Elastic resistance Elastic-plastic resistance 

8 . 0(𝑃𝑐𝑟 − 𝑃 ) 𝑈 
𝐿 

8 . 0(𝑀𝐸𝐿 − 𝑃𝐿 ∕𝑘 − 𝑃𝑈 ) 
𝐿 

8 . 0(𝑃𝑐𝑟 − 𝑃 ) 𝑈 
𝐿 

8 . 0(𝑀𝐸𝐿 − 𝑃𝐿 ∕𝑘 − 𝑃𝑈 ) 
𝐿 

 

𝑈
8 . 34(𝑃𝑐𝑟 − 𝑃 ) 𝑈 

𝐿 

8 . 34(𝑀𝐸𝐿 − 𝑃𝐿 ∕𝑘 − 𝑃𝑈 ) 
𝐿 
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Fig. 2. Strain distribution in the cross section of an H-shaped steel column in bending about major axis [ 27 ]. 
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s also determined by the parameters 𝜅1 and 𝜅2 , respectively. Also, pa-

ameters b1 and b2 are the width of each layer in the compressive and

ensile regions and can be calculated as: 

 

 

 

 

 

 

 

𝑏1 = 𝑡𝑤 𝑤ℎ𝑒𝑛
(
ℎ + 𝑦𝑐 − 𝑦𝑡 

)
∕2 − 𝑡𝑓 ≥ 𝜅1 ≥ 0 

𝑏1 = 𝑏𝑓 𝑤ℎ𝑒𝑛
(
ℎ + 𝑦𝑐 − 𝑦𝑡 

)
∕2 ≥ 𝜅1 ≥ (

ℎ + 𝑦𝑐 − 𝑦𝑡 
)
∕2 − 𝑡𝑓 

𝑏2 = 𝑡𝑤 𝑤ℎ𝑒𝑛
(
ℎ − 𝑦𝑐 + 𝑦𝑡 

)
∕2 − 𝑡𝑓 ≥ 𝜅2 ≥ 0 

𝑏2 = 𝑏𝑓 𝑤ℎ𝑒𝑛
(
ℎ − 𝑦𝑐 + 𝑦𝑡 

)
∕2 ≥ 𝜅2 ≥ (

ℎ − 𝑦𝑐 + 𝑦𝑡 
)
∕2 − 𝑡𝑓 

(8) 

Spread of yielding over the cross section in both tensile and com-

ressive regions is expressed by the parameters yc and yt that are given

y: 

𝑐( 𝑢 +Δ𝑢 ) = 𝑦𝑐( 𝑢) +
(
ℎ − 𝑦𝑐( 𝑢) − 𝑦𝑡( 𝑢) −𝑋( 𝑢) 

)( 

1 −
𝜀𝑦 

𝜀𝑐,𝑇 𝑜𝑝( 𝑢 +Δ𝑢 ) 

) 

(9) 

𝑡( 𝑢 +Δ𝑢 ) = 𝑦𝑡( 𝑢) +𝑋( 𝑢) 

( 

1 −
𝜀𝑦 

𝜀𝑡,𝐵𝑜𝑡𝑡𝑜𝑚( 𝑢 +Δ𝑢 ) 

) 

(10) 

here ɛy is yielding strain of steel, h is section depth and parameters

c,Top(u +∆u) , ɛt,Bottom(u +∆u) and X(u) are calculated through Eqs. (11) –(13) :

𝑐,𝑇 𝑜𝑝( 𝑢 +Δ𝑢 ) 𝑎𝑣𝑏 = 𝜀𝑎𝑥𝑖𝑎𝑙 + 𝜙
(
ℎ − 𝑦𝑐( 𝑢) − 𝑦𝑡( 𝑢) −𝑋( 𝑢) 

) ≤ 𝜀𝑓 (11)

𝑡,𝐵𝑜𝑡𝑡𝑜𝑚( 𝑢 +Δ𝑢 ) = 𝜀𝑎𝑥𝑖𝑎𝑙 − 𝜙𝑋( 𝑢) ≥ −𝜀𝑓 (12)

( 𝑢) =
ℎ − 𝑦𝑐( 𝑢) − 𝑦𝑡( 𝑢) ( 

1 + 𝜀𝑐,𝑇 𝑜𝑝( 𝑢) 
𝜀𝑡,𝐵𝑜𝑡𝑡𝑜𝑚( 𝑢) 

) 

(13) 

here ɛaxial is the axial strain, ɛf is the fracture strain of steel, 𝜙 =
2 𝑢 ( 𝑥 )∕ 𝜕𝑥2 is the elastic curvature and u(x) can be defined for differ-

nt boundary conditions ( Table 2 ). Also, u is the cumulative value of

ransverse displacement at the previous analysis step, and Δu is the in-

remental value of the transverse displacement in use for the analysis.

hen the axial load applied to the column is high and the transverse

isplacement is small, the position of the neutral axis stands outside the

ross-section and the whole column section is subjected to compressive
4

tress as shown in Fig. 2 (b). In this case, yt = 0 and yc is determined as:

𝑐( 𝑢 +Δ𝑢 ) = 𝑦𝑐( 𝑢) +
(
ℎ − 𝑦𝑐( 𝑢) 

)( 

1 −
𝜀𝑦 − 𝜀𝑐,𝐵𝑜𝑡𝑡𝑜𝑚( 𝑢 +Δ𝑢 ) 

𝜀𝑐,𝑇 𝑜𝑝( 𝑢 +Δ𝑢 ) − 𝜀𝑡,𝐵𝑜𝑡𝑡𝑜𝑚( 𝑢 +Δ𝑢 ) 

) 

(14) 

The solution of MSDOF equation should be carried out in the follow-

ng steps of column response: 

a) elastic phase: 

𝑀𝑒 𝑈 ( 𝑡) + 𝑅𝐸𝐿( 𝑈 ) = 𝑃 ( 𝑡) 0 < 𝑈 ( 𝑡) < 𝑈𝑒𝑙 (15)

b) elastic-plastic phase: 

𝑀𝑒 𝑈 ( 𝑡) +𝑅𝐸𝐿 − 𝑃𝐿( 𝑈 ) = 𝑃 ( 𝑡) 𝑈𝑒𝑙 < 𝑈 ( 𝑡) < 𝑈𝑐𝑟 (16)

c) unloading or displacement rebound after elastic phase: 

𝑀𝑒 𝑈 ( 𝑡) +𝑅𝐸𝐿 − 𝑃𝐿( 𝑈=𝑈𝑅 ) − 𝑅𝐸𝐿( 𝑈=𝑈𝑅 − 𝑈 ) = 𝑃 ( 𝑡) 0 < 𝑈 ( 𝑡) < 𝑈𝑅 (17)

here Uel , Ucr and UR are the displacement at the onset of yielding at

he column section, the displacement at which the column fails due to

lobal instability and the displacement at which unloading occurs. 

Also, 𝑅𝐸𝐿 (𝑈=𝑈𝑅 − 𝑈 ) is the elastic transverse resistance function, at

he column response (UR − U) and 𝑅𝐸𝐿 − 𝑃𝐿 (𝑈=𝑈𝑅 ) is the elastic–plastic

ransverse resistance function, at the column response UR . 

Fig. 3 shows the nonlinear resistance-displacement function for a

teel column. The provided explanations for both SDOF and MSDOF

hed light on the differences in analyzing its response under blast. 

.3. Dynamic characteristics of steel material 

Structural components undergo significantly higher strain rates

hen subjected to extreme dynamic loads, such as blasts and impacts,

ompared to other loads like earthquakes, wind, and live loads. These

ynamic loads can rapidly alter the strength characteristics of materi-

ls. Typically, the durations of extreme dynamic loads are much shorter

han the structural period. To account for the strength increase in mate-

ials at high strain rates, the dynamic increase factor (DIF) is applied to
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Fig. 3. Generalized nonlinear resistance-displacement function for a steel col- 

umn [ 27 ]. 

Fig. 4. Schematic model for support rotation criterion. 
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Table 3 

Maximum allowable support rotation and damage levels for primary steel frame 

members [ 64 , 69 ]. 

Significant compressive load 

𝜃all (degrees) 

Level of damage 

Low Medium High 

No 1 2 4 

Yes 1 1.5 2 

Table 4 

Comparison of maximum mid-span displacements. 

Maximum mid-span displacement (mm) 

Test Experiment SDOF Δ (%) MSDOF Δ (%) LS-DYNA Δ (%) 

1 31.36 31.94 + 1.8 30.93 − 1.4 30.15 − 4.0 

2 5.34 7.01 + 23.8 6.53 + 18.2 4.98 − 7.2 
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he static strength values. DIF is defined as the ratio of dynamic strength

o static strength of materials and depends on the nature of stress and

ype of materials [ 69 ]. Empirical relationships, graphs, and tables are

stablished in the literature, varying according to the specific type of

aterial. In this study, the strain rate effect of the steel material is ac-

ounted for using the Cowper-Symonds relationship, as follows [ 70 ]: 

𝐼𝐹 =
𝐹𝑑𝑦 

𝐹𝑦 
= 1 +

( 

𝜀 

𝐶𝑐 

) 

1 
𝑃𝑐 

(18)

here Fy is the static yield stress, Fdy is the dynamic yield stress and

 is the strain rate. Cc and Pc are constant values, equal to 40.4 and 5

or mild steel. The dynamic yield stress for steel under extreme dynamic

oads is Fdy = SIF × DIF × Fy , where SIF = 1.15 for mild steel denotes

he strength increase factor [ 71 ]. 

.4. Damage evaluation based on support rotation criteria 

According to performance-based design approach, the amount of de-

ormation in the member to verify determines whether the member has

cceptable (or not) response against the imposed extreme load. In this

ontext, the support rotation criterion is one of most common methods

n determining the amount of damage caused in a structural member

nder blast, and relates the maximum deflection ymax to the member

ength L ( Fig. 4 ): 

= tan −1 
( 𝑦max 
0 . 5 𝐿 

)
(19) 

The estimated rotation amplitude in Eq. (19) shall be then compared

ith a set of limit allowable values 𝜃all given by standards (see Table 3

nd [ 64 ]), where the support rotation criterion is highly especially for

teel members under blast. 

In Table 3 , two axial load states are also defined, where significant

or not) axial compression load is associated to ± 20 % the dynamic axial

apacity of the member to verify. To ensure an improved structural per-

ormance, stringent values of 𝜃all are recommended for different dam-

ge level. Furthermore, the presence of significant axial load, which in-

reases the amount of expected damage originating from P- ∆ effects, is

ssociated to more rigid allowable limit values. 
5

.5. Preliminary verification and validation of modelling strategy 

In order to validate the MSDOF method, literature experiments have

een used, as documented by Nassr et al. [ 22 , 72 , 73 ]. In addition, MS-

OF results are further compared with SDOF (which is written in MAT-

AB programming as well as MSDOF) and FE analyses based on LS-

YNA software. The experiments involved two samples (named here as

est 1 and Test 2), both utilizing steel column specimens manufactured

rom W24 × 15 with nominal length of 2.413 m. The specimens were

ubjected to an axial load of 270 kN and had pinned ends. In Test 1, the

xplosive charge weight and detonation distance were set to 150 kg of

NFO and 9.0 m. In Test 2, these values were adjusted to 50 kg of ANFO

nd 10.3 m. Notably, the imposed bending resulting from blast occurred

long the strong axis of columns. The setup used in Nassr et al.’s studies

 22 , 72 , 73 ] included a concrete frame supporting test specimens and a

teel container to house instruments and control blast wave effects. Wing

alls minimized blast wave clearance effects. The steel sections, posi-

ioned vertically and simply supported, primarily experienced bending

tress from blast pressure, with minimal axial stress from self-weight.

or further details, see [ 22 , 72 , 73 ]. 

For modelling purposes, the material properties, including density,

ield stress, elastic modulus, Poisson’s ratio, and failure strain, were set

o 7850 kg/m2 , 470 MPa, 210 GPa, 0.3, and 0.2, respectively. Input

last parameters, namely pressure and positive phase duration, were

etermined based on experimental records. The average maximum re-

ective pressures for Test 1 and Test 2 were found to be 1560 kPa and

07 kPa. Likewise, the average positive phase durations were deter-

ined as 6.2 ms for Test 1 and 7.3 ms for Test 2. Consequently, the

ime-varying load histories in Test 1 and 2 resulted in maximum peak

oads of 159.12 N/mm and 31.31 N/mm. 

To model the steel column in LS-DYNA software, fully integrated

uadrilateral shell elements with five integration points through the

hickness of each element were utilized. Shell elements with maximum

dge dimensions of 40 mm were chosen. Two rigid plates on the top and

ottom of the column were considered to define boundaries and apply

he initial axial load as gravity load. Mat_Plastic_Kinematic was adopted

or the steel material, which is capable of considering strain rate of ma-

erial. Additionally, the blast load is applied uniformly throughout the

olumn as a pressure function, utilizing the Segment_Set feature in the

oftware. Given that the primary focus of the present study is on the

SDOF method, a concise explanation of the FE model is provided for

revity. However, for a more comprehensive understanding, additional

etails can be found in [ 74 , 75 ]. 

The results of simulations performed by SDOF, MSDOF and LS-DYNA

ethods for Test 1 and 2 in terms of the maximum lateral mid-span

isplacements are listed in Table 4 . 
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As Table 4 reveals, in Test 1 ymax for columns modeled by SDOF,

SDOF and FE based LS-DYNA are 31.94, 30.93 and 30.15 mm, which

how a negligible scatter of + 1.8 %, − 1.4 % and − 4.0 % with respect to

he 31.36 mm displacement of the experiment. In Test 2, an acceptable

evel of accuracy was observed for FE modelling in predicting the behav-

or of the steel column with scatter of − 7.2 % comparing to experiment.

urthermore, it can be seen that both SDOF and MSDOF methods, with

catter of + 23.82 % and + 18.2 % to experiments, have good accuracy

nd efficiency in determining the column response. Although the SDOF

nd MSDOF methods show some discrepancies compared to experimen-

al and FE results, the idea behind using SDOF methods is to simplify a

tructure with many degrees of freedom to just one degree of freedom.

t’s reasonable to assume that this simplification could introduce errors

hen compared to modeling the structure with FE methods, which use

housands of elements and degrees of freedom. However, many studies

n the literature continue to use the SDOF method without accounting

or its limitations relative to FE models. While the MSDOF method shows

ome variability compared to the FE approach, it offers improved accu-

acy over the conventional SDOF method, thanks to its nonlinear resis-

ance function. Overall, the MSDOF method has higher accuracy than

DOF method and it is implemented in the following stochastic analysis

f steel columns under blast loading. 

. Stochastic analysis 

.1. MCS analysis based on LHS method 

In order to assess the uncertainties of input random variables in re-

ponse of steel columns under blast loads, the developed validated de-

erministic MATLAB code for MSDOF method is further extended for

enerating probability density functions of input variables and making

n iterative calculation based on MCS and LHS methods. The technique

f MCS is simple and relatively most accurate widely used method for

stimating statistical properties of structural systems under the effect of

ncertainties associated with input parameters [ 76 , 77 ]. 

In the MCS method, the whole system is simulated several times so

hat all simulations have the same chance of occurring, and each sim-

lation will be a manifestation of the probable behavior of the system.

n each simulation and for each input variable, a random value is se-

ected according to the properties of the distribution function for which

he variable is intended, and by placing it in the objective function, the

alue of the objective function is calculated. This process is repeated

ntil enough output values are generated to construct the probability

istribution curve of the objective function. It should be noted that find-

ng the probability of damage caused to a steel column under blast load

hich is the objective function used in this study, where the damage is

alculated based on the support rotation criterion. The number of itera-

ions required in the MCS method depends on the level of safety, the de-

ired accuracy for solving the problem, the form of limit state function,

nd the number of random variables involved in the problem. There are

arious problems in civil engineering where no closed-form formulation

an be found for the limit state function to express the problem. Hence,

n many cases the problem being analyzed is more complex, and the time

eeded to analysis the problem even for a single simulation may be very

ong, and the time needed to complete many simulations (for reliability

nalysis) may be unachievable. In this regard, the LHS method is one

f the best techniques for reducing the number of simulations needed

o obtain reasonable results with the least possible number of simula-

ions. In this method, the range of possible values of each random input

ariable is divided into a number of “stratum ”, and a value is randomly

elected for each variable from the considered strata as a “representa-

ive ” value, so that the selected value is considered once and only once

n the simulation process. This strategy ensures all possible values of the

andom variables are presented in the simulation. 

In the present study, the MCS and LHS method are used to perform

tochastic analysis. The probability of failure based on MCS equals to
6

f = Nf /N , where N is the number of total simulations and Nf is the

umber of trials for which limit state function, g(X) = R− Q , falls in the

ailure region or has negative value. In doing so, X is the vector of input

andom variables, R is the capacity or resistance, Q is the demand or

oading. The probability of failure can also be written as: 

f = P
[
g( x) ≤ 0 

]
= ∫
G( x) ≤ 0 

fx ( x) dx 
∑N 

i=1 IF 
(
x𝑖 
)

N 

(20) 

here fx (X) is the joint probability density function and IF is the failure

ndicator which equals 1 if g(X) ≤ 0 and 0 if g(X) > 0. 

.2. Uncertainty of input parameters 

One of the important issues related to the stochastic analysis of struc-

ures is determining the uncertainty associated with input parameters.

or steel material, yield stress Fy and elastic modulus Es are usually

onsidered as random parameters [ 35 , 78–81 ], while the effect of elastic

odulus on the failure probability is proved to be almost negligible [ 54 ].

herefore, in present study, Es is considered as deterministic parameter

nd Fy is considered as random variable with mean value 240 MPa and

oefficient of variation (COV) 0.06. Also, the normal probability density

istribution function is used to represent the statistical distribution of

y . 

Geometric uncertainties include the dimensions and size of the steel

ection, as well as boundaries. The effect of this type of uncertainty can

e investigated by considering different states. For example, the sup-

ort conditions considered for a column in an analysis are idealized

pinned or fixed ends), and in fact in reality the column support con-

itions are neither fully pinned nor fixed. To consider the uncertainties

elated to the support conditions, the reliability of columns with fully

inned and fixed ends can be examined and then, based on engineer-

ng judgment, an intermediate value can be considered for the actual

upport condition. There is another approach in which the semi-fixed

olumn support condition can be modeled by translational and torsional

prings, and its behavior can be investigated by assigning various trans-

ational and torsional stiffnesses. The same procedure can also be fol-

owed for columns with different geometries. As an example for consid-

ring column length, the reliability analysis can be performed for a num-

er of columns with specific length, and then the probabilistic response

f columns with different lengths can be extracted by interpolation

 82 ]. 

For gravity, the uncertainties are related to the dead and live loads.

 random uniform load is used, with a specified mean and standard

eviation. In the reliability analysis of columns under extreme loads,

xial load is usually equal to 20 % of the initial capacity. Conse-

uently, the initial axial load with mean 20 % of the initial capacity

f the member and COV = 0.1 is used in present study, and the nor-

al density function is implemented to express its statistical distribution

 35 , 37 , 83 ]. 

Considering the variability and uncertainties of blast loading param-

ters is crucial and very important due to the nature of explosion. Sev-

ral methods can be found in the literature to calculate the uncertain-

ies associated with blast load parameters. Previous works [ 46 , 56 , 84 ]

ave documented constant COV values for blast load variability across

ifferent scaled distances. Conversely, empirical data and blast test re-

ults confirm the inherent variability, prompting additional investiga-

ions in [ 46 , 56 , 84 ]. Notably, the methods proposed by Hao et al. [ 40 ]

nd Netherton and Stewart [ 57 ] have broad applicability and find fre-

uent usage in reliability analyses of structures subjected to blast loads.

his is because, despite some differences in the cited strategies, they all

hare a common feature as blast load variability expressed in terms of Z.

n addition, the proposed strategies are validated across a broad range

f scaled distance values (i.e. 0.24 m/kg1/3 ≤ Z ≤ 40 m/kg1/3 in [ 40 ]

nd 0.59 m/kg1/3 ≤ Z ≤ 40 m/kg1/3 in [ 57 ]). In this paper, Pr and td 
re selected as random variables for blast loading, and their variabilities
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Fig. 5. Mean, standard deviation and COV of (a) peak reflected pressures and (b) normalized positive time duration. 

Table 5 

Values for coefficients ( ai ) in Eq. (21) [ 40 ]. 

Y a0 a1 a2 a3 a4 

μPr + 3.651 − 3.018 + 0.1967 + 0.8873 − 0.3795 

σPr + 3.03 − 3.533 + 0.4534 + 0.3248 + 0.07896 

CO VPr − 0.6239 − 0.5726 + 0.3203 − 0.3538 + 0.2973 

μtd − 0.00307 + 1.2186 − 0.5207 − 0.2835 + 0.2132 

σtd − 0.8433 + 1.0982 − 0.8127 + 0.4214 − 0.1046 

CO Vtd − 0.8411 − 0.1186 − 0.2868 + 0.6955 − 0.3141 
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re calculated based on Hao et al. [ 40 ]. In this regard, for a blast sce-

ario (with specified charge weight and stand-off distance) the mean,

tandard deviation ( 𝜎) and COV of wave parameters can be estimated

s a function of Z as follows: 

 = 𝑊
𝑗 

3 10 

( 
4 ∑
𝑖 =0 
𝑎𝑖 ×( log ( 𝑍) ) 𝑖 

) 
(21)

here the parameter Y can take mean, standard deviation and COV

f reflected pressure and positive time duration, and the coefficients

 ai ) can be determined by Table 5 . It is worth mentioning that the

arameter j in Eq. (21) should be set to 0 and 1 for the calculation

f statistical parameters of reflected pressure and positive time dura-

ion. Fig. 5 (a) and (b) show the statistical characteristics of peak re-

ected pressure and normalized positive time duration. As reported in

 40 ], Eq. (21) is valid only for an open field explosion and flat reflec-

ion surface. For a complex explosion scenario, more significant varia-

ions are expected because of blast wave interaction with surrounding

tructures. 

It is also important to note that in some research studies the wave-

orm coefficient has been considered as probabilistic [ 49 , 84 ], but the

ntended scaled distance was set between 1.62 and 2.78 m/kg1/3 , and

ost importantly an explicit relation was not presented for calculation

f statistical properties of the waveform coefficient (i.e., mean and stan-

ard deviation), based on scaled distance. Following [ 37 , 40–42 , 57 , 85–

1 ], a linear function is thus used in the present study to define blast

istory. 
7

. Numerical analysis and discussion of results 

.1. Calculation example 

A steel column with an H-section, featuring a web thickness of

5 mm, flange thickness of 25 mm, flange width of 206 mm, web height

f 220 mm, and a length of 3.6 m, is under consideration. The column

elongs to a 3-story steel building located in intermediate level of rel-

tive seismic hazard in Iran and designed according to [ 92 ]. Two dif-

erent explosion scenarios as Scenario 1 with explosive charge weight

f 275 kg of TNT at detonation distance of 13 and Scenario 2 with ex-

losive charge weight of 275 kg of TNT at detonation distance of 14 m

re taken into account. The boundary condition for the examined col-

mn is assumed to be pinned ends. To conduct the probabilistic analysis,

CS is used with LHS method with 300 simulations in each case. The

esults of the stochastic analysis, represented as probability functions of

upport rotation (derived from data histograms), are depicted in Figs.

 and 7 . These results pertain to both blast scenarios and are obtained

sing MSDOF, SDOF, and LS-DYNA methods. 

Figs. 6 and 7 clearly demonstrate that the damage criterion based

n support rotation is a non-deterministic parameter, as it is suscepti-

le to uncertainties arising from blast load and material characteristics.

he presence of these uncertainties exerts a substantial influence on the

esulting support rotation values. It is thus imperative to acknowledge

nd incorporate these uncertainties when analyzing and interpreting the

upport rotation data, as they play a crucial role in accurately under-

tanding the behavior and response of a given structural system (damage

valuation) under blast scenarios. 

It is important to note that, in each method, a probability density

unction has been fitted to the obtained histograms to ascertain the

robabilistic characteristics of the outputs. In the SDOF method, a nor-

al distribution was fitted to the data, while for the MSDOF and LS-

YNA methods, a log-normal distribution was employed. This choice

as influenced by the presence of skewness in the data from the lat-

er two methods, whereas the output from the SDOF method showed

 closer resemblance to a normal distribution. As a result, the MSDOF

ethod not only demonstrates superior accuracy in estimating proba-

ilistic parameters, including mean and variance (refer to Fig. 8 ), but
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Fig. 6. Support rotation output from MCS for Scenario 1: (a) MSDOF, (b) SDOF, (c) LS-DYNA and (d) comparison between different methods. 
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lso incorporates the nonlinear behavior of the system under blast con-

itions through the consideration of a nonlinear resistance function.

t’s noteworthy that although all input variables in the probabilistic

nalysis adhere to a normal distribution, the resulting outputs devi-

te from normality. This deviation is attributed to the nonlinearity of

he limit state function, particularly evident in MSDOF and LS-DYNA

esults, which represent the response of the steel column under blast

oad. 

Fig. 9 shows the cumulative distribution functions of the support ro-

ation using SDOF, MSDOF and LS-DYNA methods, which are obtained

ased on the probability density functions of each case given in Figs.

 and 7 . If the results obtained from FE are assumed to be closer to the

eality, based on Fig. 9 , it is clear that the MSDOF has higher accuracy

n estimating the support rotation probability values than SDOF. 
8

Referring to Fig. 9 and the maximum allowable support rotation val-

es ( Table 3 ), for instance, the probability of low damage (support ro-

ation less than 1 degree) in Scenario 1 is 0.85 for SDOF and 0.62 for

SDOF, showing a difference of 0.66 and 0.43, respectively, compared

o the FE method (0.19). In Scenario 2, the probability of low damage

s 0.99 for SDOF and 0.93 for MSDOF, with differences of 0.40 and 0.34

ompared to FE (0.59). Despite the popularity of the SDOF method due

o its limited computational requirements, as seen in the comparative

esults, the MSDOF method demonstrates improved accuracy in estimat-

ng the probability of column failure compared to SDOF. Thus, caution

hould be exercised when using the SDOF method in probabilistic struc-

ural analysis. While MSDOF is more accurate than SDOF, it is important

o note that probabilities obtained from both methods still differ from

hose obtained by the FE method, which demands substantial computa-
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Fig. 7. Support rotation output from MCS for Scenario 2: (a) MSDOF, (b) SDOF, (c) LS-DYNA and (d) comparison between different methods. 
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ional efforts. The latter approach should be preferred when very high

ccuracy is essential. 

Fig. 10 illustrates the random nonlinear resistance functions of the

teel column in Scenario 1, based on 300 simulations. To enhance clar-

ty and observe the effects of uncertainties on the nonlinear resistance

unction more closely, a zoomed-in view of the rectangular window from

ig. 10 (a) is provided in Fig. 10 (b). As can be seen from Fig. 10 (a) to

b), the uncertainties of input parameters have a significant effect on

he resistant function of the steel column, and this leads to a change

n the blast response. Such a result can be also clearly deduced from

ig. 11 , where the mid-span displacement of the column in Scenario 1

with 300 simulations) is shown. From Figs. 10 , 11 , it can be concluded

hat incorporating uncertainties into the calculation of the response of

olumns exposed to blast loading is critically important. Such consid-
 (  

9

ration enables a more accurate assessment of structural resilience and

afety, emphasizing the potential variations in response under varying

onditions. 

.2. Parametric analysis 

A parametric sensitivity analysis is also performed to evaluate the

esponse of blast loaded steel column to change of input parameters

 93 , 94 ], and in particular the influence of fluctuations in input geo-

etric parameters on the outcomes of simulations. In this regard, basic

olumn features such as the cross-sectional characteristics (flange thick-

ess ( tf ), flange width ( bf ), web thickness ( tw ) and web height ( hw )), the

aterial properties ( Fy ) and also the blast parameters (stand-off distance

 R ) and charge weight (W)) are considered. The effect of additional pa-
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Fig. 8. (a) Mean and (b) variance values obtained by MSDOF, SDOF and LS-DYNA for scenarios 1 and 2. 

Fig. 9. Cumulative distribution function of support rotation for (a) Scenario1 and (b) 2. 
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ameters (which were fixed during stochastic analysis) is also considered

i.e. column length (L) and axial load ratio (AL)). 

To perform the parametric analysis, input for the above parameters

both certain and uncertain) is changed from 0.85 to 1.15 of their mean

alue. This range allows to examine a 15 % increase or decrease effect,

round the mean value, on the output. By defining this range, it becomes

hus possible to observe the ascending, descending, or neutral trends of

ach input parameter on the output, and gain insights into the effects

f this uniform adjustment on the output. It is important to highlight

hat possible alternative values (like 0.7 to 1.3 etc.) can be taken into

ccount, without impacting the ultimate trend outcome (ascending, de-

cending or neutral trend). 

The results of parametric analysis in terms of cumulative distribu-

ion function of support rotation are shown in Fig. 12 . To evaluate
10
he influence of parameter variation, the value selected for each pa-

ameter is changed while the selected values for the other stochas-

ic input parameters are kept unchanged. The amounts of changes

n the probability of low damage (support rotation less than 1 de-

ree) corresponding to change in the input parameters are given

n Fig. 13 . 

As shown in Figs. 12 and 13 , in case blast load parameters, by in-

reasing in the stand-off distance and charge weight, the probability of

ow damage respectively increases and decreases. By increasing the axial

oad, the probability of low damage decreases, which indicates a higher

evel of damage. For material properties, increasing the yield stress, the

robability of low damage increases, and denotes further sensitivity of

olumn. In case of sectional properties, by increasing the flange thick-

ess and width, the probability of low damage decreases and increases
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Fig. 10. Stochastic representation of nonlinear resistance function in (a) Scenario 1, with (b) box detail. 

Fig. 11. Stochastic representation of mid-span displacement of selected steel column in Scenario 1. 
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espectively. This is because as the flange width increases, the load-

earing surface of the column increases, which causes an increased ap-

lied force and hence more damage. Similarly, by increasing the web

hickness and height, the probability of low damage increases in both

ases, but the sensitivity of the model to changes in the web height is a

uch higher. This is due to the fact that by increasing the web height,

he moment of inertia around the bending axis also increases, which

ltimately reduces the lateral mid-span displacement and consequently

he column damage. As a final case, increasing the column length leads

o decrease in the probability of low damage, and thus more severe dam-

ge is expected. 

As shown in Fig. 13 , the parameters including column length, web

eight, charge weight and stand-off distance are the most sensitive

arameters. Although the cross-sectional size parameters are consid-

red as deterministic during the stochastic process, a change in any

f these parameters has significant effect on the column response and

amage. Therefore, considering the geometry uncertainties of the prob-

em is as important as the uncertainties of input loads and material
11
roperties, but few researchers have mentioned this aspect in literature

tudies. 

For existing structures, geometric uncertainties become even more

mportant, and thus higher sensitivity is expected. For example, one of

he parameters that can put steel structures at risk is corrosion, espe-

ially in coastal areas with high humidity and age-related structural

egradation. Corrosion changes the strength of steel, but also causes

tress concentration and a change in the thickness of steel components.

he effect of corrosion could be thus considered in the response as-

essment of steel structures by selecting the appropriate distribution

unctions for the reduced parameters (for example, a log-normal den-

ity function for thickness), which may result in accelerating the oc-

urrence of plastic hinges and thus in decreasing the ultimate lateral

last resistance, with lower stiffness and energy dissipation capacity of

he specimens. As a nutshell, in the present research, it was shown the

mportance of geometrical parameters on the damage analysis of steel

olumns, but the general consideration on uncertainties of these param-

ters necessarily requires more research. 
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Fig. 12. Change in probability distribution of support rotation corresponding to change in input parameters in the range of 0.85 to 1.15 of their mean values: (a) L; 

(b) tf ; (c) bf ; (d) hw ; (e) tw ; (f) Fy ; (g) W; (h) R; and (i) AL. 

12
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Fig. 12. Continued 

Fig. 13. Results of parametric analyses for all input parameters and their effects 

on probability of low damage. 
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. Conclusions 

This study evaluated the stochastic response of steel columns un-

er dynamic blast loads using the modified single-degree-of-freedom

MSDOF) system method, which incorporates a nonlinear resistance

unction. The MSDOF method was implemented in MATLAB and val-

dated against results from existing experiments. Damage assessment

as based on the support rotation criterion, using maximum mid-span

isplacement as the damage index. To account for uncertainties in in-

ut parameters, a stochastic analysis was performed using Monte Carlo

imulation (MCS) with Latin Hypercube Sampling (LHS). In addition

o verifying the MSDOF method with experimental data, we compared

t with the conventional SDOF and the finite element (FE) method via

S-DYNA software. The results showed that while the MSDOF method

as some variability relative to experimental and FE method data, it

emonstrates improved accuracy over the conventional SDOF, mainly

ue to its nonlinear resistance function. Parametric analysis further re-

ealed that uncertainties in input parameters —such as geometric fac-

ors, boundary conditions, and material properties —significantly in-

uence column response and damage probability. Specifically, varia-

ions in cross-sectional characteristics, boundary conditions, and col-

mn length were found to have a comparable effect to blast load pa-

ameters and material properties. Additionally, probability functions for
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upport rotation, derived from histogram data, underscored the non-

eterministic nature of the damage criterion, highlighting its sensitiv-

ty to uncertainties in blast loads and material characteristics. Although

ll input variables were modeled with normal distributions, output de-

iations from normality indicated the influence of the nonlinear limit

tate function, particularly in simulations using the MSDOF and FE ap-

roaches. 

elevance to resilience 

The findings from this study highlight key aspects of structural re-

ilience by demonstrating how steel columns respond to blast loads

nder uncertain conditions. By using the modified single-degree-of-

reedom (MSDOF) method and validating it against experimental results

nd finite element method-based analyses, the research shows that a

ore accurate assessment of damage probability can be achieved com-

ared to the conventional SDOF method. The incorporation of Monte

arlo simulations and Latin Hypercube Sampling underscores the im-

ortance of accounting for variability in material properties, geomet-

ic features, and load conditions to predict the column’s response. Ul-

imately, this approach contributes to structural engineering practices

imed at enhancing the robustness and reliability of buildings under ex-

reme events like blast, ensuring they can better withstand and recover

rom such impacts. 
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