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Abstract

In recent years, many studies have been conducted by governmental and nongovernmental
organizations across the world in an attempt to better understand the effect of explosive
loads on buildings in order to better design against specific threats. This study is intended
to contribute to increase the knowledge about how explosions affect reinforced concrete
(RC) columns. In this study, a nonlinear model is developed to study the blast response of
RC columns subjected to explosive loads. Numerical modeling of RC column under explosive DOI:

load is presented using advanced finite element code LS DYNA. The obtained numerical 10.23967/j.rimni.2017.12.001
model is validated with the experimental test and the results are in substantial agreement

with the experimental data. ALE method for blast analysis is presented in the current
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research. The effects of scaled distance on the damage profile of RC columns are Keywords:
investigated. The results demonstrate that the level of damage increased with describing IES EI)YNA Load
the scaled distance. Also the results shown duration for the blast loading, and hence the A)I(_FI; (I\)/Iselz\;ﬁodoa

impulse, varies with charge masses at the specified scaled distance. Higher magnitude
charge masses produced longer blast loading durations than lower magnitude charge
masses. This means that at the same scaled distance, a charge mass of higher magnitude
produced a higher impulse than the lower magnitude charge mass. The findings of this
research represent the scaled distance is an important parameter that should be taken into
account when analyzing the behavior of RC columns under explosive effects. The data
collected from this research are being used to improve the knowledge of how structures will
respond to a blast event, and improve finite element models for predicting the blast
performance of concrete structures.

Scaled Distance

sustain large lateral dynamic loads such as blast loading and,
for that reason, are very susceptible to terrorist attacks. For this

1. Introduction

Reinforced concrete (RC) columns are essential structural
elements to any type of structure and assessment of reinforced
concrete (RC) columns against blast loads and prediction of
suitable structure to withstand blast loads plays vital role in
construction field. In recent years, the number of terrorist
attacks by bombs has increased dramatically around the world.
Many buildings have been destroyed and a lot of people have
been killed during these attacks. While the issue for the
protection from bomb blasts has been considered in the past in
the military, no sufficient attention has been paid for civilian
structures. In the case of reinforced concrete elements,
research and development has made great progress in recent
years for the behavior of several cases such as reinforced
concrete slabs, beams and columns, i.e. [1-6] and many more.
Of all components in a structure, columns may be the most
critical ones as they carry the most amount of the structural
component. In the past, they were generally not designed to

reason, the need to better understand column behavior quickly
became clear in the field of progressive collapse.

A structure subjected to an explosion will have a complex
behavior. Good knowledge about the properties of the load, the
material response, the dynamical behavior of the structure and
analytical tools is necessary in order to analyses the response of
the structure. Blast loading and its effects on a structure is
influenced by a number of factors including charge weight, W
location of the blast (or standoff distance), R and the
geometrical configuration and orientation of the structure (or
direction of the blast). RC columns response will differ according
to the way these factors combine. Therefore, it is necessary to
identify the influence of each factor on the blast response of RC
columns. When the charge detonates, a blast wave with high
pressure and temperature will spread out from the center of
the detonation as shown in the Figure 1. The pressure will
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decrease with increasing distance from the detonation center
and the pressure front, referred to as the blast wave, will travel
in supersonic speed. A blast wave consists of a positive and a
negative phase and an idealized wave.

Centre of detonation

The pressure and temperature
in the blast front decreases with
increased distance to the centre
of detonation

Figure 1. Schematic contour of detonation in air.

Experimental test and finite element analysis are the two
methods to design of RC columns when subjected to blast
loads. Experimental studies of blast problems require special
and expensive instrumentation given the highly dynamic or
impulsive nature of the loading. Large-scale blast tests can cost
millions of dollars [7]. Numerical simulation of blast
experiments is the most widely used approach to verify a design
for a specific threat as it offers great capabilities [8-10]. The use
of finite element models allows a variety of structures and
retrofit materials to be evaluated with relatively low expense in
a much shorter time frame. LS-DYNA is an advanced finite
element code for analyzing the large deformation dynamic
response of structures. The significance of using LS-DYNA for
simulations, finite element model, boundary conditions,
constitutive material models and blast load application is
described in the current study.

of Model

2. Development and Numerical

Simulation

The model used for this study is shown in the Figure 2. The
cross section of the column is 500mm x 700mm rectangular
with 8 longitudinal reinforcements of ®25 mm. The model is
4400 mm height with a transverse reinforcement of ®12 mm.
LS-DYNA element library consists of a huge variety of element
types. In this study, 8-nodes constant stress solid elements with
1-point quadrature integration are employed to model the
concrete members with the mesh size of 50 mm. The 2-node
Hughes-Liu beam element with 2x2 Gauss quadrature
integration is employed for modelling steel reinforcements with
the mesh size of 50 mm. The interface between concrete and
steel is modeled using the Contact-1D formulation such that the
nodes in the steel element are modeled dependent of the
nodes in the concrete element. In this study the column is fixed
at the footing and heading to prevent any translational
movement (x,y direction) at their base except for the top nodes
which are released to have translation in the direction of the
applied load (z direction). Ramp loading was implemented to
avoid high stress concentration at the loading zone at the top of
the column. The material data used in this study is presented in
Table 1 for the concrete and the reinforcement respectively.

https://www.scipedia.com/public/Abedini_et_al_2017a
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Figure 2. Details of RC column.

Table 1. Concrete and reinforcement rebar data used in the numerical study

Material Parameters Value
Concrete Concrete strength 42 MPa
Mass density 2400 kg/m3
Poisson's ratio 0.2
Tensile stress at failure 6.0 MPa
Steel reinforcement Young's Modulus 200 GPa
Longitudinal steel strength 460 MPa
Transverse steel strength 250 MPa
Mass density 7800 kg/m3
Poisson's ratio 0.3
Plastic strain at failure 0.18

3. Blast Loads Simulation using ALE Method

LS-DYNA mainly uses explicit time integration to solve nonlinear
dynamic problems, e.g. explosions/blast loading. ALE method
for blast analysis is presented in this part. With this method we
can see the formation and the propagation in air of the blast
wave. In this model we have 4 parts including two ALE parts
that are the air and the explosive and two Lagrangian parts that
are the column and the ground. When there is more than one
ALE part we have to define each part in the section called ALE
multi material group part with element formulation 11. The ALE
formulation combines the Lagrangian and Eularian frames of
reference to resolve the technical difficulties that each
experience through an advection steps.

Fluid structure interaction (FSI) is modeled in LS-DYNA using the
CONSTRAINED LAGRANGE IN SOLID option. The explosive can
be contained within the air mesh by specifying an initial fraction
of the air volume occupied by the explosive through the INITIAL
VOLUME FRACTION GEOMETRY option in LS-DYNA. This option
is used in conjunction with the ALE multi-material formulation.
The explosive geometry can be specified to be of a sphere, a
cylinder or a cube. The field of the air needs the BOUNDARY
NON REFLECTING conditions, in order to not have the reflection
of the wave at the end of the ALE boundaries. Configurations of
blast loads in the numerical model are shown in the Figure 3.
Information on blast load parameters is available from the
standard sources [11-14].
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Figure 3. Explosive modeling using ALE method.
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4. Material Models

In this study five material models are established with the real
behaviour under blast load. The concrete damage model
designated as MAT_72_R3 in LS-DYNA is used to simulate
concrete [8, 15]. For modelling of the steel reinforcement, the
MAT PIECEWISE LINEAR PLASTICITY material model in LS-DYNA
was adopted [16]. Air is modeled with 8 nodes finite elements
using the hydrodynamic material model MAT NULL and the
‘Linear Polynomial’ EOS. The air material is assigned to follow
Ideal Gas equation of state. The ideal gas EOS relates the
pressure to the specific internal energy in such a way that it
follows the following equation. For solids elements equation of
state can be called trough this material model to avoid
deviatoric stress calculation. The air can be treated as a perfect
gas, described by a linear polynomial equation of state, with
pressure depending on density and internal energy (E). The
pressure related to the energy can be expressed as follows:

P = Co+ Cylt + Copi® + Cai®+(Cy + Csit + CelPE, ()]
. 2
H =1 1

where Cy, Cy, Gy, C3, Cy Cs5 and Cq are constant, p/p, is the
ratio of current density and Ej is the initial internal energy per
volume [17].
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For the material model of the explosive, in this case TNT, the
HIGH EXPLOSIVE BURN material model has chosen with 8th node
finite elements [18]. The JWL equation of state (EOS) is used in
the current research. JWL is the most popular and is easily
calibrated EOS which used in this study. The JWL equation is the
pressure-volume relationship on the expansion isentropic. The
pressure is represented as a function of volume V and energy E
. The JWL equation is the pressure-volume relationship on the
expansion isentrope and is given by

P=A[1—R‘f—V]e_Rlv+B[1—%]e‘R2V+w_VE (3)

where A, B are linear explosion parameters; w, R; and R, are
nonlinear explosion parameters; V is the relative volume and E
is specific internal energy of every unit of mass, P is the
pressure of the detonation products of high explosives.Material
properties of concrete, steel reinforcement, explosive and air
are given in the Table 2.

Table 2. Material properties of concrete, steel reinforcement, explosive and air.

Units(g,mm, ms,MPa)
*MAT_CONCRETE_DAMAGE_REL3(Concrete)

RO fc PR
0.0024 40 0.2
*MAT_PIECEWISE_LINEAR_PLASTICITY(Reinforcement)
RO E PR fy
0.0078 2e+005 0.3 460
*MAT-HIGH-EXPLOSIVE-BURN(Explosive)
RO D PC)
0.00163 6930 2.1e4
*EOS-JWL(Explosive)
A B R1 R, W Vg Ep
3.712e5 3231 415 095 03 7000 1
*Mat-NULL(Air)
RO PC MU
1.225e-6 -le-5  8.5e-10
*EOS-LINEAR POLYNOMIAL(Air)
Co Cq C C3 C G Cg Ep Vo
0 0 0 0 04 04 0 025 1

5. Strain Rate Effect

Materials such as steel and concrete exhibit greater strength
when loaded at high rates and standards and manuals for blast-
resistant design allow nominal component strengths to be
increased by Dynamic Increase Factors to account for rate
effects. In order to investigate reinforced concrete elements
under blast loading conditions, strain rate effect must be
considered.

5.1 Concrete Strain Rate

Dynamic increase factors for concrete were applied on the
materials stress-strain curve to properly capture the dynamic
effect onto the material behavior. The ability of concrete to
increase in strength as the strain rate increases is sometimes
referred to as the dynamic increase factor (DIF). The DIF is a
function of the compressive or tensile strength at high strain
rates versus the compressive or tensile strength of the concrete
at static testing strain rates. In the current research, The
dynamic increase factor for the tensile strength of concrete is
presented by Malvar and Ross [19] that is presented as follows.

- 4
TDIF=;—t=[i]6 for e<1S? &

¢
ts ts
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where f; is the dynamic tensile strength and f;; the static tensile
strength
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where f, is the static uniaxial strength of concrete (in MPa) and
feo = 10 MPa.

The dynamic increase factor(DIF) for compression is typically
determined by CEB[20] as follows:

R TT (8)
cpIF = Lo - [.i]“m" for &<308"
fcs €cs
f 1 9)
CDIF = Z& = y(&) 3 for &>30S"
Jes
where f. = is the dynamic compressive strength, f.; = the static
compressive strength and f,,, = the static cube strength
logy = 6.156a - 0.49 (10)
1 (11)

a:—
e
5+

5.2 Steel Reinforcement Strain Rate

The stress-strain behavior of steel is particularly sensitive to the
loading rate and this phenomenon is known as strain rate
sensitivity. As far as energy absorption is concerned, the strain
rate sensitivity plays an equally important role to that of the
inertia effect of the material. It clearly reflects from the load-
displacement curve of the material, which was tested under
various uniaxial compression strain rates [21]. The Dynamic
Increasing Factor (DIF), which is defined as the ratio of the
dynamic to static yield stress, was used to represent the
influence of strain rate on strength enhancement under
dynamic conditions. To derive these equations Malvar [22] used
several test results available in the literature. For determining
the yield strength and ultimate strength for reinforcing bars at
different strain rates, he proposed the following formulation of
the DIF:

£ 12
pir = &L (2
10™*
where fj is the steel yield strength
Jil . (13)
a =0.019 - 0.009-= for ultimate stress
414
~ B B . (14)
a =0.074 0.040m for yield stress
6. Verification of Numerical Models
Numerical simulations need to be validated against

experimental test cases to build confidence in the predictive
capability of a model as well as to ensure that the accuracy and
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precision of a model falls within the required error corridor. In
this study column design was chosen based on previous
research conducted by Baylot and Bevins [23] on reinforced
concrete columns under explosive loads. Experimental
investigations comprised a series of five different two story RC
building models. Hemispherical C4 charges are placed in front
of the center column as shown in Figure 4. The center column
served as the test column and is scaled appropriately to
represent an exterior column. However, the detailed study is
confined to the exterior middle columns directly subjected to
near field blast pressure.

t=0.5ms t=1ms t=1.5ms

Explosive t=2ms t=4.5ms t=6ms

X

Figure 5. FSI-Column contour of pressure wave propagation at different times
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Figure 4. Schematic diagram of column position.

The column cross section was 85 x 85 mm and the column free
span length was 935 mm. Eight longitudinal rebar with the
diameter of 7 mm was placed in the column. The longitudinal
reinforcements were closed with stirrups with diameter of 3.35
mm. The average unconfined concrete strength was 42 MPa.
The average density of the concrete is 2068 kg/m?® and modulus
of elasticity 28.7 GPa. Steel reinforcements with an average yield
stress of 450 MPa for longitudinal rebar and 400 MPa for
transvers rebar were used. The cover is 8.5 mm. The blast loads
parameters for experiment Number 02 were generated using
7.087kg of explosive C4 positioned with a standoff distance of
1.07m from the exterior column and 0.2286m above the
ground. Figure 5 represents the pressure wave propagation at
different stage of times. As shown in the Figure 5, in a first time,
the presence of the reacted explosive is very important, so that
there is a region near the explosive at very high pressure. Going
forward in time we can see that this high pressure region
quickly dissolves, and the shock-wave propagates. The other
thing that it is possible to see is the peak of the overpressure.
We can clearly see that the pressure in the shock front decrease
rapidly as a function of the distance of the detonation. Figure 6
illustrates the damage state of the column at different stages of
time following the blast by use of an effective plastic strain
variation.
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Figure 6. Effective Strain Diagrams at Different Stages of Time.
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Figure 7 shows peak displacement results obtained from
current study and Baylot and Bevins study [23]. The peak
displacement estimated in the current study was 12 mm while
the peak displacement in the Baylot and Bevins [23] was 12.5
mm. the residual displacement computed in the current study
and experimental study was 6.3 mm. The results show that the

numerical model has a high level of agreement with
experimental results done by Baylot and Bevins [23].
14
=== Present Study, ALE Method
12 . e Baylot & Bevins experimental test
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Figure 7. Mid-height deflection time history [23].

7. Blast Response of RC Columns

In this study, the effects of explosive loads on the RC columns
are determined. A series of simulations are presented to
dynamic assessment of RC columns subjected to blast
detonations. In these case studies, the column depth, width and
height are 500 mm, 700 mm and 4400 mm respectively. There
are eight longitudinal reinforcements with diameter of 25 mm
placed on the cross-section, the stirrup reinforcement rebar has
a diameter of 12 mm, and spaced at 200 mm between stirrup
reinforcements along the column height. Concrete with
compressive  strength of 42 MPa and longitudinal and
transverse steel reinforcement with yield stress of 460 and 250
MPa are used. The calculation of the load on the structure may
be performed using a scaling approach. The scaled distance is a
function of the mass of the explosive, W, and the distance

between the target and the point of detonation, R that
represented by equation (15).
- _R_ (15)
Wi

7.1 Response of RC Column under Different
Scaled Distance

Parametric numerical simulations of explosions are conducted
to assess the effects of different scaled distances on the non-
linear response of RC columns when subjected to explosive
loads. The numerical analysis in this research is performed
within charge weight ranges of 0.5 to 8 kg and the standoff
distance is kept constant at each of these charge weights. Using
equation (15), the ranges for scaled distance in the analysis are
0.25 m/kg“3 to 0.629 m/kg”3 that represents in the Table 3. The
graphs of the displacement and pressure are presented and
discussed in the following sections.

Table 3. Range for scaled distance at 500 mm standoff distance

Standoff distance Scaled distance

1/3

charge weight
(kg)

(mm) (m/kg ' "7)

https://www.scipedia.com/public/Abedini_et_al_2017a
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7.2 Effect of Scaled Distance on the Damage
Profile of RC Columns

Figure 8 shows the damage profiles of RC columns when
subjected to blast loads. As a result, when the RC columns are
subjected to lower scaled distance, the columns sustain the
severe impulsive loading. It can be observed that increasing the
scaled distance in RC columns resulted in a further decrease in
the damage level of RC column. At higher scaled distances,
column response tends to be more flexural for all column types.
The concrete core remains much more intact with less column
damage. Figure 9 represents damage profile development for

RC column due to detonation at different stages of time.
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Figure 8. Damage profile of RC columns at 100 ms time subjected to far-field
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Figure 9. Damage profile development of RC columns under different scaled
distance at different stages of times.

results in an increase in the peak pressure. The results indicate
the maximum recorded pressures increase from the lower
scaled distances to the higher scaled distances. The general
trend observed is that the maximum pressure occurred at the
mid- height of RC columns. Figure 11 represents the pressure
fringe contour magnitudes of RC columns when subjected to
close-in detonations. The process of propagation of the
detonation wave in air, its reflection from the column and the
subsequent propagation of the reflected wave along the height
of the column can be seen in the contour plots of Figure 11.

7.3 Effect of Scaled Distance on the Peak
Pressure of RC Columns

This section discusses results from comparison of the peak
pressure at different elevations on the RC column for the
different ranges of scaled distance. Figure 10 shows the
pressure magnitudes along the height of RC columns when
subjected to close-in detonations. The close-in regime is
associated with the type of loading where the explosive is very
close to the structure. In this case, the duration of loading is
much lower than the natural period of the structure. According
to Figure 10, when the RC column is under bigger magnitudes
of blast detonations, the columns sustain the severe damage
and the RC column withstand high impulsive loading. As can be
seen from Figure 10, the pressure of the RC columns all change
sharply at the height of columns.

In general, as the scaled distance decreased, the intensity of the

blast load along the height of the RC columns increased.
Therefore a decrease in the scaled distance of the blast load
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Figure 11. Shock wave developments due to detonation at different stage of times.

7.4 Effect of Scaled Distance on the Peak
Displacement of RC Columns

This section discusses results from comparison of the
deflections at different elevations on the RC columns for
different six scaled distances. Peak deflections are measured at
the nearest element from detonation centre for all RC columns.
Figure 12 show the peak deflection of the RC columns along the
height of columns for different scaled distances. As can be seen
from Figure 12, the displacement of the RC columns all change
sharply at the height of columns. As a result, the intensity of the
blast loads is maximum at the mid height of the columns and
the columns sustain high impulsive loading. Therefore the
maximum displacement of the columns occurs at the mid
height of the columns. It is evaluated that at the same standoff
distance, decreasing the equivalent TNT mass resulted in
decreased lateral displacement and increasing the magnitude
of equivalent TNT mass resulted in increased lateral
displacement and much more extensive damage to the RC
column. Regardless of the column height and the TNT height,
the maximum displacement of the RC columns always occurs at
the centre of the blast loaded area. The general trend observed
is that the maximum deflections occurred at the mid- height of
RC columns. Also Figure 13 represents the vector of
displacement in RC columns at different stage of times when
subjected to high impulsive loads.
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Figure 13. Vector of displacement in RC columns at different stage of times.

8. Conclusion

In this research intensive numerical simulations of the
responses of RC columns subjected to blast detonations have
been carried out. The numerical modelling of blast load
performed using advanced finite element code LS-DYNA. In this
study the finite element models validated by comparing the
numerical analysis with the experimental field test available in
the literature. It can be observed that decreasing the scaled
distance in RC columns resulted in a further increase in the
damage level of RC columns. When the RC columns are
subjected to lower scaled distance, the columns sustain the
severe impulsive loading. Therefore a decrease in the scaled
distance of the blast load results in an increase in the peak
pressure and increase lateral displacement of RC columns. The
findings of this research represent the scaled distance is an
important parameter that should be taken into account when
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analysing the behaviour of RC columns under explosive effects.
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