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ARTICLE INFO ABSTRACT

Keywords: This paper aims to evaluate the stochastic response of steel columns subjected to blast loads using the modified
Stochastic response single degree of freedom (MSDOF) method, which assessed towards the conventional single degree of freedom
Steel column (SDOF) and the experimentally validated Finite Element (FE) methods (LSDYNA). For this purpose, special atten-
Eateratl t"list tion is given to calculating the response of H-shaped steel columns under blast. The damage amount is determined

ncertainty . . . . . . . . . .

Modified single degree of freedom (MSDOF) based on the support rotation crlte‘rlo.n, x{vhl'ch is expressed as a functlf)n of the'lr max1mum. l.ateral mid-span dis-
method 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.

Parametric analysis

1. Introduction

Steel structures are widely favored in construction, being one of the
most prevalent materials in building projects. This is especially true in
environments where the imperative to conserve space is paramount,
making steel a good choice for its versatility and efficiency in design.
In recent decades, the perceived risks of various loads (like blast, earth-
quake, fire, etc.) on different structures have significantly increased
[1-10]. Blast loads from explosions create intense, short-duration pres-
sure waves that impact structures, with their effect diminishing as the
distance from the explosion increases. This localized nature means that
structural members closer to the explosion experience higher pressures
and greater potential damage, while those farther away face reduced
loads and damage. Analyzing these effects is critical for understanding
the overall response of a structure under blast conditions. By studying
the behavior of key structural members, such as columns, engineers can
assess how the entire structure might react to a blast and determine the
likelihood of collapse. Effective blast-resistant design relies on strategic
features that help dissipate energy and prevent progressive failure, en-
suring the resilience and safety of structures subjected to blast loads.
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In this regard, the blast performance assessment of structures (mostly
structural members) has become a necessary step in design and a crit-
ical focus of research [11-19]. Some experiments, documented in the
literature [20-23], have been conducted to evaluate the response of
steel columns under various blast loads. In terms of numerical studies,
researchers have often implemented equivalent single degree of free-
dom (SDOF) systems or the finite element (FE) method to calculate the
response of blast loaded steel columns [22,24-32]. To enhance the ac-
curacy of SDOF method, certain researchers [27,33,34] have incorpo-
rated nonlinear resistance functions into the equation of motion for blast
loaded steel columns. This modification has led to the proposal of an
equivalent modified single degree of freedom system (MSDOF), replac-
ing the conventional SDOF approach. In the MSDOF method, the use
of nonlinear resistance function allows the designer to more accurately
consider the effects of axial load on the reduction of column flexural
capacity for a given steel column. This improvement brings numerical
analyses closer to reality. Despite the availability of several determin-
istic methods for analyzing blast-loaded structures, these methods are
not able to account for uncertainties in problem parameters, such as
blast loads and material properties. This is due to the fact that deter-
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ministic methods provide a single solution based on fixed input val-
ues. In response to this limitation, numerous studies have focused on
the reliability analysis of structures under impulsive loads, taking into
consideration the uncertainties associated with material properties and
blast parameters. These investigations cover a wide range of structures,
including steel buildings [35], reinforced concrete (RC) buildings [36-
381, RC beams [39], RC columns [40-43], RC wall panels [44,45], RC
slabs [46,47], composite walls [48], masonry walls [49,50], clamped
aluminum plates [51], profiled wall structures [52] and steel columns
[53-55]. Additionally, various studies have explored blast loading vari-
ability for incorporation into structural reliability analyses [40,46,56—
60]. While many of these studies have utilized the Monte Carlo simula-
tion (MCS) method in conjunction with SDOF, multi degree of freedom
(MDOF) and full 3D FE models, none have employed the MSDOF method
to determine the probabilistic response of steel columns exposed to blast.

The MSDOF offers several advantages in the analysis of steel columns
subjected to explosions. These include reduced computational cost (i.e.,
faster analysis time) and the ability to handle large-scale simulations for
target structures. Overall, these benefits make the MSDOF particularly
suitable for conducting probabilistic analyses, with increased accuracy
compared to SDOF method. Although it is clear that FE simulations can
provide more detailed results, especially when considering localized fail-
ure modes (such as shear, bending, or local buckling), they are almost
recommended when a more comprehensive understanding of column
behaviors is required (i.e., stress distribution, strain pattern, etc.). In
this regard, the MSDOF method is advantageous over FE method for
probabilistic analyses in which the global response of structures is as-
sessed. It is also essential to recognize that simple methods with one
degree of freedom may produce responses that diverge from reality.

Besides, these methods prevail among researchers due to their pop-
ularity. A key objective of present investigation is thus to substantiate
this condition and promote the use of MSDOF methods. The stochastic
response of steel columns subjected to dynamic blast is investigated. To
this aim, the damage amount is calculated based on the support rotation
criterion as a function of maximum lateral mid-span displacement of col-
umn under blast. To obtain the failure probability and take into account
the uncertainties of input parameters, the MCS method is utilized with
the Latin Hypercube Sampling (LHS) method, to reduce the number of
simulations. Finally, a comprehensive parametric analysis is presented
to assess the influence of input parameters on the structural behavior of
blast loaded steel columns, by varying input variables (including deter-
ministic and probabilistic parameters) and investigating their impact on
the column performance (i.e., probability of column damage).

2. Impulsive blast load

Impulsive dynamic loads are characterized by their rapid application
to a structure, lasting for a very short duration. Examples of such loads
include those generated by free air bursts, ground shocks from surface
and underground explosions, impact of vehicle collision etc. Calculating
the response of a structure under impulsive loading is inherently com-
plex, primarily due to the rapid and substantial changes in force over
time. Impulsive dynamic loads occur less frequently than more conven-
tional loads like dead and live loads. However, despite their infrequency,
the destructive potential of impulsive loads is substantial, leading to sig-
nificant consequences. Their rapid and intense nature sets them apart,
making the assessment of a structure’s response under such loads a chal-
lenging but crucial task.

For present study, the idealized time history of reflected blast pres-
sure is determined by an instantaneous rise to the peak positive reflected
pressure (P,), which occurs right after detonation. P, reduces exponen-
tially to the negative phase and it is often defined as [61]:

P,(1) = C, X Py, (1) (1a)

t—t, t—t,
Pm(z)=<P0+Pm<1— p )exp(—a o )) (1b)
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where P,, is the peak overpressure monitored for t = 0, P, is the am-
bient atmospheric pressure (101.3 kPa), ¢+ and ¢~ are the positive and
negative phase durations; t, is the arrival time; C, is reflected pressure
coefficient and « is a shape parameter. It is worth mentioning that the
reason for using P.(t) as an input load on the structure is that, after an
explosion occurs—often taking place at or near ground level—the in-
teraction between the blast wave and the ground surface results in the
amplification of the blast incident pressure (i.e. Py, (t)), leading to an
amplified pressure known as the reflected pressure. There are many lit-
erature formulas to calculate P,,, t* [62] and « [63] as a function of
scaled distance Z (R/W/3, where R is the stand-off distance (in m) and
W is explosive charge (in kg of TNT)). For C,, the proposal by Rank-
ine and Hugoniot [61] defining it as C, = (14P, + 8P,,)/(7TPy + P,,), or
the graphs provided by UFC-3-340-02 [64] as a function of angle of
incidence and peak overpressure can be used. For the present investiga-
tion, the effect of shape function was disregarded (i.e., triangular path)
and « was set to zero, and the formulae in [40] was used to express P,
and t;.

3. Modelling assumptions
3.1. SDOF method

The SDOF system is one of the simplest analytical methods for study-
ing the behavior and vibration of structures under the effect of impul-
sive dynamic loads. While structural systems have commonly more than
one degree of freedom, their global behavior can be expressed by SDOF
method with good approximation. The real structure is replaced by an
equivalent system with lumped mass m, spring stiffness k and damp-
ing c¢ as shown in Fig. 1(a). The SDOF system’s response is designed to
approximate the main structure’s behavior at key control points, typi-
cally corresponding to plastic hinges. Blast load can be idealized as a
triangular shock with maximum load F,, and positive phase duration t;
(Fig. 1(b)). Additionally, damping is generally negligible, given that has
minimum effects on the structural response. According to Fig. 1, the dy-
namic equation of motion for equivalent SDOF system by considering
¢ = 0 can be thus expressed as:

my+ky = F(t) 2)

When the member has elastoplastic behavior, ky is replaced with resis-
tance parameter R, in Eq. (2), which is equal to ky in the elastic region
and R, after yielding (Fig. 1(c)). In Fig. 1(c), the parameters y, and y,,
stand for yielding and ultimate displacement. For a SDOF system with
elastic-plastic behavior, the dynamic equation of motion becomes:

mY+R; = F(t) 3)

To solve Eq. (3), various methods are available such as graphical
solution, pressure-impulse diagram, and numerical step-by-step meth-
ods as Newmark’s-g, Wilson-6, central difference etc. [65-67]. In the
current study, the equation of motion is solved using the Newmark’s-f
method with a linear acceleration strategy, where the parameters y and
p assume are set to 1/2 and 1/6, respectively. To calculate the blast re-
sponse of steel columns using the SDOF method, it is necessary to first
determine the equivalent parameters for the SDOF system; specifically,
the equivalent mass (Me), equivalent stiffness (Ke), and equivalent force
(Fe). These parameters are derived based on transformation factors [68].
By determining K; and K,;, the equivalent force, the equivalent stiff-
ness, the equivalent strength and the equivalent mass can be obtained
asF,=K; xF, K, =K; xk, R, =K; X R; and M, = K); X m, respectively,
which should be placed in Egs. (2) and (3).

Table 1 summarizes the transformation factors for beams or columns
with pinned and fixed boundary conditions. The parameters Mp: and
Mpg are the maximum plastic moment capacities of structural member
at mid-span and support; L is the column length; w is the intensity of
uniform load; E is the elastic modulus; I is the moment of inertia about
bending 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 Strain range Load factor Uniform mass Maximum Spring Dynamic

diagram (K,) factor (Ky,) resistance (R,) constant (K) reaction (V)
=W, Elastic 0.64 0.50 8Mpc/L 384EI/5L° 0.39R; + 0.11F
[T Plastic 0.50 0.33 8Mpc/L 0 0.38R, + 0.12F

L

Elastic 0.53 0.41 12Mpg/L 384EI/1° 0.36R; + 0.14F
Elastic-plastic 0.64 0.50 8(Mps + Mpc)/L 384EI/5L3 0.39R, + 0.11F
| L Plastic 0.50 0.33 8(Mps + Mpc)/L 0 0.38R, + 0.12F

3.2. MSDOF method

The primary distinction between MSDOF and SDOF methods lies in
the approach to determining the resistance function of a structural mem-
ber. In MSDOF, a nonlinear resistance function is employed, deviating
from the bi-linear one used in SDOF. This choice not only improves re-
sponse accuracy but also accounts for the influence of axial force on re-
ducing the strength and stiffness of the member. In essence, the analysis
of beam-columns under the effect of a blast differs from the approach
taken for beams. Using the energy stability principle, Shope [34] pro-
vided an analytical method for designing steel columns under the si-
multaneous effect of axial and explosive loads. Al-Thairy modified the
SDOF method [27,33] by presenting a new nonlinear resistance function
of steel columns under transverse blast, based on a quasi-static approxi-
mation of column behavior, by taking into account the reduction in the
column transverse resistance caused by axial compression. The corre-
sponding nonlinear resistance function is shown in Table 2. It should be
noted that for the present study, the blast load is considered as a uni-
form load applied laterally to the steel column. Given that the nature
of explosions involves the expansion and propagation of a blast wave,
if the structure is sufficiently distant from the explosion site, the load
exhibits a uniform intensity.

In Table 2, U is the maximum transverse displacement and
n = 1.4318 z/L; P is the applied axial load and P, is the Euler buck-
ling load of the column:

72EI
2
(KeprL)

e
Table 2

“)

where Ko is the effective length factor (equal to 1.0, 0.5 and 0.7 for
columns with pinned ends, fixed ends and fixed-pinned ends).

The elastic-plastic nonlinear flexural resistance function of the col-
umn is denoted as Mg p;. To calculate this function, let’s consider
a steel column with an H-shaped cross-section exposed to both blast
and axial loading, as depicted in Fig. 2. The stress distribution in the
cross-section for both negative and positive strains at the bottom layer
(& pottom) 1s illustrated in Fig. 2(a) and (b). Mg, p;, is obtained by sum-
ming up the bending resistance of all the layers over the section depth
as:

(h+ye=y1)/2

x

0
(h+yi~v.)/2

Mg, _pp = (e.E) An by [(h+y,—y:)/2+ x| — AR

(6,E) Ah by [(h+y,—¥:)/2 — x5 + AR —PZ

+

®

By considering a linear strain distribution over the cross-section
depth, ¢, and ¢, are calculated as follows:

P
Ec=ﬂ+¢K1U§6y (6)
g = ﬁ—(szU > —¢, (@)

The parameter Ah represents the selected layer depth, so that the
smaller the value Ah, the higher accuracy of the output. The distance of
each layer from the neutral axis in the compressive and tensile regions

Elastic and elastic-plastic resistance functions for steel columns with different boundary conditions under the simultaneous effect of

axial load and wide blast load along the column.

Boundary Mode shape equation Elastic curvature Elastic resistance Elastic-plastic resistance
i i - in( = 2 8.0(P,,—P)U 8.0(My,_p; /k—PU)

Pin = pin thy = Usin(0) I.EZU 8.0(P, ~P)U 8.0 M” L k—PU

Fix - fix Uy = S = cos(2)] =u B, =) Oy [k P0)
i i - H 2 . - 5 _

Pin - fix Uy = —Y_[sin(nx) — nL cos(nx) + nL(1 — f)] ! 46?” U 8.34(P,—PU 8.34(Mpy_p /k=PU)

6.2824

L 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].

is also determined by the parameters x;and «,, respectively. Also, pa-
rameters b; and b, are the width of each layer in the compressive and
tensile regions and can be calculated as:

b, =t, when (h+yc—y,)/2—tf >k 20

by =b, when (h+yc—y,)/227<1 > (h+yc—y,)/2—tf
b, =t,, when (h—yc+y,)/2—tf >k, 20

by =b, when (h—yc+y,)/221<22 (h—yc+y,)/2—tf

®)

Spread of yielding over the cross section in both tensile and com-
pressive regions is expressed by the parameters y, and y, that are given
by:

y

£
Yewtaw = Yew + (M = Yew = Vi = Xw) (1 - —> (€
5c,Top(u+Au)

£

y

Vituraw = Y + X (1 - —> (10)
€1, Bottom(u+Au)

where ¢, is yielding strain of steel, h is section depth and parameters

&, Top(u+auw) €t Bottom(u+aw aNd Xy are calculated through Egs. (11)-(13):

E¢,Top(u+Auyavb = Eaxial + ¢(h ~ Yew) = Yiw) — X(u)) < Ef an

€4, Bottom(u+Au) = €axial ~ ¢X(u) 2 —€f (12)

h— Ve = V)

3
1 + c,Top(u)
€t Bottom(u)

where ¢, is the axial strain, & is the fracture strain of steel, ¢ =
0%u(x)/0x? is the elastic curvature and u(x) can be defined for differ-
ent boundary conditions (Table 2). Also, u is the cumulative value of
transverse displacement at the previous analysis step, and Au is the in-
cremental value of the transverse displacement in use for the analysis.
When the axial load applied to the column is high and the transverse
displacement is small, the position of the neutral axis stands outside the
cross-section and the whole column section is subjected to compressive

Xw = 13)

stress as shown in Fig. 2(b). In this case, y, = 0 and y, is determined as:

(14)

E,— &

y ¢, Bottom(u+Au)

Ye(u+Au) :yc(u)+ (h_yC(M))<1 - )
Sc,7"op(u+Au) - Sr,Bortom(u+Au)

The solution of MSDOF equation should be carried out in the follow-
ing steps of column response:

a) elastic phase:

MUy + Repwy=POO<UQ@ <U, (15)

b) elastic-plastic phase:
MU+ Rep_pruy = PO Uy <U@® <U,, 16)

c) unloading or displacement rebound after elastic phase:

M U@ + Rep-prw=uy) = Rer=vz-v) = POO<U® <Ug (17

where Uy, U, and Uy are the displacement at the onset of yielding at
the column section, the displacement at which the column fails due to
global instability and the displacement at which unloading occurs.

Also, Rgy-u,-v) is the elastic transverse resistance function, at
the column response (Ur—U) and Rg;_p -y, is the elastic-plastic
transverse resistance function, at the column response Ug.

Fig. 3 shows the nonlinear resistance-displacement function for a
steel column. The provided explanations for both SDOF and MSDOF
shed light on the differences in analyzing its response under blast.

3.3. Dynamic characteristics of steel material

Structural components undergo significantly higher strain rates
when subjected to extreme dynamic loads, such as blasts and impacts,
compared to other loads like earthquakes, wind, and live loads. These
dynamic loads can rapidly alter the strength characteristics of materi-
als. Typically, the durations of extreme dynamic loads are much shorter
than the structural period. To account for the strength increase in mate-
rials 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.

the static strength values. DIF is defined as the ratio of dynamic strength
to static strength of materials and depends on the nature of stress and
type of materials [69]. Empirical relationships, graphs, and tables are
established in the literature, varying according to the specific type of
material. In this study, the strain rate effect of the steel material is ac-
counted for using the Cowper-Symonds relationship, as follows [70]:

1
F, P
DIF=-2=14+(% (18)
F, C

¢

where F, is the static yield stress, Fg, is the dynamic yield stress and
€ is the strain rate. C, and P, are constant values, equal to 40.4 and 5
for mild steel. The dynamic yield stress for steel under extreme dynamic
loads is F4, = SIF x DIF x F,, where SIF = 1.15 for mild steel denotes
the strength increase factor [71].

3.4. Damage evaluation based on support rotation criteria

According to performance-based design approach, the amount of de-
formation in the member to verify determines whether the member has
acceptable (or not) response against the imposed extreme load. In this
context, the support rotation criterion is one of most common methods
in determining the amount of damage caused in a structural member
under blast, and relates the maximum deflection y,,,, to the member
length L (Fig. 4):

0=tan_l(g.mﬁ) (19)

The estimated rotation amplitude in Eq. (19) shall be then compared
with a set of limit allowable values 6 ; given by standards (see Table 3
and [64]), where the support rotation criterion is highly especially for
steel 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
capacity of the member to verify. To ensure an improved structural per-
formance, stringent values of §,; are recommended for different dam-
age level. Furthermore, the presence of significant axial load, which in-
creases the amount of expected damage originating from P-A effects, is
associated to more rigid allowable limit values.

Resilient Cities and Structures 4 (2025) 1-15

Table 3
Maximum allowable support rotation and damage levels for primary steel frame
members [64,69].

0,1 (degrees)

Significant compressive load 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 A (%) MSDOF A (%) LS-DYNA A (%)

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

3.5. Preliminary verification and validation of modelling strategy

In order to validate the MSDOF method, literature experiments have
been used, as documented by Nassr et al. [22,72,73]. In addition, MS-
DOF results are further compared with SDOF (which is written in MAT-
LAB programming as well as MSDOF) and FE analyses based on LS-
DYNA software. The experiments involved two samples (named here as
Test 1 and Test 2), both utilizing steel column specimens manufactured
from W24 x 15 with nominal length of 2.413 m. The specimens were
subjected to an axial load of 270 kN and had pinned ends. In Test 1, the
explosive charge weight and detonation distance were set to 150 kg of
ANFO and 9.0 m. In Test 2, these values were adjusted to 50 kg of ANFO
and 10.3 m. Notably, the imposed bending resulting from blast occurred
along 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
steel container to house instruments and control blast wave effects. Wing
walls minimized blast wave clearance effects. The steel sections, posi-
tioned vertically and simply supported, primarily experienced bending
stress from blast pressure, with minimal axial stress from self-weight.
For further details, see [22,72,73].

For modelling purposes, the material properties, including density,
yield stress, elastic modulus, Poisson’s ratio, and failure strain, were set
to 7850 kg/m2, 470 MPa, 210 GPa, 0.3, and 0.2, respectively. Input
blast parameters, namely pressure and positive phase duration, were
determined based on experimental records. The average maximum re-
flective pressures for Test 1 and Test 2 were found to be 1560 kPa and
307 kPa. Likewise, the average positive phase durations were deter-
mined as 6.2 ms for Test 1 and 7.3 ms for Test 2. Consequently, the
time-varying load histories in Test 1 and 2 resulted in maximum peak
loads of 159.12 N/mm and 31.31 N/mm.

To model the steel column in LS-DYNA software, fully integrated
quadrilateral shell elements with five integration points through the
thickness of each element were utilized. Shell elements with maximum
edge dimensions of 40 mm were chosen. Two rigid plates on the top and
bottom of the column were considered to define boundaries and apply
the initial axial load as gravity load. Mat_Plastic_Kinematic was adopted
for the steel material, which is capable of considering strain rate of ma-
terial. Additionally, the blast load is applied uniformly throughout the
column as a pressure function, utilizing the Segment_Set feature in the
software. Given that the primary focus of the present study is on the
MSDOF method, a concise explanation of the FE model is provided for
brevity. However, for a more comprehensive understanding, additional
details can be found in [74,75].

The results of simulations performed by SDOF, MSDOF and LS-DYNA
methods for Test 1 and 2 in terms of the maximum lateral mid-span
displacements are listed in Table 4.
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As Table 4 reveals, in Test 1 y,;,, for columns modeled by SDOF,
MSDOF and FE based LS-DYNA are 31.94, 30.93 and 30.15 mm, which
show a negligible scatter of +1.8 %, —1.4 % and —4.0 % with respect to
the 31.36 mm displacement of the experiment. In Test 2, an acceptable
level of accuracy was observed for FE modelling in predicting the behav-
ior of the steel column with scatter of —7.2 % comparing to experiment.
Furthermore, it can be seen that both SDOF and MSDOF methods, with
scatter of +23.82 % and +18.2 % to experiments, have good accuracy
and efficiency in determining the column response. Although the SDOF
and MSDOF methods show some discrepancies compared to experimen-
tal and FE results, the idea behind using SDOF methods is to simplify a
structure with many degrees of freedom to just one degree of freedom.
It’s reasonable to assume that this simplification could introduce errors
when compared to modeling the structure with FE methods, which use
thousands of elements and degrees of freedom. However, many studies
in the literature continue to use the SDOF method without accounting
for its limitations relative to FE models. While the MSDOF method shows
some variability compared to the FE approach, it offers improved accu-
racy over the conventional SDOF method, thanks to its nonlinear resis-
tance function. Overall, the MSDOF method has higher accuracy than
SDOF method and it is implemented in the following stochastic analysis
of steel columns under blast loading.

4. Stochastic analysis
4.1. MCS analysis based on LHS method

In order to assess the uncertainties of input random variables in re-
sponse of steel columns under blast loads, the developed validated de-
terministic MATLAB code for MSDOF method is further extended for
generating probability density functions of input variables and making
an iterative calculation based on MCS and LHS methods. The technique
of MCS is simple and relatively most accurate widely used method for
estimating statistical properties of structural systems under the effect of
uncertainties associated with input parameters [76,77].

In the MCS method, the whole system is simulated several times so
that all simulations have the same chance of occurring, and each sim-
ulation will be a manifestation of the probable behavior of the system.
In each simulation and for each input variable, a random value is se-
lected according to the properties of the distribution function for which
the variable is intended, and by placing it in the objective function, the
value of the objective function is calculated. This process is repeated
until enough output values are generated to construct the probability
distribution curve of the objective function. It should be noted that find-
ing the probability of damage caused to a steel column under blast load
which is the objective function used in this study, where the damage is
calculated based on the support rotation criterion. The number of itera-
tions required in the MCS method depends on the level of safety, the de-
sired accuracy for solving the problem, the form of limit state function,
and the number of random variables involved in the problem. There are
various problems in civil engineering where no closed-form formulation
can be found for the limit state function to express the problem. Hence,
in many cases the problem being analyzed is more complex, and the time
needed to analysis the problem even for a single simulation may be very
long, and the time needed to complete many simulations (for reliability
analysis) may be unachievable. In this regard, the LHS method is one
of the best techniques for reducing the number of simulations needed
to obtain reasonable results with the least possible number of simula-
tions. In this method, the range of possible values of each random input
variable is divided into a number of “stratum”, and a value is randomly
selected for each variable from the considered strata as a “representa-
tive” value, so that the selected value is considered once and only once
in the simulation process. This strategy ensures all possible values of the
random variables are presented in the simulation.

In the present study, the MCS and LHS method are used to perform
stochastic analysis. The probability of failure based on MCS equals to
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Pr = N¢/N, where N is the number of total simulations and Ny is the
number of trials for which limit state function, g(X) = R—Q, falls in the
failure region or has negative value. In doing so, X is the vector of input
random variables, R is the capacity or resistance, Q is the demand or
loading. The probability of failure can also be written as:

Zil IF("i)

f (x)dx ———= (20)

P; =P[g(x) < 0] = N

G(x)<0

where f,(X) is the joint probability density function and Iy is the failure
indicator which equals 1 if g(X) < 0 and 0 if g(X) > 0.

4.2. Uncertainty of input parameters

One of the important issues related to the stochastic analysis of struc-
tures is determining the uncertainty associated with input parameters.
For steel material, yield stress F, and elastic modulus E are usually
considered as random parameters [35,78-81], while the effect of elastic
modulus on the failure probability is proved to be almost negligible [54].
Therefore, in present study, E is considered as deterministic parameter
and F, is considered as random variable with mean value 240 MPa and
coefficient of variation (COV) 0.06. Also, the normal probability density
distribution function is used to represent the statistical distribution of
F,.

Geometric uncertainties include the dimensions and size of the steel
section, as well as boundaries. The effect of this type of uncertainty can
be investigated by considering different states. For example, the sup-
port conditions considered for a column in an analysis are idealized
(pinned or fixed ends), and in fact in reality the column support con-
ditions are neither fully pinned nor fixed. To consider the uncertainties
related to the support conditions, the reliability of columns with fully
pinned and fixed ends can be examined and then, based on engineer-
ing judgment, an intermediate value can be considered for the actual
support condition. There is another approach in which the semi-fixed
column support condition can be modeled by translational and torsional
springs, and its behavior can be investigated by assigning various trans-
lational and torsional stiffnesses. The same procedure can also be fol-
lowed for columns with different geometries. As an example for consid-
ering column length, the reliability analysis can be performed for a num-
ber of columns with specific length, and then the probabilistic response
of columns with different lengths can be extracted by interpolation
[82].

For gravity, the uncertainties are related to the dead and live loads.
A random uniform load is used, with a specified mean and standard
deviation. In the reliability analysis of columns under extreme loads,
axial load is usually equal to 20 % of the initial capacity. Conse-
quently, the initial axial load with mean 20 % of the initial capacity
of the member and COV = 0.1 is used in present study, and the nor-
mal density function is implemented to express its statistical distribution
[35,37,83].

Considering the variability and uncertainties of blast loading param-
eters is crucial and very important due to the nature of explosion. Sev-
eral methods can be found in the literature to calculate the uncertain-
ties associated with blast load parameters. Previous works [46,56,84]
have documented constant COV values for blast load variability across
different scaled distances. Conversely, empirical data and blast test re-
sults confirm the inherent variability, prompting additional investiga-
tions in [46,56,84]. Notably, the methods proposed by Hao et al. [40]
and Netherton and Stewart [57] have broad applicability and find fre-
quent usage in reliability analyses of structures subjected to blast loads.
This is because, despite some differences in the cited strategies, they all
share a common feature as blast load variability expressed in terms of Z.
In addition, the proposed strategies are validated across a broad range
of scaled distance values (i.e. 0.24 m/kg!/® < Z < 40 m/kg!/? in [40]
and 0.59 m/kg!/? < Z < 40 m/kg!/3 in [571). In this paper, P, and t4
are 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 (a;) in Eq. (21) [40].

Y a, a, a, ag a,

Mp, +3.651 -3.018 +0.1967 +0.8873 —-0.3795
Op, +3.03 -3.533 +0.4534 +0.3248 +0.07896
COVp, -0.6239 -0.5726 +0.3203 —-0.3538 +0.2973
My, —0.00307 +1.2186 —-0.5207 —-0.2835 +0.2132
o, —-0.8433 +1.0982 -0.8127 +0.4214 —-0.1046
Cov, —-0.8411 -0.1186 —-0.2868 +0.6955 -0.3141

are calculated based on Hao et al. [40]. In this regard, for a blast sce-
nario (with specified charge weight and stand-off distance) the mean,
standard deviation (¢) and COV of wave parameters can be estimated
as a function of Z as follows:

4
Z a; x(log(Z))’)

A
Y =W3 10\i=0 21

where the parameter Y can take mean, standard deviation and COV
of reflected pressure and positive time duration, and the coefficients
(a;) can be determined by Table 5. It is worth mentioning that the
parameter j in Eq. (21) should be set to 0 and 1 for the calculation
of statistical parameters of reflected pressure and positive time dura-
tion. Fig. 5(a) and (b) show the statistical characteristics of peak re-
flected pressure and normalized positive time duration. As reported in
[40], Eq. (21) is valid only for an open field explosion and flat reflec-
tion surface. For a complex explosion scenario, more significant varia-
tions are expected because of blast wave interaction with surrounding
structures.

It is also important to note that in some research studies the wave-
form coefficient has been considered as probabilistic [49,84], but the
intended scaled distance was set between 1.62 and 2.78 m/kg!/3, and
most importantly an explicit relation was not presented for calculation
of statistical properties of the waveform coefficient (i.e., mean and stan-
dard deviation), based on scaled distance. Following [37,40-42,57,85-
91], a linear function is thus used in the present study to define blast
history.

5. Numerical analysis and discussion of results
5.1. Calculation example

A steel column with an H-section, featuring a web thickness of
15 mm, flange thickness of 25 mm, flange width of 206 mm, web height
of 220 mm, and a length of 3.6 m, is under consideration. The column
belongs to a 3-story steel building located in intermediate level of rel-
ative seismic hazard in Iran and designed according to [92]. Two dif-
ferent explosion scenarios as Scenario 1 with explosive charge weight
of 275 kg of TNT at detonation distance of 13 and Scenario 2 with ex-
plosive charge weight of 275 kg of TNT at detonation distance of 14 m
are taken into account. The boundary condition for the examined col-
umn is assumed to be pinned ends. To conduct the probabilistic analysis,
MCS is used with LHS method with 300 simulations in each case. The
results of the stochastic analysis, represented as probability functions of
support rotation (derived from data histograms), are depicted in Figs.
6 and 7. These results pertain to both blast scenarios and are obtained
using MSDOF, SDOF, and LS-DYNA methods.

Figs. 6 and 7 clearly demonstrate that the damage criterion based
on support rotation is a non-deterministic parameter, as it is suscepti-
ble to uncertainties arising from blast load and material characteristics.
The presence of these uncertainties exerts a substantial influence on the
resulting support rotation values. It is thus imperative to acknowledge
and incorporate these uncertainties when analyzing and interpreting the
support rotation data, as they play a crucial role in accurately under-
standing the behavior and response of a given structural system (damage
evaluation) under blast scenarios.

It is important to note that, in each method, a probability density
function has been fitted to the obtained histograms to ascertain the
probabilistic characteristics of the outputs. In the SDOF method, a nor-
mal distribution was fitted to the data, while for the MSDOF and LS-
DYNA methods, a log-normal distribution was employed. This choice
was influenced by the presence of skewness in the data from the lat-
ter two methods, whereas the output from the SDOF method showed
a closer resemblance to a normal distribution. As a result, the MSDOF
method not only demonstrates superior accuracy in estimating proba-
bilistic 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.

also incorporates the nonlinear behavior of the system under blast con-
ditions through the consideration of a nonlinear resistance function.
It’s noteworthy that although all input variables in the probabilistic
analysis adhere to a normal distribution, the resulting outputs devi-
ate from normality. This deviation is attributed to the nonlinearity of
the limit state function, particularly evident in MSDOF and LS-DYNA
results, which represent the response of the steel column under blast
load.

Fig. 9 shows the cumulative distribution functions of the support ro-
tation using SDOF, MSDOF and LS-DYNA methods, which are obtained
based on the probability density functions of each case given in Figs.
6 and 7. If the results obtained from FE are assumed to be closer to the
reality, based on Fig. 9, it is clear that the MSDOF has higher accuracy
in estimating the support rotation probability values than SDOF.

Referring to Fig. 9 and the maximum allowable support rotation val-
ues (Table 3), for instance, the probability of low damage (support ro-
tation less than 1 degree) in Scenario 1 is 0.85 for SDOF and 0.62 for
MSDOF, showing a difference of 0.66 and 0.43, respectively, compared
to the FE method (0.19). In Scenario 2, the probability of low damage
is 0.99 for SDOF and 0.93 for MSDOF, with differences of 0.40 and 0.34
compared to FE (0.59). Despite the popularity of the SDOF method due
to its limited computational requirements, as seen in the comparative
results, the MSDOF method demonstrates improved accuracy in estimat-
ing the probability of column failure compared to SDOF. Thus, caution
should be exercised when using the SDOF method in probabilistic struc-
tural analysis. While MSDOF is more accurate than SDOF, it is important
to note that probabilities obtained from both methods still differ from
those obtained by the FE method, which demands substantial computa-
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tional efforts. The latter approach should be preferred when very high
accuracy is essential.

Fig. 10 illustrates the random nonlinear resistance functions of the
steel column in Scenario 1, based on 300 simulations. To enhance clar-
ity and observe the effects of uncertainties on the nonlinear resistance
function more closely, a zoomed-in view of the rectangular window from
Fig. 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
the resistant function of the steel column, and this leads to a change
in the blast response. Such a result can be also clearly deduced from
Fig. 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
that incorporating uncertainties into the calculation of the response of
columns exposed to blast loading is critically important. Such consid-
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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.

eration enables a more accurate assessment of structural resilience and
safety, emphasizing the potential variations in response under varying
conditions.

5.2. Parametric analysis

A parametric sensitivity analysis is also performed to evaluate the
response of blast loaded steel column to change of input parameters
[93,94], and in particular the influence of fluctuations in input geo-
metric parameters on the outcomes of simulations. In this regard, basic
column features such as the cross-sectional characteristics (flange thick-
ness (tf), flange width (bf), web thickness (t,,) and web height (h,,)), the
material properties (F,) 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. 9. Cumulative distribution function of support rotation for (a) Scenariol and (b) 2.

rameters (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
value. This range allows to examine a 15 % increase or decrease effect,
around the mean value, on the output. By defining this range, it becomes
thus possible to observe the ascending, descending, or neutral trends of
each input parameter on the output, and gain insights into the effects
of this uniform adjustment on the output. It is important to highlight

that possible alternative values (like 0.7 to 1.3 etc.) can be taken into
account, without impacting the ultimate trend outcome (ascending, de-
scending or neutral trend).

The results of parametric analysis in terms of cumulative distribu-
tion function of support rotation are shown in Fig. 12. To evaluate

the influence of parameter variation, the value selected for each pa-
rameter is changed while the selected values for the other stochas-
tic input parameters are kept unchanged. The amounts of changes
in the probability of low damage (support rotation less than 1 de-
gree) corresponding to change in the input parameters are given
in Fig. 13.

As shown in Figs. 12 and 13, in case blast load parameters, by in-
creasing in the stand-off distance and charge weight, the probability of
low damage respectively increases and decreases. By increasing the axial
load, the probability of low damage decreases, which indicates a higher
level of damage. For material properties, increasing the yield stress, the
probability of low damage increases, and denotes further sensitivity of
column. In case of sectional properties, by increasing the flange thick-
ness and width, the probability of low damage decreases and increases

10
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Fig. 11. Stochastic representation of mid-span displacement of selected steel column in Scenario 1.

respectively. This is because as the flange width increases, the load-
bearing surface of the column increases, which causes an increased ap-
plied force and hence more damage. Similarly, by increasing the web
thickness and height, the probability of low damage increases in both
cases, but the sensitivity of the model to changes in the web height is a
much higher. This is due to the fact that by increasing the web height,
the moment of inertia around the bending axis also increases, which
ultimately reduces the lateral mid-span displacement and consequently
the column damage. As a final case, increasing the column length leads
to decrease in the probability of low damage, and thus more severe dam-
age is expected.

As shown in Fig. 13, the parameters including column length, web
height, charge weight and stand-off distance are the most sensitive
parameters. Although the cross-sectional size parameters are consid-
ered as deterministic during the stochastic process, a change in any
of these parameters has significant effect on the column response and
damage. Therefore, considering the geometry uncertainties of the prob-
lem is as important as the uncertainties of input loads and material

11

properties, but few researchers have mentioned this aspect in literature
studies.

For existing structures, geometric uncertainties become even more
important, and thus higher sensitivity is expected. For example, one of
the parameters that can put steel structures at risk is corrosion, espe-
cially in coastal areas with high humidity and age-related structural
degradation. Corrosion changes the strength of steel, but also causes
stress concentration and a change in the thickness of steel components.
The effect of corrosion could be thus considered in the response as-
sessment of steel structures by selecting the appropriate distribution
functions for the reduced parameters (for example, a log-normal den-
sity function for thickness), which may result in accelerating the oc-
currence of plastic hinges and thus in decreasing the ultimate lateral
blast resistance, with lower stiffness and energy dissipation capacity of
the specimens. As a nutshell, in the present research, it was shown the
importance of geometrical parameters on the damage analysis of steel
columns, but the general consideration on uncertainties of these param-
eters necessarily requires more research.
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6. Conclusions

This study evaluated the stochastic response of steel columns un-
der dynamic blast loads using the modified single-degree-of-freedom
(MSDOF) system method, which incorporates a nonlinear resistance
function. The MSDOF method was implemented in MATLAB and val-
idated against results from existing experiments. Damage assessment
was based on the support rotation criterion, using maximum mid-span
displacement as the damage index. To account for uncertainties in in-
put parameters, a stochastic analysis was performed using Monte Carlo
Simulation (MCS) with Latin Hypercube Sampling (LHS). In addition
to verifying the MSDOF method with experimental data, we compared
it with the conventional SDOF and the finite element (FE) method via
LS-DYNA software. The results showed that while the MSDOF method
has some variability relative to experimental and FE method data, it
demonstrates improved accuracy over the conventional SDOF, mainly
due to its nonlinear resistance function. Parametric analysis further re-
vealed that uncertainties in input parameters—such as geometric fac-
tors, boundary conditions, and material properties—significantly in-
fluence column response and damage probability. Specifically, varia-
tions in cross-sectional characteristics, boundary conditions, and col-
umn length were found to have a comparable effect to blast load pa-
rameters and material properties. Additionally, probability functions for
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support rotation, derived from histogram data, underscored the non-
deterministic nature of the damage criterion, highlighting its sensitiv-
ity to uncertainties in blast loads and material characteristics. Although
all input variables were modeled with normal distributions, output de-
viations from normality indicated the influence of the nonlinear limit
state function, particularly in simulations using the MSDOF and FE ap-
proaches.

Relevance to resilience

The findings from this study highlight key aspects of structural re-
silience by demonstrating how steel columns respond to blast loads
under uncertain conditions. By using the modified single-degree-of-
freedom (MSDOF) method and validating it against experimental results
and finite element method-based analyses, the research shows that a
more accurate assessment of damage probability can be achieved com-
pared to the conventional SDOF method. The incorporation of Monte
Carlo simulations and Latin Hypercube Sampling underscores the im-
portance of accounting for variability in material properties, geomet-
ric features, and load conditions to predict the column’s response. Ul-
timately, this approach contributes to structural engineering practices
aimed at enhancing the robustness and reliability of buildings under ex-
treme events like blast, ensuring they can better withstand and recover
from such impacts.
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