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�is paper describes two practical methodologies for modeling the collapse of reinforced concrete structures. �ey are validated
with a real scale test of a two-	oor structure which loses a bearing column. �e objective is to achieve accurate simulations of
collapse phenomena with moderate computational cost. Explicit 
nite element models are used with Lagrangianmeshes, modeling
concrete, and steel in a segregated manner. �e 
rst model uses 3D continuum 
nite elements for concrete and beams for steel
bars, connected for displacement compatibility using a penalty method. �e second model uses structural 
nite elements, shells
for concrete, and beams for steel, connected in common nodes with an eccentricity formulation. Both are capable of simulating
correctly the global behavior of the structural collapse. �e continuum 
nite element model is more accurate for interpreting local
failure but has an excessive computational cost for a complete building.�e structural 
nite elementmodel proposed has amoderate
computational cost, yields su�ciently accurate results, and as a result is the recommended methodology.

1. Introduction

In recent years a number of civil buildings have collapsed
a�er losing one or several bearing elements, due to explosive
or impact loads, from accidental events or terrorist attacks.
�ese buildings are o�enmade of reinforced concrete and the
redistribution of loads when an element is removed had not
been taken into account in their design.

�e terrorist attack in Oklahoma City USA [1] on the
Alfred P. Murrah Federal Building on April 19, 1995, is a well-
known example of these loads. �e attack claimed 168 lives
and injured more than 680 people. 2300 kilograms of ANFO
explosive were used resulting in enormous damage in the
building and the collapse of a large part of it. Another example
is the attack on the Argentine Israelite Mutual Association
building in Buenos Aires on July 18, 1994 [2]. In this attack 85
people were killed and hundreds were injured. 275 kilograms
of ANFO were used in this attack. �e blast totally destroyed
the exposed load-bearing walls and led to progressive failure
of the 	oor slabs and collapse of the building. In Spain,
the parking of the Madrid-Barajas Airport was attacked on

December 30, 2006, when a van bomb exploded, killing two
and injuring 52 people; 500 to 800 kilograms of an unknown
kind of explosive were used, resulting in the demolition of
the 
ve-	oor structure [3]. An explosion from an accidental
event occurred on February, 2012, inAstrakhan, Russia, in the
fourth 	oor of a building, whose ten 	oors collapsed causing
ten deaths and twelve injuries. In all these cases the damage in
the structurewas not only by the direct e�ect of the explosions
but also by the subsequent collapse due to the loss of bearing
elements.�e damage in the structure can be catastrophic, so
it is convenient to develop a practical methodology that can
evaluate this phenomenon.

Several studies have been carried out on the progressive
collapse of civil structures in recent years [4–6]. Some of
them analyze reduced parts of the structure with detailed

nite element models [7], while others propose an analytic
approach [8, 9]. �e most common technique used for
large buildings is 
nite element models with a homogeneous
material for reinforced concrete [10–12].

In this paper we develop, apply, and discuss two di�erent
types of 
nite element models for studying the collapse

Hindawi
Shock and Vibration
Volume 2017, Article ID 4636381, 9 pages
https://doi.org/10.1155/2017/4636381

https://doi.org/10.1155/2017/4636381


2 Shock and Vibration

of reinforced concrete structures subject to blast loads.
LS-DYNA code [13] is employed for dynamic computer
simulation, with Lagrangian Finite Elements, explicit time
integration, and considering concrete and steel in a segre-
gated manner. �e focus of this work is on the structural
collapse phenomenon; a more detailed explanation of the
consideration of blast loading e�ects may be found in [14].

�e 
rst model uses 3D continuum 
nite elements for
concrete and beams for steel bars, connected for displacement
compatibility using a penalty method. �is model is very
detailed but has a high computational cost.�e secondmodel
uses structural 
nite elements, that is, shells for concrete
and beams for steel, connected in common nodes with an
eccentricity formulation to take account of the position of the
reinforcement. �is model is less detailed than the previous
one; however it reproduces themain structural features of the
collapse with much lower computational cost. Both models
are compared with a real scale test in order to validate the
employed techniques.

2. Test Description

A six-column and two-	oor structure of reinforced concrete
was constructed for this test. �e objective was to analyze the
behavior of the structure when the bottom half of one of the
central columns in the lower 	oor was removed.�e removal
was performed by blast charges located inside the column, in
perforations previously disposed in the construction phase.
When the charge was exploded the structure lost static equi-
librium in a matter of milliseconds, entering into dynamic
motion. Figure 1 shows the structure before the blast. �e
characteristics are as follows:

(a) Columns:

(i) Dimensions: 35 cm × 35 cm × 300 cm.

(ii) Longitudinal reinforcement: 9 ribbed bars of
�12mm diameter.

(iii) Shear reinforcement: �6mm diameter bars
every 15 cm.

(iv) Concrete cover: 3.5 cm.

(b) Slabs:

(i) Solid concrete, 22 cm thickness.

(ii) Dimensions of 	oor slabs: 1100 cm × 1435 cm ×
22 cm.

(iii) Longitudinal reinforcement, top and bottom
layers: according to Table 1 and Figure 2.

(iv) Punching shear reinforcement:�8mmdiameter
bars every 15 cm in a zone of 90 cm × 90 cm
centered in the columns.

(v) Concrete cover: 3.5 cm.

�e foundation of the structure was made with a
reinforced concrete slab of 40 cm thickness. �e materials
employed in the construction were 25MPa concrete and
500MPa ribbed steel bars. �e structure was loaded with

Figure 1: Photograph of the studied structure.
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Figure 2: Plan view of test structure, which is symmetric with
respect to � and � axes. �e reinforcement of the shadowed quarter
is de
ned in Table 1.

sandbags in the overhangs, in an 200 cm × 1435 cm area for

each. �e weight of sandbags was 7 kN/m2.
�e process of collapse was recorded with a high-speed

camera in the front of the removed column. A reel guide
was 230 cm at the le� of central column axis. In this guide
two points were marked (1 and 2), with the 50 cm separation.
�e times when two points (A and B) of the 
rst slab
reach points 1 and 2 (Figure 3) were annotated and having
measured the displacement an average velocity was obtained.
�e measured displacements and velocities are shown in the
results Section 5.

3. Continuum Finite Element Model

In this model the geometry of the studied structure is
reproduced accurately.�e concrete is represented using con-
tinuum elements and the steel with beam type elements in a
segregated manner. �e two meshes are overlapped and the
rebar to concrete connection is modeled via the Constrained
Lagrange in Solid [15] feature in LS-DYNA, based on penalty
constraints.

Eight node continuum elements with one Gauss point
and hourglass control are used for concrete in the FE model.
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Table 1: Distribution of reinforcement in a quarter of a slab (Figure 2) of the test structure.

Direction (see Figure 2) Lines and separation Length of reinforcement lines

Top layer reinforcement

� direction

2 lines @ 14 cm �10: � = 0m to � = 2.55m; �8: � = 4.50m to � = 7.15m
5 lines @ 14 cm �12: � = 0m to � = 2.55m; �8: � = 4.50m to � = 7.15m
2 lines @ 14 cm �16: � = 0m to � = 2.55m; �10: � = 4.50m to � = 7.15m
2 lines @ 14 cm �10: � = 0m to � = 2.55m; �16: � = 4.50m to � = 7.15m
6 lines @ 14 cm �16: � = 0m to � = 2.55m; �16: � = 4.50m to � = 7.15m
2 lines @ 14 cm �12: � = 0m to � = 2.55m; �16: � = 4.50m to � = 7.15m
5 lines @ 14 cm �12: � = 0m to � = 2.55m; �8: � = 4.50m to � = 7.15m
5 lines @ 14 cm �10: � = 0m to � = 2.55m; �8: � = 4.50m to � = 7.15m
10 lines @ 14 cm �8: � = 0m to � = 2.55m; �8: � = 4.50m to � = 7.15m

� direction

1 line @ 14.5 cm �16: � = 1.00m to � = 5.47m
6 lines @ 14.5 cm �12: � = 1.00m to � = 5.47m
7 lines @ 14.5 cm �10: � = 1.00m to � = 5.47m
23 lines @ 14.5 cm �8: � = 1.00m to � = 5.47m
5 lines @ 14.5 cm �10: � = 1.00m to � = 5.47m
6 lines @ 14.5 cm �12: � = 1.00m to � = 5.47m

Bottom layer reinforcement

� direction
10 lines @ 15 cm �10: � = 0.55m to � = 7.15m
7 lines @ 12 cm �10: � = 0m to � = 7.15m
20 lines @ 15 cm �10: � = 0.55m to � = 7.15m

� direction 44 lines @ 15 cm �10: � = 0m to � = 3.10m; �10: � = 4.00m to � = 5.47m
3 lines @ 15 cm �10: � = 0m to � = 5.47m
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Figure 3: Picture of the points of measure in the slab. �2 is the half
of the column before it was removed.

An hourglass formulationwith Flanagan-Belytschko sti�ness
form of arti
cial viscosity [16] is used to avoid zero energy
modes of deformation in the underintegrated elements.

�e mesh size is composed by 5 cm × 5 cm × 5.5 cm
elements for the slabs and 5 cm × 5 cm × 5 cm elements for
the columns. Every single bar of the steel reinforcement is
reproduced with Hughes-Liu beam type elements using 2 × 2
Gauss points in the cross section and located in the exact
position within the concrete mesh.

�e concrete behavior is represented using the Con-
tinuous Surface Cap Model (CSCM) [17] material model

Table 2: Parameters for CSCMmaterial model for concrete.

Parameter Value

Mass density 2300 kg/m3
Uncon
ned compression strength 25MPa

Maximum aggregate size 19mm

Erode parameter 1.05

implemented in LS-DYNA. �is material model is isotropic
and has di�erent response in tension and compression,
three plasticity surfaces (TXE tensile, TOR shear, and TXC
compression), so�ening in compression, damage in tension,
and erosion formulation for elimination of material. Figure 4
shows the material response for uncon
ned uniaxial tension
and compression. �e damage formulation models both

strain so�ening and modulus reduction (���� = (1 − �)�V��� )
where � is a scalar damage parameter that transforms the
stress tensor without damage (�

V�) into the stress tensor

with damage (��). Damage initiates and accumulates when
strain-based energy terms exceed the damage threshold for

brittle damage (�� = √
�2max
) and ductile damage (�� =

√0.5 ⋅ ������). Elements are eroded when damage exceeds � =
0.99 and the maximum principal strain exceeds an erosion
parameter value. �e CSCM material model [17] is de
ned
by the basic parameters shown in Table 2.

�e steel behavior is represented using the Piecewise
Linear Plasticity material model (Figure 5), which is an
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Figure 4: Stress-strain diagram for 25MPa CSCM material model.
Uncon
ned uniaxial tension and compression.
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Figure 5: Stress-strain diagram for 500MPa yield stress Piecewise
Linear Plasticity material model.

elastoplastic material model with hardening, equal response
in tension and compression, and failure when e�ective plastic
strain reaches the ultimate strain.�ematerial parameters are
shown in Table 3.

Although distinct meshes are employed for concrete and
steel, using continuum and beam type elements, respectively,
their degrees of freedom are coupled with kinematic con-
straints which achieve full deformation compatibility. �is
is performed using the option Constrained Lagrange in Solid
within LS-DYNA.

�e bases of the columns are 
xed and the ground is
modeled as a 
xed rigid slab. A penalty formulation is used
for the contact between di�erent parts of the structure, which
considers the collisions between columns, slabs, and the

Table 3: Parameters for Piecewise Linear Plasticity material model
for steel rebars.

Parameter Value

Mass density 7850 kg/m3
Young’s modulus 210GPa
Poisson’s ratio 0.3
Yield stress 500MPa

Tangent modulus 420MPa

E�ective plastic strain to failure 0.11

ground. �e loads applied on the structure are the gravity
loads caused by the sandbags and the self-weight. �e load
of the sandbags in the overhangs is modeled as a vertical

distributed weight of 7 kN/m2 (200×1435 cm each).�e self-
weight of the structure is modeled through prescribed gravity
loading applied on the lumped nodal masses.

�e initial state of equilibriumunder the permanent loads
is achieved through a dynamic relaxation step [18]. Next, the
half column is eliminated, triggering the collapse process.

�e LS-DYNA commands and nondefault used, respec-
tively, for contact constraints, load of the sandbags, self-
weight, and dynamic relaxation are Contact Automatic
General (���: 2, ����: 2); Load Segment Set (���: 2,
7000 Pa); Load Body Z (���: 2, 9.8m/s2); Dynamic Relax-
ation (������: 250, ������: 0.9, ������: 0.49, ������: −1)

�e results obtained with this model are discussed in
Section 5.

4. Structural Finite Element Model

In thismodel shell elements are used to represent the concrete
and the steel is modeled with beam type elements in a
segregated manner. �e connection between the rebars and
the shells is performed in the nodeswith an o�set formulation
that takes into account the eccentricity of the reinforcement
[19].

�e concrete for the slabs and the columns is modeled
with shell elements using twoGauss points through the thick-
ness. �e steel rebars are modeled with Hughes-Liu beam
type elements using 2×2Gauss points in the cross section.�e
individual rebars included in themodel represent realistically
the actual quantity of reinforcement in the structure.

For the columns 17.5 cm × 15 cm shells are used forming
a section with cross form, with the same mass and inertia as
the real column section (Figure 6).�is modeling scheme for
the columns provides a correct representation of the sti�ness
and strength under bending and compression, including
nonlinear response and collapse, and includes simultaneously
an active surface on which the blast loads will act in the case
of an explosion event.

�e nine bars of the longitudinal reinforcement are mod-
eled independently, located overlapped within the longitudi-
nal column axis, and connected to the nodes of the column
concrete shell elements with the appropriate geometrical
o�set.

�e shear reinforcement is modeled also independently
with 6mm diameter bars, their nodes being connected with
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(a)

(b)

(c)

Figure 6: Column for structural 
nite element model: (a) real
geometry of column section, (b) sketch of crossed shells, each
with its corresponding virtual thickness, and with nine longitudinal
bars overlapped at the column axis and their virtual position with
geometrical o�set, and (c) detail of model mesh.

the concrete shells at the nodes farther away from the column
axis. Figure 6 shows the real section and the equivalent
section formed by cross shells and o�set reinforcement.

�e slabs are modeled with 	at shell elements of 20 cm ×
20 cm size. �e distribution of reinforcement in the slabs
distinguishes between support zone, central zone, top and

Table 4: Parameters for EC2 material model and Mat Add Erosion
formulation for concrete.

Parameters for EC2 material model Value

Mass density 2300 kg/m3
Uncon
ned compression strength 25MPa

Tensile stress to cause cracking 2.5MPa

Tension sti�ening 1.2GPa
Parameters for Mat Add Erosion Value

Minimum principal strain at failure −0.032
Maximum principal strain at failure 0.025

bottom layers, and the two perpendicular directions (�, �)
in the slab, following the coordinates in Figure 2:

(i) Top layer, equivalent bars:

(a) � direction, with 20 cm of separation: 14 lines of
�15.7, � = 0m to � = 2.60m and � = 4.60m
to � = 7.20m; 13 lines of �10.9, � = 0m to
� = 2.60m and � = 4.60m to � = 7.20m.

(b) � direction, with 20 cm of separation: 10 lines
of �13.4, � = 1.10m to � = 5.50m; 17 lines of
�9.4, � = 1.10m to � = 5.50m; 8 lines of �13.4,
� = 1.10m to � = 5.50m.

(ii) Bottom layer, equivalent bars:

(a) there is no distinction between central and
support zones.

(b) � direction, with 20 cm of separation: 27 lines of
�11.5, � = 0m to � = 7.20m.

(c) � direction, with 20 cm of separation: 35 lines of
�11.6, � = 0m to � = 5.50m.

Additionally, the shells of the slabs near the columns, in
an 80 cm × 80 cm area (4 × 4 shells), are modeled with 4% of
transverse reinforcement to take account of punching shear
reinforcement.

�e concrete is modeled using the Eurocode 2 (EC2)
[20]materialmodel implemented in LS-DYNA.�ismaterial
model is isotropic, with di�erent response in tension and
compression, so�ening in compression, damage in tension,
hardening, and failure.

�e steel reinforcement can be included homogenized
with the concrete. �is option is only used for the shear
reinforcement of the slabs. �is material model does not
include by itself erosion, but this capability may be added
with Mat Add Erosion formulation. Figure 7 shows the
material response for uncon
ned uniaxial displacement. �e
parameters used for erosion were previously calibrated [14,
21] for the mesh size used in order to obtain equivalent
erosion in both 
nite element models.

�e material parameters used are shown in Table 4.
�e boundary conditions, contact constraints, and loads

are identical to the continuum model: columns 
xed in their
base, the ground as rigid slab, contact between di�erent parts
of the structure, and gravity loads for the sandbags and self-
weight.

�e response of themodel is discussed in the next section.
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Figure 7: Stress-strain diagram for 25MPa EC2 material model.
Uncon
ned uniaxial tension and compression. Material model
without homogeneous steel reinforcement and with 1% of steel
reinforcement.

5. Results and Discussion

5.1. Test Results. Discrete measurements were performed for
material points A and B (Figure 3), as follows:

(i) Point A: position 1 at 0.16 s, position 2 at 0.54 s.
(ii) Point B: position 1 at 0.33 s, position 2 at 0.71 s.
Measuring the position of these two points an average

velocity of 1.3m/s for both is obtained. Unfortunately the
accelerometers that were located on the structure failed, so
the displacement is the only reliable measure. �e cloud of
dust caused by the blast prevented reliable measures beyond
one second from the collapse initiation.

5.2. Comparison between Test and Models. Figures 8 and 9
show the comparison between the measured displacements
and velocities and the calculated ones for both the continuum
and structural 
nite element models. �e di�erence between
points A and B in the calculatedmodels is negligible and only
one curve for both pointsA andB is drawn.Consequently, the
four displacementsmeasured in the test can be represented in
one 
gure.

Figure 8 shows a good correlation between the four
measured displacements and the displacement histories of
the 
nite element models.

In Figure 9 the velocity histories of the continuum 
nite
element model and the structural 
nite element model are
compared with the measured average velocity, resulting in a
good agreement between average values.

Figures 10, 11, and 12 show the evolution of the structural
collapse, comparing the pictures obtained from the slow
motion videowith themeshes of themodels at corresponding
times.
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Figure 8: Comparison of displacements between 
nite element
models and test.
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Figure 9: Comparison of velocities between 
nite element models
and test.

In the 
rst 
gure, at time 0.6 s, the slabs of the two 	oors
show a large displacement because of the loss of support of
the removed column. Despite these large displacements only
cracking in the concrete is obtained and the reinforcement
is still capable of maintaining the integrity of the slabs.
�e columns also maintain their structural integrity. In the
second 
gure, at time 1.1 s, the displacements have increased
in the zone of the removed column; the unions between the
slabs and the columns acquire large rotations andbegin to fail.
However, the velocity is still low due to the contribution of the
rest of the structure, and the columns keep their integrity. In
the third 
gure, at time 2.6 s, the central column located in
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Figure 10: Comparison between test, continuummodel, and struc-
tural model at 0.6 s a�er column removal.

the back and in the bottom fails due to the additional load it
must support, and the complete structure collapses. Several
unions between slabs and columns fail completely and the
slabs fall independently of the columns. �e type of collapse
is the failure of concrete and reinforcement of the slabs in the
center of the structure. As may be observed in the 
gures, the
global behavior of the structure is adequately represented.

5.3. Discussion. �e models used for the reinforced con-
crete structure have proven their capacity to reproduce
the complete process of the progressive collapse. �e con-
tinuum 
nite element model is the most accurate model,
with more precision in the displacement and velocity and
better prediction of concrete failure, especially in the zone
where the columns support the slabs. �e structural 
nite
element model is slightly less accurate than the continuum

nite element model in terms of displacement and velocity.
�e local failures are not represented in detail, but it has
enough precision to reproduce accurately the global collapse
phenomenon.�e great advantage of structural 
nite element
model is a much smaller computational cost. Table 5 shows
the comparison between both models in terms of number of
elements, calculation time, andmemory.�e structural 
nite
element model is much more e�cient.

Bearing in mind a realistic model for a complete building
would be of much greater size and computational cost, for

Figure 11: Comparison between test, continuum model, and struc-
tural model at 1.1 s a�er column removal.

the continuum 
nite element model the computer resources
required render it di�cult to a�ord. On the contrary, the
structural 
nite element model can be used with moderate
computational cost.

�e same conclusion may be reached for analysis of blast
loads on concrete buildings [14] and its subsequent collapse.

6. Conclusions

�is paper discusses the modeling of reinforced concrete
structures collapse with explicit 
nite element models. Two
di�erent methodologies are proposed. �e 
nite element
code LS-DYNA is used in the analysis.

�e 
rst type of model uses continuum elements for
concrete and beam elements for reinforcement in a segre-
gated way. �e connection between rebars and concrete is
modeled using a penalty formulation (Constrained Lagrange
in Solid). CSCM and Piecewise Linear Plasticity material
models are used for concrete and steel, respectively. Damage
formulation and erosion parameters are shown in Section 3.
Contact constraints, load of the sandbags, self-weight, and
dynamic relaxation formulations are modeled with Contact
Automatic General, Load Segment Set, Load Body Z, and
dynamic relaxation commands of LS-DYNA.

�e second type of model uses shell elements for concrete
and beamelements for reinforcement in a segregatedway.�e
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Table 5: Computational cost comparison between continuum FE model and structural FE model for four parallel processors Intel(R)
Core(TM) i7-2600 CPU @ 3.40GHz.

Number of elements

Continuum FE model 540,000 continuum elements and 67,000 beams

Structural FE model 8,600 shells and 14,600 beams

Calculation time

Continuum FE model 98 h and 23min

Structural FE model 29min and 24 s
Memory (in LS-DYNA words)

Continuum FE model 192,000,000

Structural FE model 7,500,000

Figure 12: Comparison between test, continuum model, and struc-
tural model at 2.6 s a�er column removal.

connection between rebars and concrete is modeled using
common nodes of the meshes. EC2 and Piecewise Linear
Plasticity material models are used for concrete and steel,
respectively. Contact constraints, load of the sandbags, self-
weight, and dynamic relaxation formulations are identical to
the continuum model.

�emodeling techniques have been validated through the
comparison with a real scale test of a two-	oor structure.�e
numerical values formodel parameters are shown in Sections
3 and 4.

Based on the results presented in this paper, the following
conclusions are drawn:

(i) �e methodologies used in the two proposed 
nite
element models have enough precision to reproduce
the global collapse phenomenon in an accurate way.

(ii) �e continuum 
nite element model has a high
precision in displacements and velocities, and in
the prediction of local failures of the concrete. �e
structural 
nite element model has enough precision
with lower computational cost than the continuum
element model and can be used with advantage for
simulation of a large frame-type building.

(iii) For modeling the collapse of full buildings, structural

nite element models with concrete shells including
segregated steel beam elements coupled using com-
mon nodes are recommended.
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