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Abstract

This paper presents the simulation of blast effects on a beam using a high resolution analytical method, such as finite
element method with very detailed modeling. In such simulations, blast load generation, mesh size, and time step
size control in the simulation determine the accuracy of results. In this paper, these aspects are discussed through
comparison with experimental results.

INTRODUCTION

High resolution finite element simulation is a powerful tool to investigate effects of intentional or unintentional blast
loads. It is much less expansive than experimental work and can be used to study various scenarios of blast events.
However, development of a reliable model for simulation requires the complex task of blast load simulation and
modeling of material behavior during high strain blast loads.

Many methods exist for evaluating structural behavior under impact loads. Closed-form wave propagation solutions
usually assume a simple load distribution, neglect the elastic response and cannot be used for 3-dimensional analysis
[1, 2]. Commonly used simplified methods include single or multi-degree-of-freedom, pressure-impulse (P-I)
diagrams, and response surfaces developed from finite element analysis [3]. These methods have relatively low
accuracy in the prediction of either load or structural performance. Li and Meng [4] have studied the loading shape
effect using pressure-impulse diagram and have observed that load shape factor affects structural behavior
significantly in elastic range using Pl diagram method analysis. Naito and Wheaton [5] have shown that the simplified
methods have to assume a proper failure type before obtaining the correct prediction. Methods with median accuracy
levels include semi-empirical codes such as BlastX [6]. The most accurate results can be obtained by simulating blast
loads using Hydro codes such as LS-DYNA [7] and FLEX developed by Weidlinger Associates, Inc. These hydro
codes using explicit solver are designed for general purpose analysis and specific requirements must be met to obtain
correct simulation results for blast effects on reinforced concrete structures. Krauthammer and Otani [8] have
investigated mesh, gravity and load effects on finite element simulations of blast loaded RC concrete structures and
have concluded that models with lumped reinforcements or one material type to simulate both concrete and rebar
cannot capture the correct state of stress [9].



Recently, the authors have been investigating blast effects on highway bridges using high resolution finite element
models. To this end, the authors have developed a finite element model of a beam subject to blast loads to correlate
with one set of experimental results available. Parameters (both material and FEM) obtained from this simulation are
used for simulation of a full model bridge. This paper presents finite element simulation of a beam subject to blast
loads.

BLAST LOAD GENERATION

Blast wave pressure decreases rapidly with the standoff distance. Because of large size and complex geometries of a
bridge structure, applying blast wave load accurately on different bridge members is a challenging work. For example,
assume that a 1500-1b TNT charge is detonated under a 60-ft span hypothetical highway bridge at point C, as shown in
Figure 1. The TNT charge is 10 ft away from column A and 50 ft away from column B. Pier section size is 3 ft x 3 ft.

Figure 1. A hypothetical highway bridge subject to blast load.

The simulated blast wave on bridge components should at least satisfy the following:
1. Near points A and B, the pressure and impulse should be similar to that generated by experimental data or
standard semi-experimental data using ConWep program [10].
2. The time of arrival of blast waves reaching point A and B should be similar to those by ConWep program so that
the time sequence of blast wave load and structural response has correct dynamic effects.

Existing Approaches for Blast Load Generation
There are two traditional ways to apply blast loads on bridge components: (i) ConWep Pressure and ii) Detonation
Simulation.

ConWep is a collection of conventional weapon effects calculations from the equations and curves of TM 5-855-1
[10-12]. The ConWep equation has been merged into LS-DYNA to apply a pressure load on structures [7]. This
method controls load magnitude accurately and does not consume extra calculation time. However, it is only suitable
for analysis before the failure of structures. When elements fail in the FEM simulation, eroding technique is used to
avoid element distortion, i.e., “damaged” elements or nodes are removed from the structure. Since blast load
generated by ConWep acts directly on an exposed structural surface, it will be lost once the load contact surface (i.e.,
exposed structural surface) is eroded. Figures 2(a) and (b) illustrate ConWep pressure directly acting on a column
surface. When FEM elements in concrete cover are eroded, blast pressure is lost with erosion of these elements. On
the other hand, blast load continues to act on uneroded elements. Therefore, the simulation in Figure 2(b)
underestimates the damage to the structure since the load is not transmitted to concrete core.

Detonation simulation approach generates blast loads through detonation of high explosives using
Avrbitrary-Lagrangian-Eulerian mesh and *MAT_HIGH_EXPLOSIVE_ BURN control card in LS-DYNA. This
method simulates the process of detonation and gives accurate evaluation of incident blast wave pressure through the
explosive material. However, it is suitable for close range explosions [13]. As illustrated in Figures 2(c) and (d), blast
pressure waves are carried to column surface using air as a medium because of standoff distance between charge and
structure. This approach has several advantages over direct application ConWep pressure: (i) the blast wave load
continues to act on the structure after the eroding of structural surface elements; (ii) it can predict the reflection and
diffraction of the blast wave; and (iii) this method can account for the mutual interaction between structures and blast
wave. This interaction cannot be ignored when the structural material yields under blast wave load with the elastic
modulus approaching zero. Figure 2(d) illustrates this interaction and damage caused by blast waves. It is observed
that the concrete core is damaged by simulating blast load by this approach, as opposed to only surface cover damage
in case of direct ConWep loading.
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Figure 2. Blast load generation on structural elements.

Theoretically, we can simulate the reflection process by setting air mesh and reflecting boundaries using “Detonation
Simulation”. Problems arise when we assume air as an ideal gas, since it is difficult to simulate air under different
pressure loads using simple constitutive equations. For example, blast load of 1500 Ib TNT in Figure 1 is simulated
using ConWep and “Detonation Simulation”, as shown in Figure 3. It is observed from Figure 3 that although peak
pressure generated both by ConWep and Detonation Simulation are identical, blast wave impulse (i.e., load duration)
by Detonation Simulation approach is much smaller than that by ConWep, since the pressure by “Detonation
Simulation” drops to zero very quickly as the standoff distance increases.
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Figure 3. Blast wave pressure history.

Proposed Approach for Blast Load Simulation

In order to overcome limitations of existing approaches, a new approach that can simulate loads on structural elements
similar to ConWep is presented. In this approach, ConWep pressure generated for a specific charge weight is
transferred to an air layer near structural element. The blast wave front propagates through the surrounding air layer.
The blast wave front parameters include shock density, wave front air density, pressure, impulse, and time duration.
However, the air density of the wave front is a key parameter to transfer the pressure correctly. Usually, the wave
front air density is 2-6 times of the air density of approximately say 1.29 kg/m®. It is found that the smaller the air
density, the bigger the pressure transferred to structural elements. It has been observed from simulation results that the
blast pressure is transmitted accurately to structural elements when air density of surrounding air layers is
approximately twice of the normal air density value of 1.29 kg/m®. This value is close to shock density parameter



obtained from ConWep. The air mesh interacts with Lagrangian structure element to apply the load on structural
elements. This approach of applying blast loads on structural members is shown in Figures 2(c) and (d).

The proposed approach of blast load generating has advantages of both ConWep and “Detonation Simulation”. It
produces correct pressure field with the same arriving time of blast wave as ConWep, as seen from Fig. 3(a), and can
simulate wave reflection and diffraction. When simulation involves complex geometry or non-airblast waves such as
inter-explosion in box girder and air pressure near deck, other experiment data or program such as BlastX [14] is
necessary to calibrate the load effect parameters.

SIMPLY SUPPORTED RC CONCRETE BEAM SIMULATIONS

In order to calibrate finite element model and determine optimal modelling parameters, experimental data on
reinforced concrete beam subject to blast loading based on work by Magnusson and Hallgren (2004) has been
considered [15]. Material properties and dimensions of the tested beam are presented in Table 1 and Figure 4(a).
The concrete beam was assembled in a test rig, which was positioned in the test area of a shock tube (1.6mx1.2m), as
shown in Figure 4(b). Table 2 shows the results obtained from air blast tests by Magnusson and Hallgren (2004).

Table 1. Properties of the beam.

1 Tensile . |y
Beamtype | f_~ (MPa) reinforcement Reinforcement ratio (MPa)
B100(12) |81 4012mm 0.087 555
! Refers to the concrete compressive strength of d150x300mm cylinders.
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Figure 4. (a) Dimensions (in mm) of tested reinforced concrete beam; (b) Experimental
set-up of the air blast tests.

Table 2. Results from the Air Blast Tests by Magnusson and Hallgren (2004).

Beam Pr, kPa (psi) | i,kPas | Fiot,u, KN | &y, mm(in.) | Failure type

B100(12)-D3 | 1946+15 958 | 324 44.6 (1.756) | Flexural
(282.2+2.2)

InTable 2, p, = maximum reflecting pressure (mean value xscattering), i = impulse density (mean value *
scattering), Fyr, , = maximum total support reaction and ¢, = ultimate deflection at mid-span.

Explicit solver in LS-DYNA is used for the finite element analysis. The beam model consists of 3632 solid elements,
with element length approximately 1 inch. Hourglass control is applied to avoid zero energy modes. Given that the
simulation time duration is short and blast pressure is very high, gravity loads are neglected in the simulation.
Concrete beam is simulated by solid element with JOHNSON HOLMQUIST CONCRETE material model (MAT_111



in LS-DYNA). The Mat_111 model is capable of simulating concrete behavior during impact loads when the material
experiences large strains, high strain rates and high pressures. Steel rebar is modeled as beam elements with PLASTIC
KINEMATIC material (MAT_3 in LS-DYNA), assuming that perfect bond exists between concrete and rebar at the
shared nodes.

Stress-strain relationship of reinforced concrete during high strain rates has been investigated extensively by several

researchers recently [16-18]. It has been observed that ultimate strain values for steel and concrete are almost
constant as demonstrated by many experiments and these values are selected as shown in Table 3.

Table 3. Ultimate strain Rates for concrete used in FEM simulation.

Material Failure strain
Steel rebar 0.23
Core concrete 0.005
Cover concrete 0.002

The failure process of reinforced concrete beams with moderate percentage of steel under blast loads typically has
following modes: (a) Spalling of concrete on the back of loading face; (b) Cracking of tensile concrete in the section of
region with maximum moment; Failure mode is initiated by a yielding of the steel while the strains in the concrete are
relatively low, with cracks climbing up to the compression region; (c) Severance of longitudinal tensile rebar; (d)
Crushing of concrete in the compression region immediately after the severance of rebar. FEM model of the RC beam
in Figure 5 can simulate all these stages of beam failure. As an example, the simulation figures of beam B100(12)-D3
of Table 2 are shown in Figure 5. The failure time can be taken as when the severance of longitudinal rebar occurs, as
shown in Figure 5(c).

% puailing

Longrradinal Rebor

Suppon

t=2.4ms t=3.75ms
(c) @y

Crush of Coscoete in Comprposon. g

AR
e,
i 5
Saveranee of Rehas w

t=51ms t=5.2ms

Crush of
Concrete Cover
-

Figure 5. Failure process of beam with moderate percentage of steel

Four stages of beam damages are marked on the time-history plot of kinetic energy in Figure 6 below. A sudden rise
in kinetic energy (or velocity) after state (a) is because of yielding of reinforcements. When concrete reaches its
failure strain, elements are eroded and rebars are severed, resulting in loss of kinetic energy after state (d).
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Figure 6. Kinetic energy history of concrete beam.

INFLUENCE OF MESH SIZE

In the simulation of structures with nonlinear material properties, results do not converge with mesh size due to
numerical instability and is well documented in the literature. Bazant and Belytschko [19] deduced a closed-form
solution to explain these difficulties. Bazant [20] showed that there existed a characteristic length for concrete material
fracture. Hillerborg et al. [21] resolved these difficulties by matching the dissipation in fracture to the energy
dissipated in the element which exceeds the stability threshold. In the FEM model described above, material models
for concrete and steel don’t have an instability problem [7]. However, when concrete and steel are combined in the
FEM model, the bond slip problem is an unstable one, since the numerical model is strain-independent and is a
strain-softening type because of the eroding elements (elements deleted when the failure criteria is satisfied). Although
there are several approaches for modelling bond slip in numerical modeling of reinforced concrete [22-27], they all
encountered difficulty in terms of stability during the blast load simulation, since eroding always involves removal of
distorted elements, causing in high level of nonlinearity in the interaction between concrete and steel rebar.

In this research, the authors have extended the approach by Hillerborg et al. [21] for stability of mesh sizes to the bond
slip problem. In this approach, the bond between concrete and steel is taken as a nonlinear material parameter and its
dissipation energy is matched with that of the element size. It is assumed that the bond length is a characteristic
length associated with concrete and steel. Therefore, the proper mesh size corresponding to the characteristic length
should be determined to ensure stability of simulation.

Four FEM models of the B100 beam with different element sizes are investigated to study the influence of mesh sizes
on bond slip length. Material parameters remain the same as in Table 3. The results of simulation are presented in
Table 4. 1t is observed from Table 4 that mesh size affects the interaction between ALE air mesh and Lagrangian
structure mesh significantly. Contact parameter PFAC (penalty factor) needs to be verified with experimental data to
apply the correct blast pressure load on structures instead of using default values in LS-DYNA. It is observed that the
midpoint deflection of the beam at failure decreases with decrease in mesh size. It is observed from Table 2 that the
experimental measured value of deflection at failure is 44.6 mm (1.76 in.). This corresponds with the result of case C
in Table 4. Hence, the mesh size and PFAC of case C are correct parameters for this simulation.

One interesting observation is that the reaction force varies little (less than 5%) in Table 4 while the deflection at
failure varies over 400% with mesh size. This means that the calculation of transferred loads from beam to supports
(e.g., columns) is stable. In other words, the response of the column can be predicted accurately if the behavior of a
simply supported bridge during accidental explosion on the deck is analyzed.



Table 4. Influence of mesh size.

Case | Mesh size Deflection at Reaction | Penalty factor | Segment
length (in.) | failure (in.) (Ib) PFAC Pressure (psi)

A 2.46 4.8465 -251041 | 0.0294 282.0

B 1.64 2.064 -230241 | 0.0052 282.9

C 1.08 1.756 -246334 | 2.06E-03 282.9

D 0.7874 111 -211869 | 4.10E-04 282.3

Test 1.756

INFLUENCE OF TIME STEP

Table 5 presents the influence of time step on air blast pressure at the location of beam. The maximum pressure in
second column of Table 4 is air pressure at the location of the beam without the beam being present. It is observed
from Table 5 that the change in time step will cause a maximum of 2.59% difference in the prediction of maximum
blast wave pressure.

Now, let us consider an elastic beam under blast load. Elastic material properties are used for concrete and steel in the
FEM model described in Figure 5. Maximum contact pressure (pressure load transferred from ALE air mesh to
Lagrangian structure mesh) in simulations with different time step control are listed in Table 6 using the Penalty factor,
PFAC = 2.06E-3 corresponding to Case C in Table 4. It is observed from Table 6 that maximum contact pressure
increased with decrease in time step. Hence, contact pressure is nearly reciprocal to time step when the behavior of
the beam is elastic. PFAC factor can be adjusted to obtain the same maximum contact pressure for each case of time
step in Table 6.

When the blast load is large enough to push concrete into nonlinear range, the contact mechanism is different since the
interaction between air and structure is more like interaction between two fluids, i.e., the elastic modulus of structure
approaches zero. In this case, the contact pressure is relatively insensitive to both time step and penalty factor.
Consider the beam B100 beam with time steps of 4E-8 sec and 5E-8 sec with the same penalty factor (PFAC =
2.06E-3). Figure 7 shows the pressure time-history for the two cases. It is observed from Figure 7 that the peak
pressures in the two cases are almost the same. Pressure attenuates faster in cases with smaller time step since
numerical dissipation increases significantly with decrease in time step in the fluid solver [28]. Therefore, the largest
value of constant time step, which satisfies the calculation stability requirements, can be used for simulation.

Table 5. Influence of time step to air blast load prediction.

Time Step Size (s) | Max. Pressure (psi) | Percent difference (%)
2.00E-06 196.4 0.00
1.00E-07 195.94 -0.23
5.00E-08 195.95 -0.23
1.00E-08 200.32 2.00
5.00E-09 201.48 2.59

Table 6. Contact pressure change with the time step size in elastic simulation.

Case | Time Step Size (sec) | Max. contact pressure (psi)
1 1.00E-06 328.2
2 5.00E-07 792.6
3 5.00E-08 7691
4 5.00E-09 25780
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Figure 7. Contact pressure between the beam and blast wave for different time steps.

CONCLUSIONS

A new approach for simulating blast loads on structures in LS-DYNA that combines advantages of ConWep and
“Detonation Simulation” is presented. The approach is successful in simulating blast loads accurately. A high
resolution FEM model of a beam, calibrated using experimentally observed behavior of a beam, is developed to study
penalty factors, FEM mesh size and time step required for simulation of reinforced concrete members subject to blast
loads. The blast simulation with bond-slip problem and element eroding was identified as a numerical instability
problem in determining mesh size. A new approach is presented to resolve this issue. For simulation of elastic
structure, the change in time step caused minor difference in the prediction of maximum blast wave air pressure. In
the simulation of structure with nonlinear properties, the contact pressure is relatively insensitive to both time step and
penalty factor after the material yielding. Hence, a largest value of time step that satisfies stability requirements
should be selected in blast simulation. These selected parameters can be used for simulation of blast effects on other
components of a highway bridge model such as columns and decks.
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