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As amassive explosion happens inside a building, a number of structuralmembers (columns, beams, slabs and so
on) are damaged or failed, along sidewith non-zero initial conditions (displacement, velocity, acceleration and so
on), and the progressive collapse of the building structures is most likely to occur. However, limited research
works about blast load effect of structural members inside a building can be found. In view of this, based on
the substructure model, a new method for progressive collapse analysis of steel frames under blast load is pro-
posed. First, the massive explosion scenario inside a building is introduced. Then, the substructure model within
effective areas of blast influence is established. After that, the calculation method of non-zero initial conditions
and initial damage for structural members is given, and finally the specific steps of the proposed method are
described. By way of example of a steel frame with 5 stories in height, 4 bays in the longitudinal direction, 3
bays in the transverse direction, direct simulation method, alternative load path method and proposed method
are all employed to simulate the progressive collapse process, respectively. Through the example analyses, it is
shown that blast load effect of structural members cannot be ignored on the ground floor, and it can be ignored
on the other floors by the effect of the reinforced concrete slab. The non-zero initial conditions and initial damage
of structuralmembers can be predictedwell by the substructuremodel, and the proposedmethod is also reliable
and accurate.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, with the soaring urban population and the tighten-
ing supplies of land resources, land prices are rising sharply, which
provides a vast development prospect and an infinite market potential
for mushroom development of super-tall buildings. High-rise civil
buildings and large-scale mixed-use buildings are constantly emerging,
and developing towards large-scale, complexity and diversification. In
the long service life, the building structures may encounter different
types of accidental disasters, such as an extremely rare earthquake,
vehicle or aircraft impact, gas explosion, bomb attack, human error,
fire and so on. It brings indelible potential risk to the building structures.

With the constant progress of the society and the sustainable devel-
opment of the economy, natural andman-made disasters that occur sud-
denly with great destruction emerge in endlessly. As a special type of
disaster, the explosion enters into our daily life. Taking into account the
peculiarity of blast load, the dynamic response characteristics and failure
modes of the structuralmembers become very complicated, especially in
ongqing 400045, China.
the case of a massive explosion inside the building. A number of struc-
tural members (columns, beams, slabs and so on) are damaged or failed,
along side with non-zero initial conditions (displacement, velocity, ac-
celeration and so on). It has become an important and hot topic, and
the researchers and engineers make greater efforts in this connection.

Traditional alternative load path method [1,2] is the evaluation
method of building structures to resist progressive collapse by analyzing
the dynamic response of building structures in case of removal of one or
more columns within a certain time. The source of the accidental load is
not involved. Therefore, it is not suitable to analyze the problem of pro-
gressive collapse of building structures under accidental load, since the
accidental load effect of the structural members cannot be ignored
[3–6]. Gerasimidis et al. [7] studied the collapse mechanisms and the
dynamic response characteristics of the whole building structure by
properly introducing the partial damage index in the building structural
systems. Finally, a new partial distributed damagemethod (PDDM)was
presented for the steel frames in this reference. Ettouney et al. [8]
detailed the importance of investigating global effects when evaluating
the potential for progressive collapse of building structures. The simula-
tion results showed that the necessity for considering the global
response of a damaged structure became apparent following the evalu-
ation of the overall stability of these systems. Sideri et al. [9] examined
the effect of damage distribution on the progressive collapse potential
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Fig. 2. Typical floor plan of steel frame.
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of steel buildings when subjected to an external blast detonation sce-
nario. Luccioni et al. [10] investigated progressive collapse process of
building structures under blast load by using the TNT-air-structure
refined three-dimensional finite element model. The simulated results
were compared with that of the collapsed building. It was shown that
direct simulation method could simulate the progressive collapse pro-
cess of building structures under blast load accurately and reliably.
Hao et al. [11] carried out afinite element analysis of reinforced concrete
frame under the blast load specified in the design guideline TM5-1300
[12]. The accuracy and the applicability of the design guidelines GSA
[1] and DoD [2] were evaluated. Finally, a new method of progressive
collapse analysis was proposed, namely DYN method. The complicated
finite element model was used by the direct simulation method and
DYNmethod, and it had a high requirement for computer configuration.
It was necessary to have a detailed understanding of detonation physics
process, propagation of shockwave, tedious numerical simulation tech-
nique and complicated fluid-solid coupling mechanism. Shi et al. [13]
predicted non-zero initial condition (displacement and velocity) by
using the equivalent single-degree-of-freedom model of the column
and initial damage by using the pressure-impulse curve. It was con-
firmed that the simulated result considering the initial damage and
non-zero initial conditions was more close to results by using direct
simulationmethod. Finally, a newmethod for progressive collapse anal-
ysis of reinforced concrete frames under blast loading was put forward.
However, the spatial effect of the frame was not considered, especially
the effect of the slab. The column damage was equated with material
damage. It was only applicable to the explosion outside the building.

On this basis, a newmethod for progressive collapse analysis of steel
frames under blast load is proposed. The non-zero initial conditions and
initial damage of the structural members are accurately predicted by
using the substructure model, which considers the effect of the slab.
By way of example of a 5-story steel frame, direct simulation method,
alternative load path method, and proposed method are used to simu-
late the progressive collapse process, respectively. The proposed
method is checked and verified.

2. Finite element model of steel frame

2.1. Prototype building

The building selected in this study is a seismically designed steel
frame [14], and it has 5 stories in height, 4 bays in the longitudinal direc-
tion with a span length 5 m, 3 bays in the transverse direction with a
span length 5 m. Fig. 1 shows the aerial view of the steel frame. Fig. 2
shows the typical floor plan of the steel frame. The height of first floor
is 6 m, and the height of other floors is 4 m.

The column and beam of the steel frame adopt fabricated H sections,
which are welded by three steel plates. The column section is H400
×300×12×14 (H sectiondepth×flangewidth×web thickness×flange
Fig. 1. Aerial view of a steel frame.
thickness), as shown in Fig. 3(a), and the beam section is H300 × 250 ×
10 × 12, as shown in Fig. 3(b).

The building used for numerical modelling in this study has 20
columns, of which 14 are exterior columns, and the rest are interior
columns. The beam-exterior column joints shown in Fig. 4(a) use
moment-resisting connections, and the beam-interior column joints
shown in Fig. 4(b) use fin plate (simple shear) connections in gravity
frames.

The thickness of reinforced concrete slab is 140 mm, and the con-
crete cover thickness is 30 mm. There are double-layer two-way steel
reinforcements with a diameter of 8 mm and spacing of 0.15 m located
at the top and bottom of the concrete slab. The fillingwall, which serves
as enclosures and separators, does not sustain any vertical load, and its
weight is borne by the column and beam. It is assumed that the column
foot is fixed on the basement.

Steel frame - reinforced concrete slab is mainly composed of con-
crete and steel. The basic parameters of the concrete material are
shown in Table 1. Structural steel Q345 is selected for beamand column,
and its basic parameters are shown in Table 2. Steel HRB335 is selected
for rebar, and its basic parameters are shown in Table 3.

For dynamic analysis purposes, the following vertical load combina-
tion specified in the design guideline GSA2013 [1] is applied to the
structure in this study:

1:00� DL þ 0:25� LL ð1Þ

where DL is dead load; LL is live load.
In addition to the self-weight of the steel frame, the dead load of

floor plug topping, the dead load of the ceiling and other dead load are
considered in this study. It is assumed that the extra dead load is 2.5
kN/m2, and the live load is 6.0 kN/m2. The filling wall is applied to the
beam in the form of uniformly distributed load, and the value is 18.0
kN/m.
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(a) H400 × 300 × 12 × 14 (column) (b) H300 × 250 × 10 × 12 (beam)

Fig. 3. The section of column and beam.
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Fig. 4. Beam-column joints.

Table 2
Mechanical properties of Q345.

fy E EP ν ρs εf C P

345 2 × 1011 E/1000 0.3 7830 0.1 40 5

Note: fy, the yield strength of steel, MPa; E, elastic modulus, N/m2; EP, tangent modulus,
N/m2; ν, Poisson's ratio; ρs, mass density, kg/m3; εf, failure strain; C and P, Cowper and
Symonds model parameters.

Table 3
Mechanical properties of HRB335.

fy E EP ν ρs εf C P

300 2 × 1011 E/1000 0.3 7830 0.1 40 5
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2.2. Finite element model

The above 5-story steel frame is taken as a computationalmodel. The
surface burst explosion is adoptedwith a certain quantity of hemispher-
ical explosive charge, such as TNT. In order to reasonably solve the prob-
lem of the relative size of fluid-structure elements, stability propagation
of shock wave and improve the computational efficiency of finite ele-
mentmodel, the parameters formaterialmodel behavior, element char-
acteristic and fluid-solid coupling mechanism should be validated
carefully. A refined three-dimensional finite element model is shown
in Fig. 5, and the details of the model are given in Table 4.

The material model of *Mat_Plastic_Kinematic (*Mat_003) [15] is
used for the steel, which is suited to model isotropic, kinematic, or a
combination of both hardening plasticity with the option of including
rate effects. The material failure can be considered accurately. It is suit-
able for a one-dimensional element like rebar and two-dimensional el-
ement like columns and beams.

Thematerial model of *Mat_CSCM_Concrete (*Mat_159) [15] devel-
oped by the U.S. Federal Highway Administration is used for the con-
crete. It is a cap model with a smooth intersection between shear yield
surface and hardening cap. The high strain rate effect can be described
accurately, especially for _ε N 100, and the strain rate effect can also be
limited. It is suitable for three-dimensional element like slab.

In this study, the material model of *MAT_NULL (*MAT_009) [15] is
used to model the air, which satisfies the state equation of
*EOS_LINEAR_POLYNOMIAL, and its parameters are listed in Table 5.
Table 1
Mechanical properties of concrete material.

fck E ν ρ d

30 3 × 1010 0.2 2500 19

Note: fck, the compressive strength of concrete, MPa; E, elasticmodulus, N/m2; ν, Poisson's
ratio; ρ, mass density, kg/m3; d, maximum aggregate size, mm.
High explosives are typically modelled by using the material model of
*MAT_HIGH_EXPLOSIVE_BURN (*MAT_008) [15], with state equation
of *EOS_JWL, and the parameters are given in Table 6.

In the simulation, the ALE algorithm is used for air and TNT, and the
lagrange algorithm is used for the steel frame. The fluid-structure inter-
action mechanism is built between ALE materials and lagrange mate-
rials by using the function of *Constrained_Lagrange_In_Solid, and its
calculation adopts the penalty function in the software LS-DYNA.

In order to avoid the distortion of element shape of reinforced con-
crete slab caused by the progressive collapse of the steel frame, ad-
vanced erosion technology is required. The erosion is not a physical
phenomenon, but a basic numerical simulation technique. It can be
used to solve the problems related to mesh distortion caused by the
general motion of lagrange mesh. The function of *Mat_Add_Erosion
in the software LS-DYNA provides the similar function [15,16], but it is
independent of material constitutive model. Each parameter must be
determined by trial and error to achieve the best numerical simulation
results. In this study, the maximum principal strain and shear strain
are adopted, and the values must be carefully selected. According to
the empirical value given by relevant literature, the initial value of max-
imumprincipal strain is 0.010 [17], while the initial value of shear strain
is 0.800 [18,19]. Through trial and error, the failure criterion parameters
are adjusted gradually. Finally, the maximum principal strain value of
0.008 is adopted, while the shear strain value of 0.640 is used in this
study.

It is easy to cause local damage of reinforced concrete slab under a
massive explosion inside a building. In order to accurately simulate
the structural performance of reinforced concrete slab, a separate finite
element model is adopted to treat concrete and rebar as different ele-
ments. The reinforcing bars are embedded in the concrete by using
the function of *Constrained_Lagrange_In_Solid, thus they can work to-
gether. Only in this way can the performance of reinforced concrete
structural members be simulated accurately.
Fig. 5. Finite element model of TNT-Air-Structure.



Table 4
Finite element model of steel frame.

Material model Equation of state Element type Element algorithm Element length/mm Element number

Frame *Mat_003 – Shell163 1 50–100 82,710
Slab *Mat_159 – Solid164 2 60–120 159,300
Rebar *Mat_003 – Beam161 3 150 345,015
TNT *Mat_008 *EOS_JWL Solid164 4 50 4000
Air *Mat_009 *EOS_Gruneisen Solid164 4 200–300 1,000,000

Note: 1, Belytschko-Wong-Chiang; 2, constant stress solid element; 3, truss (resultant); 4, 1 point ALE multi-material element.

Table 6
Modelling parameters of TNT.

Parameter Value

Density 1640 kg/m3

Detonation velocity 6930 m/s
Chapman-Jouget pressure 21 GPa
A 374 GPa
B 3.74 GPa
R1 4.15
R2 0.9
ω 0.35
Detonation energy per unit volume 6 × 103 MJ/m3

Table 7
Mechanical properties of steel frame material.
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In order to ensure that the steel-concrete composite beamworks to-
gether, a certain number of shear connectors are set up between the
steel beam and the reinforced concrete slab. The shear connection is
represented as thin steel plates, which embedded into the reinforced
concrete slab, and its element nodes are shared with top flange of
steel beam and reinforced concrete slab, thus the case of composite
beams with complete shear connection can be simulated.

In order to ensure the precise occurrence of the fluid-solid coupling
mechanism, the normal direction of shell element should point to ex-
plosion center, but the relation between the shape, direction and loca-
tions of shell element and explosion center is uncertain. In order to
simplify the problem, the shell element is considered as a directed
plane, and its normal direction can be directed to explosion center so
as to determine whether to change the normal direction of shell ele-
ment of column or beam.

3. Finite element model validation

In order to verify the rationality of finite element model and the re-
liability of finite element analysis method, the test specimen [20] of
steel frame inside the bunker with the explosive charge is analyzed
with the highly non-linear finite element analysis software LS-DYNA.
The column section is H260 × 260 × 10 × 17.5, and the beam section
is H220 × 110 × 5.9 × 9.2. Themechanical properties of steel framema-
terial are shown in Table 7.

Fig. 6 shows the comparison of failuremodes obtained from test and
numerical model. The analytical results demonstrate that the failure
length of column web is about 0.6 m. However, the plastic deformation
of column flange predicted by numerical simulation is slightly larger.
Thismay be due to the fact that the shape of cylindrical explosive charge
is not fully consistent with that of experimental test. But as a whole, the
failuremode of steel frame obtained from finite element analysis is very
close to that of the test. In thisway, the parameters of TNT-Air-Structure
field and the rationality of numerical model are verified.

4. Massive explosion scenario inside a building

When a massive explosion happens inside a building, the limited
space can amplify the intensity of shock wave. A number of structural
members can bedamaged or failed, along sidewith non-zero initial con-
ditions, and the progressive collapse of building structures ismost likely
to occur. Nevertheless, limited research works have been conducted
about this scenario. Therefore, the massive explosion scenario inside a
building is selected in this study, and its basic principles are as follows:

There aremany reasons for triggering themassive explosion inside a
building, for instance, the attack of targets ofmilitary importance shown
in Fig. 7(a), the terrorist bombings shown in Fig. 7(b), inadequate man-
agement of hazardous chemical materials shown in Fig. 7(c), and
Table 5
Modelling parameters of air.

Parameter Value

Density 1.292 kg/m3

Initial internal energy per unit reference volume 0.25 MJ/m3

Ratio of specific heats 1.4
combustible and explosive gas leakage shown in Fig. 7 (d). All kinds of
explosions can be represented by a certain quantity of hemispherical
explosive charge, such as TNT.

The explosive location should have the limited space, and the shock
wavewill go through a series of complicated changes, such as reflection,
refraction, diffraction, convergence and superposition. Thus, the distri-
bution of fluid field is very complicated.

For the steel frame in this study, there may bemore than one explo-
sion scenarios, in other words, several combinations of explosion posi-
tion and explosion quantity. In order to fully get understanding of the
progressive collapse resistance of the steel frame, it is necessary to
carry out progressive collapse analysis for each combination.

5. Comparison of the existing analytical methods about progressive
collapse

For a specified combination of explosion position and explosion
quantity, direct simulation method and alternative load path method
are used to carry out the progressive collapse analyses of the steel
frame, respectively. As a result, the effect of blast load inside a building
on progressive collapse of the steel frame is investigated. At the same
time, the analytical results can be used to validate the newmethod pro-
posed in this study.

5.1. Direct simulation method

Thewhole process including detonation progress, shockwave prop-
agation process, the interaction between shock wave and building
structures, dynamic response and damage of the structural members
under blast load, and the progressive collapse process of the building
structures is simulated by using the analysis software LS-DYNA. The
fy fu Agt

Beam flange, IPE220 345 464 28.0
Beam web, IPE220 353 463 30.4
Column web, HEB260 420 529 27.0
Column flange, HEB260 407 539 27.0
Bolt, M16, class 10.9 965 1080 12.0

Note: fy, the yield strength of steel, N/mm2; fu, the ultimate strength of steel, N/mm2; Agt,
total elongation at maximum stress, %.



Fig. 6. Comparison of the failure modes.
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combination of dead load and live load defined in design guideline
GSA2013 [1] is applied to building structures slowly in the range of
0.0 to 0.2 s and goes on for 0.2 s. After a massive explosion happens in-
side a building, shock wave propagates to the slab quickly. With the in-
crease of the overpressure, the reinforced concrete slab will sustain
tremendous thrust. The shear failure occurs on some slabs or beam
ends. At the same time, there is an obvious plastic deformation of H-
shaped steel column on the ground floor under the action of self-
weight of the structures, load from overpressure of beam and slab and
lateral overpressure load. Local buckling occurs on some flanges of the
columns, and shear failure occurs at the tops of some columns. When
a massive explosion happens inside a building, a number of the struc-
tural members on the ground floor are damaged or failed. The level of
damage of the structural members on the other floors is not obvious
by the restraint effect of the reinforced concrete slab. The progressive
collapse process of the steel frame is shown in Fig. 8.
5.2. Alternative load path method

The alternative load path method is completely independent of the
accidental event. It assumes that columns or beams are removed
completely, and ignores the particularity of the accidental load. The Col-
umn A3 on the ground floor are removed in Section 5.2.1 in accordance
with the GSA [1] and DoD [2], while the Column A2, A3, A4, B2, B3, B4,
C2, C4 on the ground floor are removed in Section 5.2.2 on the basis of
the results of direct simulation method, and the non-zero initial condi-
tions and initial damage of other structural members on the ground
Fig. 7. The massive explosion s
floor are ignored. Dynamic response analysis in the following sections
is conducted on the remaining structure with the software LS-DYNA.

5.2.1. One column-removal scenario
In this study, the Column A3 is removed purposely in according to

the position of explosive charge in the direct simulation method and
the dynamic response process of the remaining structure is studied in
detail. The combination of dead load and live load defined in the guide-
line GSA2013 [1] is applied to building structures slowly in the range of
0.0 to 0.2 s and keeps constant for 0.2 s. After the specified Column A3
on the ground floor is removed suddenly, the internal force of the
steel frame will be redistributed to seek the new load transfer path.
The adjacent Columns A2, A4 and B3 will carry a large portion of the
load previously carried by the removed Column A3. There are no new
structural members to meet failure criteria. Finally, the residual struc-
ture reaches a new stable state and does not collapse. The dynamic re-
sponse process of the steel frame after the removal of Column A3 is
shown in Fig. 9.

5.2.2. Eight column-removal scenario
The combination of dead load and live load defined in the guide-

line GSA2013 [1] is applied to building structures slowly in the
range of 0.0 to 0.2 s and goes on for 0.2 s. After the specified columns
on the ground floor are removed suddenly, the slab load and the fill-
ing wall load shall be passed to the column through steel-concrete
composite beams. Firstly, the steel beam fractures under catenary ac-
tion, and then shear failure occurs on the reinforced concrete slabs,
leaving only the tensile membrane action from the slab. Local
cenario inside a building.



Fig. 8. Progressive collapse process of steel frame (Direct simulation method).
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buckling of some columns is observed, for instance, Column C3. The
compression-shear failure occurs at the tops of some column, such
as Column A1 and so on. The progressive collapse process of the
steel frame is shown in Fig. 10.

By comparing the Fig. 9 with Fig. 10, it can be found that the remain-
ing structure will not collapse under one column-removal scenario
while the remaining structure will collapse under eight column-
removal scenario, this indicates that the existing design of buildings to
resist progressive collapse may not be conservative in the case of mas-
sive explosion inside a building.

The progressive collapse processes of steel frame obtained from di-
rect simulation method and eight column-removal scenario are shown
in Figs. 8 and 10. The failure modes of composite beams, failure modes
of reinforced concrete slabs and time sequence of progressive collapse
process of the steel frame are obviously different. It should be noted
that the non-zero initial conditions and initial damage of the structural
members are very significant [3,4], but the blast load effect is not taken
into account under eight column-removal scenario.

Therefore, a new method is urgently needed to improve the
traditional alternative load path method to be more accurate and
reliable.
Fig. 9. Dynamic response process of steel fr
6. Substructure method

Based on the alternative load path method in the design guidelines
GSA [1] and DoD [2], the substructure method is proposed by using
the substructure model which can accurately predict blast load effect.
Through the comparison of dynamic responses between direct simula-
tion method and substructure method, the reliability of non-zero initial
conditions and initial damage can be verified.

6.1. Proposed substructure method

The substructure method takes into account three-dimensional ef-
fect of the frame and the slab, and combines with the strain rate effect
of buildingmaterial. It is suitable for the conditions ofmassive explosion
inside a building. Because of the simple algorithm of beam or shell ele-
ment for the structuralmembers, the substructuremodel is of less com-
putation and is not high for computer configuration requirements, and
therefore it can be used to predict the non-zero initial conditions and
initial damage of the structural members rapidly and accurately, thus
providing basic data for the validation of substructure method, and
the proposed method is also checked and verified.
ame (One column-removal scenario).



Fig. 10. Progressive collapse process of steel frame (Eight column-removal scenario).

77S.-C. Lin et al. / Journal of Constructional Steel Research 153 (2019) 71–84
6.1.1. Blast load effect
The effective areas of blast influence are confined to the explosive

floor and its adjacent floors due to limited energy of a certain amount
of TNT and the effect of the slab. Therefore the blast load effect of struc-
tural members can be ignored on the other floors. In the present paper,
the non-zero initial conditions and initial damage of the structural
members are analyzed by using the substructure model shown in
Fig. 11.

The existing commercial finite element analysis software, for in-
stance, ANSYS, ABAQUS and MSC.Marc, has the functions of beam or
shell sectionmodelling so as to accurately simulate themechanical per-
formance of the structural members. The software LS-DYNA has a simi-
lar function like beam and shell section modelling [15]. It should be
noticed that the numerical modelling can also be implemented by
other commercial software like ANSYS and ABAQUS.
Fig. 11. The substructure model.
6.1.1.1. Non-zero initial conditions. As a massive explosion happens in-
side a building, it releases a lot of energy in a very short period of
time, and then generates a lot of high temperature and high pressure
gas expanding enormously, and then forms a shock wave. When the
overpressure drops to zero within effective areas of blast influence, it
is regarded as the beginning of progressive collapse analysis of building
structures. The displacement, velocity, and acceleration of the structural
members are defined as the non-zero initial conditions at this time.

6.1.1.2. Initial damage. In order to evaluate the damage of the structural
members under blast load, the damage criterion should be reasonably
defined. A failure criterion based on material damage is adopted in
this study. The damage effect of the structuralmemberswithin effective
areas of blast influence is defined as the initial damage at the beginning
of progressive collapse analysis of building structures.

As far as concrete is concerned, initial damage [21] is mainly com-
posed of two parts: tensile damage and compression damage.

DM ¼ αtdt þ αcdc ð2Þ

where dt and dc are damage variables in tension and compression, re-
spectively; αt and αc areweighting coefficients in tension and compres-
sion, respectively.

The damage variables dt and dc are defined as a function of the vari-
able κ:

dt ¼ 1−
κ0 1−Atð Þ

κ
−

At

exp Bt κ−κ0ð Þ½ �
dc ¼ 1−

κ0 1−Acð Þ
κ

−
Ac

exp Bc κ−κ0ð Þ½ �
ð3Þ

where κ0 = ft / E0; ft is tensile strength of concrete; E0 is initial elastic
modulus; κ is the maximum value of the equivalent strain ever reached
during the loading history; the factors At and Bt are the constants in the
description of tensile strength, which are fitted from the response of the
material under uniaxial tension, and the factors Ac and Bc are the con-
stants in the description of compressive strength, which are fitted
from the response of the material under uniaxial compression.
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The weighting coefficients αt and αc are defined as.

αt ¼
X3
i¼1

εti
� �

εih iþ
ε2

� �β

αc ¼
X3
i¼1

εci
� �

εih iþ
ε2

� �β

ε ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX3
i¼1

εih iþ
� �2

vuut

8>>>>>>>>>>><
>>>>>>>>>>>:

ð4Þ

where b· N + is the Macauley bracket; εi are the principal strains; the
variables εit and εic are the principal strains corresponding to positive
and negative stresses, and the factor β is fitted from the response of
the material under shear.

As far as steel is concerned, the initial damage [22] is defined by the
following expression:

D ¼
XΔε

ε f
ð5Þ

where Δε is increment of equivalent plastic strain, which occurs during
an integration cycle; εf is equivalent strain to fracture.

The strain at fracture is given by.

ε f ¼ D1 þ D2 exp D3σ�ð Þ½ � � 1þ D4 ln _ε�
� �	 
� 1þ D5T

�½ � ð6Þ

where σ⁎ is the ratio of pressure divided by effective stress; _ε� is ratio of
effective plastic strain rate divided by quasi-static threshold rate; T⁎ =
(T - Troom) / (Tmelt - Troom), Troom is room temperature, Tmelt is melt tem-
perature; Di are the factors in Johnson-Cook material model.

The whole process of structural members from beginning deforma-
tion to failure is taken as a process of gradual deterioration of building
materials under blast load. As far as structural members are concerned,
the changes of physical properties, such as elasticmodulus and strength,
are the assessment of material degradation.

6.1.2. Blast load
The incident wave interacts with the structural members, such as

columns, beams, slabs and so on. The overpressure of reflectedwave in-
creases immediately and forms reflective high pressure zone near the
blast side. The shock wave continues to propagate bypassing the struc-
tural members or passing through the structural members. To simplify
the problem, the explosion load on the blast side is determined by
using an empirical formula in accordance with the earlier researches
of the author. The blast load is directly applied to the substructure
model, and the load time difference of the structural members within
effective areas of blast influence can be ignored.

In terms of the blast side, the best-fitted relation of the normal peak
pressure of reflected wave to the peak pressure of incident wave is de-
rived as.

pr=pi ¼ 2:930 pið Þ0:244 0:5≤pi≤100MPa ð7Þ

where pr is the normal peak pressure of reflected wave; pi is the peak
pressure of incident wave.

Considering the non-regular reflection caused by incident angle, the
peak pressure of reflectedwave at any position on blast side canbewrit-
ten as follow.

pr dð Þ=pr 0ð Þ ¼
1−0:0012 pr 0ð Þ½ �0:7147d1:4296 r=r0 ¼ 3:0
1−0:0012 pr 0ð Þ½ �0:8781d1:3910 r=r0 ¼ 6:0
1−0:0006 pr 0ð Þ½ �0:46d2 pr 0ð Þ≤10MPa

8><
>: ð8Þ

where d is the in-plane distance; pr(0) is normal peak pressure of
reflectedwave; r is distance between slab and explosion center; r0 is ra-
dius of explosive charge.
Many research results showed that the pressure-time variation of
the reflectedwavewas identical to that of the shockwave in the infinite
air [13,23,24]. According to Eq. (8) and the typical time attenuation
model of overpressure in the air, it is easy to get the time attenuation
model of the reflected wave. Therefore, the blast load can be applied
correctly to the columns, beams, slabs and other structural members.

The shock wave travels through the reinforced concrete slab and
continues to propagate. The overpressure of the reformedwave reaches
themaximum immediately and then decreases quickly. The downward
trend of overpressure-time is relatively smooth. Themaximum value of
the overpressure is smaller, but the maximum value of the impulse is
larger. In terms of the structural members on the other side, the blast
load is applied by using Eq. (9) in the light ofmy own personal research.

pr=pp ¼ 0:2700r2−6:4955r þ 60:9487
� �

� 0:1028t2−0:0762t þ 0:6504
� �

� −0:0119 f
2 þ 0:1473 f þ 0:6639

� �
Ir=Ip ¼ −0:3250r2 þ 7:6286r þ 7:5287

� �

� 0:0149t2−0:0110t þ 0:1432
� �

� −0:0108 f
2 þ 0:1425 f þ 0:6607

� �

8>>>>>>><
>>>>>>>:

ð9Þ

where prand Irare peak pressure and impulse of reflected wave, respec-
tively; pc and Ic are peak pressure and impulse of reformedwave behind
the slab, respectively; r= r / r0; t= t / tmin, t is slab thickness, tmin ismin-
imum slab thickness, which meets the limit ratio of the span to the

thickness in the Eurocode 2: Design of concrete structures [25]; f= fck
/ 10, fck is concrete compressive strength, MPa.

6.2. Basic steps of substructure method

On the basis of alternative load path method of GSA [1] or DoD [2],
the blast load effect of the structural members within effective areas
of blast influencewill be considered in the proposedmethod. In this sec-
tion, the new method namely by substructure method for progressive
collapse analysis of steel frames under blast load is proposed. The
main process of this method will be presented step by step below, and
its flow chart is shown in Fig. 12.

(1) Based on advanced numerical simulation technology, such as
birth and death technique of element, large displacement tech-
nique, the fluid-solid coupling mechanism and so on, and com-
bines with the strain rate effect of building material, the
complicated finite element model is established by using the
nonlinear explicit dynamic finite element analysis software LS-
DYNA.

(2) A typical massive explosion scenario inside a building can be se-
lected according to the occurrence probability of the explosion.
Do repeat steps (3) to (7).

(3) The combination of dead load and live load specified in the de-
sign guidelines GSA [1] or DoD [2] is applied to building struc-
tures slowly and lasts for hundreds of milliseconds until the
internal force distribution of each structural member becomes
stable. The fluctuation of the total reaction force of computa-
tional model is no N5%.

(4) As far as the structural members on the blast side are concerned,
according to the space attenuation model of overpressure in the
free air, the incident wave parameters can be obtained, and the
reflectedwave parameters at any position on the slab can be rea-
sonably predicted. The parameters of the reformed wave behind
the slab can be accurately predicted based on the parameters of
reflected wave on the blast side.

(5) The detailed LS-DYNA analysis is conducted on the substructure
model under the action of the typical pressure-time load [26].
The displacement, velocity, and acceleration of the structural
members within effective areas of blast influence can be



Fig. 12. Flow chart of substructure method.

Fig. 13. Failure mode of substructure model.
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obtained. The initial damage of the structuralmemberswithin ef-
fective areas of blast influence can also be obtained by using the
Eqs. (2)–(6).

(6) The corresponding failed structural members are removed in the
three-dimensional finite element model. The remaining struc-
turalmemberswithin effective areas of blast influence are initial-
ized with blast load effect.

(7) Continue to carry out the LS-DYNA analysis on the remaining
structure. If there are new structural members to meet failure
criteria, the structural members are automatically removed,
and the corresponding load is redistributed to adjacent structural
members until the remaining structure reaches a new stable
state, or progressive collapse occurs.

6.3. Validation of substructure method

6.3.1. Comparison of failure modes
Figs. 8(c) and 13 depict the failure modes predicted by direct simu-

lation method and substructure method, respectively. There is a slight
difference in local failure between these two methods. But as a whole,
the failure mode of the steel frame obtained from substructure method
is close to that of the direct simulation method.

6.3.2. Comparison of blast load effect
After a massive explosion inside a building, a number of structural

members are damaged or failed, along side with non-zero initial condi-
tions. The average dynamic response of the column section is taken as
the non-zero initial condition of the structural member section, and
themaximum damage of the column section is taken as the initial dam-
age of the column, so themechanical performance of the column can be
accurately evaluated in the progressive collapse process of the steel
frame. Due to the boundary conditions of the column, the Z direction
dynamic response can be ignored, only X and Y direction dynamic re-
sponses need to be considered. The non-zero initial conditions and ini-
tial damage of the column are given in Table 8.
After a massive explosion inside a building, the slab is subjected to
not only the overpressure load, but also the deformation of the steel
frame. The slab is damaged along the steel beam, and it presents typical
shear failure mode. The average dynamic response of the slab block is
taken as the non-zero initial condition of the slab block, and the average
damage of the slab is taken as the initial damage of the slab block, so the
mechanical performance of the slab can be accurately evaluated in the
progressive collapse process of the steel frame. Because of the stiffness
of the slab and deformation restricted by the steel frame, the in-plane
dynamic response can be ignored, only the out-of-plane dynamic re-
sponses need to be considered. The non-zero initial conditions and ini-
tial damage of the slab are given in Table 9.

Tables 8 and 9 describe the blast load effect for the column and rein-
forced concrete slab. Whether the non-zero initial conditions or the ini-
tial damage, themaximum relative error between substructure method
and direct simulation method is b5%, and thus the non-zero initial con-
ditions and initial damage for structuralmembers can be predicted well
by the substructure model.

Considering the length limit of the paper, the non-zero initial condi-
tions and initial damage of the beams will not be given in the form of a
table. The maximum displacement difference along Y direction for lon-
gitudinal beams between substructure method and direct simulation
method is 4.05%, and the location of the corresponding longitudinal
beam is labelled by in Fig. 2. The maximum displacement difference
along Z direction for transverse beam between two methods is 4.88%,
and the location of the corresponding transverse beam is also labelled
by in Fig. 2. It can be found that for longitudinal and transverse
beams, the predictions obtained from direct simulation method and
substructure method agree very well with each other.

In conclusion, the non-zero initial conditions and initial damage for
structural members can be predicted well by the substructure model.

6.3.3. Comparison of dynamic response characteristics
After the massive explosion, the steel frame will collapse because of

the limited load-carrying of remaining columns on the groundfloor, and
the remaining structure rotates around the Y axis over time. In order to
accurately describe the dynamic responses of the remaining structure,
which is similar to the rigid body, several typical reference points are se-
lected in this study, such as reference points 1 2 and 3, and they are on
the top of frame Columns D3, A3 and A1 or A5, respectively. In order to
accurately describe the failure process of the bottom columns under
gravity load, a reference point is selected in this study, such as reference
point 4, and it is the midpoint of Column D3 on the ground floor. In
order to accurately describe the release process of deformation energy
of the building structure, several typical reference points are selected
in this study, such as reference points 5, 6 and 7, and they are the mid-
points of Columns D3, A3 and A1 or A5 on the secondfloor, respectively.



Table 8
Non-zero initial conditions and initial damage of column.

Item

X-d (m) DSM 0.121 0.122 0.037 −0.001 0.023 0.033 0.000 –
SSM 0.119 0.120 0.037 −0.001 0.023 0.034 0.000 –
η −1.65% −1.64% 0.00% 0.00% 0.00% 3.03%

Y-d (m) DSM 0.128 −0.109 −0.082 −0.044 −0.077 −0.045 −0.014 –
SSM 0.133 −0.113 −0.083 −0.044 −0.079 −0.045 −0.014 –
η 3.91% 3.67% 1.22% 0.00% 2.60% 0.00% 0.00%

X-v
(m/s)

DSM 1.426 −0.195 −3.042 0.096 0.114 2.156 0.013 –
SSM 1.407 −0.186 −3.127 0.099 0.114 2.182 0.013 –
η −1.33% −4.62% 2.79% 3.13% 0.00% 1.21% 0.00%

Y-v
(m/s)

DSM 7.804 −8.260 −6.674 −4.797 −12.567 2.023 2.672 –
SSM 7.501 −7.883 −6.394 −4.938 −12.379 2.041 2.764 –
η −3.88% −4.56% −4.20% 2.94% −1.50% 0.89% 3.44%

D DSM 0.02 0.08 0.05 0.14 0.02 0.00 0.00 1.00
SSM 0.02 0.08 0.05 0.14 0.02 0.00 0.00 1.00
η 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Note: represents the location of the column. X-d, X direction displacement, m; Y-d, Y direction displacement, m; X-v, X direction velocity, m/s; Y-v, Y direction velocity, m/s. D, initial
damage value of the column obtained by using Eq. (5); DSM, direct simulation method; SSM, substructure method; η, difference.
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6.3.3.1. Dynamic response characteristics of remaining structure. The com-
parison of Z-direction displacement of reference points obtained from
different methods is shown in Fig. 14. The Z-direction displacement of
referencepoint 2 obtained fromone column-removal scenario increases
rapidly to the maximum, that is 31 mm at about 0.48 s, and then grad-
ually fluctuates around a constant value, and finally, it tends to the con-
stant value because of structural damping, indicating that the building
structure does not collapse.

The displacement at reference points increases rapidly over time.
The Z-direction displacement of reference point 1 from eight column-
removal scenario is always smaller than that from direct simulation
method and the Z-direction displacement of reference point 2 from
eight column-removal scenario is always larger than that from a direct
simulation method. There are two main reasons: Firstly, the non-zero
initial conditions and initial damage of remaining columnon the ground
floor are ignored. Secondly, the failure time of specified column on the
ground floor is not considered. The Z-direction displacement of refer-
ence point 2 from the substructure method is smaller in the range 0.4
to 0.8 s and then it is going to be larger all the time, the similar phenom-
enon is observed on reference point 3, but the Z-direction displacement
of reference point 1 from the substructure method is always larger.
There are three main reasons: Firstly, shock wave propagation process
is ignored, and loading time of each structural member is not consid-
ered. Secondly, the blast load effect of the structural members on the
other floors is not considered. And thirdly, the shape features of
Table 9
Non-zero initial conditions and initial damage of reinforced concrete slab.

Item

Z-d (m) DSM 0.020
SSM 0.020
η 0.00%

Z-v (m/s) DSM 3.450
SSM 3.341
η −3.16%

D DSM 0.24
SSM 0.25
η 4.17%

Note: represents the location of the slab. Z-d, Z direction displacement, m; Z-v, Z direction v
ulation method; SSM, substructure method; η, difference.
H-shape steel are not considered in detail due to the local failure of
beam or column, which adopts beam element.

The comparison of Y-direction displacement of reference point 1 ob-
tained from different methods is shown in Fig. 15. The Y-direction dis-
placement of reference point 1 obtained from one column-removal
scenario is smaller than those from other methods. This is mainly be-
cause that the massive explosion scenario inside a building is not
taken into account in the existing design of buildings to resist progres-
sive collapse.

The Y-direction displacement of reference point 1 increases rapidly. It
increases constantly by using eight column-removal scenario, but it grad-
ually decreases after it reachesmaximumvalue byusing direct simulation
method. The non-zero initial conditions and initial damage is slightly
overestimated by using the substructure method. The Y-direction dis-
placement of referencepoint 1 fromsubstructuremethod is slightly larger
than that fromadirect simulationmethod. Thenon-zero initial conditions
and initial damage is slightly overestimated by using the substructure
method. The main reason for this is that the dynamic response of the
structural members on the other floors is not considered.

The comparison of Z-direction velocity of reference point 1 obtained
from different methods is shown in Fig. 16. The Z-direction velocity of
reference point 1 obtained from one column-removal scenario fluctu-
ates more frequently with the removal of the Column A3, and finally,
it goes to the zero due to the redistribution of internal force of the adja-
cent structural members.
0.034 –
0.035 –
2.94%
3.770 –
3.747 –
−0.61%
0.52 1.00
0.50 1.00
−3.85% 0.00%

elocity, m/s. D, initial damage value of the slab obtained by using Eq. (2); DSM, direct sim-
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Fig. 14. Comparison of Z-direction displacement.
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Fig. 15. Comparison of Y-direction displacement of reference point 1.
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The steel columns on the ground floor are damaged by the explo-
sion, and the remaining columns yield or lose stability quickly due to
insufficient resistance to the self-weight of the remaining structure.
Therefore the Z-direction velocity of reference point 1 is always in-
creasing. Because of ignoring blast load effect of remaining columns
on the ground floor, the Z-direction velocity of reference point 1
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Fig. 16. Comparison of Z-direction velocity of reference point 1.
from eight column-removal scenario is growing slowly in the range
0.6 to 0.8 s. The Z-direction velocity of reference point 1 from sub-
structure method is generally close to that from direct simulation
method.

The comparison of Y-direction displacement of reference point 4 ob-
tained from different methods is shown in Fig. 17. After the specified
ColumnA3 on the ground floor is removed suddenly, the residual struc-
ture does not collapse, and it hardly has any influence on Y-direction
displacement of reference point 4.

The Y-direction displacement of reference point 4 from eight
column-removal scenario is growing slowly in the range 0.6 to
0.8 s, and then grow rapidly. This indicates that the Column D3
cannot bear the dead weight of the superstructure and becomes in-
valid. The Y-direction displacement of reference point 4 from sub-
structure method is generally close to that from direct simulation
method.

6.3.3.2. Axial stress of frame column. Fig. 18 shows the comparison of axial
stress of frame columns on the secondfloor. After the specified columns
on the ground floor are removed suddenly, the axial stress of the corre-
sponding upper columns will be released quickly, such as reference
point 6 under eight column-removal scenario and one column-
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Fig. 17. Comparison of Y-direction displacement of reference point 4.
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Fig. 18. Comparison of axial stress of frame columns.
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Fig. 19. Comparison of Z-direction total reaction force of the whole structure.
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removal scenario. The internal force of the steel frame will be
redistributed to seek the new load transfer path. The adjacent columns
will carry a large portion of the load previously carried by the removed
columns, and are easy to lose stability or be severely damaged, such as
reference point 7 and 5 under eight column-removal scenario.

There are some differences in axial stress of frame columns between
eight column-removal scenario and direct simulation method because
of blast load effect. On the whole, the variation rule of the axial stress
from substructure method is consistent with that of the axial stress
from direct simulation method.

6.3.3.3. Total reaction force. The comparison of Z-direction total reaction
force obtained from different methods is shown in Fig. 19. The
Z-direction total reaction force of the whole structure obtained from
one column-removal scenario fluctuates more frequently around its
deadweight, and finally, it gradually tends to be stable due to structural
damping.

There is no negative value of Z-direction total reaction force obtain
from eight column-removal scenario, and the result is always higher
than that from direct simulation method. This is mainly because that
the blast load effect of structural members is not taken into account
on the groundfloor. The results obtained fromdirect simulationmethod
and substructure method agree very well with each other.

The comparison of Y-direction total reaction force obtained fromdif-
ferent methods is shown in Fig. 20. After the specified columns on the
ground floor are removed suddenly, the Y-direction total reactions
force obtained from eight column-removal scenario and one column-
removal scenario fluctuate more frequently around zero, and finally,
they gradually tend to be zero because of structural damping. But they
are much smaller than that from direct simulation method because of
the lack of blast load effect of structural members. The result obtained
from substructure method is consistent with that of direct simulation
method.

All in all, the non-zero initial conditions and initial damage of the
structural members cannot be ignored under the condition of a massive
explosion inside a building. The substructure method is reliable and can
predict the structural responses accurately.

7. Conclusion

When a massive explosion happens inside a building, a number of
structural members are damaged or failed, along side with non-zero
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initial conditions. Aiming at this problem, this paper presents a new
method for progressive collapse analysis of steel frames under blast load.

By way of example of a steel framewith 5 stories in height, 4 bays in
the longitudinal direction, 3 bays in the transverse direction, direct sim-
ulationmethod, alternative loadpathmethod and proposedmethod are
used to simulate the progressive collapse process, respectively. Through
the example analyses, it is shown that blast load effect of the structural
members cannot be ignored on the ground floor, and it can be ignored
on the other floors by the effect of the reinforced concrete slab. The
non-zero initial conditions and initial damage of the structuralmembers
can be predicted well by the substructure model, the proposed method
is also reliable and accurate.

By using the substructure method, blast load is applied to the struc-
tural members without regard to the chemical explosion process and
blast load effect of structural members outside effective areas of influ-
ence. It can effectively reduce the computational expensiveness of finite
element model and computer hardware configuration requirements.

It is imperative that the finite element analysis software has the
function of geometric and material nonlinearities, but by using
Eqs. (2)–(6), the substructure model does not involve the fluid-
structure interaction between explosive charge and building structure.
In the direct simulation, very complex simulation techniques [15,16],
such as the detonation process of explosive charge, propagation process
of blast shock wave, fluid-solid coupling mechanism, while in the sub-
structure method, these simulation techniques are not involved. The
proposed substructure method can significantly simply the simulation
process and also greatly improve the computational efficiency. In addi-
tion, the proposed substructure method can predict the same failure
mode and reflect the same loading transfer mechanism with the direct
simulation method. Also, it should be notice that the analysis by using
the traditional alternate load path method is also quite complex and
normally the geometric and material nonlinearities are needed. It
means that the proposed substructure method is similar in difficulty
to the traditional alternate load pathmethod. These analyses can be im-
plemented by using commercial general software like ABAQUS and
ANSYS.

There are some limitations on the proposedmethod. If the explosive
charge is too close to the reinforced concrete slab, or even in case of con-
tact explosion, the shape of the explosive charge cannot be ignored. The
recommended value of r/r0 is N3.0, where r is the distance between the
slab and explosion center and r0 is the radius of the explosive charge. In
other words, the proposed substructure method cannot be used for the
progressive collapse analysis in the case of r/r0, which is smaller than
3.0. However, it should be noticed that if pr is b0.040 N/mm2 [27], the
blast load effect on reinforced concrete slab can be ignored. The tradi-
tional alternative load pathmethod, rather than the proposed substruc-
ture method, can be adopted by the structural engineers. For the steel
column, the upper limit of pr is greatly affected by column section and
relative position between the column and explosive charge. The recom-
mended value of pr is 0.076 N/mm2 [27], which is equal to that of rein-
forced concrete column.

In addition, it should be mentioned that the proposed substructure
method is based on explicit dynamic solver rather than implicit static
solver, which is more commonly used by structural engineers.

Progressive collapse is a global phenomenon and the studies about
progressive collapse should investigate the response of the entire build-
ing. However, right now the studies about progressive collapse nor-
mally focus on only one storey substructure rather than the entire
building structure. The past studies are based on column-removal sce-
nario, which investigates the loading redistribution in the remaining
structures after the column loss. In these studies, if the remaining struc-
tures cannot redistribute the vertical load and the structural compo-
nents reach failure criteria, it is deemed that progressive collapse will
occur. Therefore, it can be found that at current stage, the studies
about progressive collapse are still based on substructure rather than
the entire building structure. Thus, the substructure technique can still
be used in the analysis about progressive collapse.
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