STRUCTURAL ENGINEERING FEA

Advanced Simulation of Blast Loading on Structural
Components: A Comprehensive Guide to Abaqus/Explicit
Methodologies

Published: February 25, 2025 | Index ID: #126

The assessment of structural integrity under extreme loading conditions, such as explosions, is a critical
requirement in modern defense, civil infrastructure, and aerospace engineering. As threats from improvised
explosive devices (IEDs), industrial accidents, and high-velocity impacts evolve, the reliance on high-fidelity
numerical simulations has become paramount. Abaqus/Explicit, a premier finite element analysis (FEA) suite,
provides engineers with the robust tools necessary to model complex, high-strain-rate phenomena. This article
provides an in-depth technical analysis of simulating blast loading, focusing on the physics of blast waves,
numerical methodologies like the Coupled Eulerian-Lagrangian (CEL) approach, and practical implementation for
stiffened plates and vehicle structures.

The Theoretical Foundation of Blast Wave Physics

To accurately simulate a blast event, one must first understand the fluid dynamics of the explosion. An explosion is
defined as a rapid release of energy (chemical, nuclear, or mechanical) into a surrounding medium, typically air or
water. This release generates a shock wave characterized by a discontinuous jump in pressure, temperature, and
density.

The Friedlander Equation

The pressure-time history of a blast wave at a fixed location is often described by the Modified Friedlander
Equation. This equation models the decay of the blast pressure following the arrival of the shock front:

PH)=P_ 0+P s*(1-t/t d)*exp(-b*t/t d)
Where:

e P_s: The peak overpressure at the shock front.

e t d: The duration of the positive phase.

¢ b: The decay coefficient, which determines the shape of the pressure curve.
e t: The time elapsed since the arrival of the shock.

In a typical blast, the positive phase (where pressure exceeds ambient pressure) is followed by a negative phase
(suction). While many simplified models focus on the positive phase, the negative phase can be critical for
predicting the rebound of lightweight structures or the failure of glass and cladding.

Incident vs. Reflected Pressure

When a blast wave strikes a surface, it reflects. The reflected pressure is significantly higher than the incident
pressure(sometimes by a factor of 2 to 8) due to the stagnation of the air particles and the resulting kinetic energy
conversion. Engineering software like Abaqus must distinguish between these two phenomena to prevent under-
designing structural components. This is particularly relevant when modeling buildings or vehicles at ground level,
where Mach reflection occurs due to the interaction between the primary shock wave and the wave reflected from
the ground.



Methodologies for Modeling Blast Loads in Abaqus

Abaqus/Explicit offers several technical approaches to apply blast loads. Choosing the correct method depends on
the required accuracy, computational resources, and the complexity of the fluid-structure interaction (FSI).

1.The CONWEP (Conventional Weapons) Empirical Model

The CONWEP algorithm is the most computationally efficient method. It utilizes empirical data based on the
Kingery-Bulmash curves to calculate blast parameters for a given mass of TNT and standoff distance. It
automatically accounts for the angle of incidence and determines whether the surface is subjected to incident or
reflected pressure.

Limitations: CONWEP assumes a clear "line of sight" between the source and the target. It cannot account for
shadowing effects (where one object protects another) or the confinement effectsfound in internal explosions or
urban canyons.

2.The Coupled Eulerian-Lagrangian (CEL) Approach

For high-fidelity simulations where the blast medium (air, water, or soil) undergoes extreme deformation, the CEL
method is the industry standard. In this approach:

e The Eulerian Domain (the fluid) remains fixed in space while the material flows through the mesh. This
prevents the mesh distortion errors common in standard Lagrangian FEA.
e The Lagrangian Domain (the structure) moves and deforms within the Eulerian mesh.

CEL is essential for simulating underbelly blast eventson vehicles, where the soil interaction and gas expansion
are highly non-linear. It captures the momentum transfer from the soil ejecta to the hull, which empirical models
often miss.

3. Smoothed Particle Hydrodynamics (SPH)

SPH is a meshless method where the medium is represented by a set of discrete particles. It is particularly useful
for modeling underwater explosions (UNDEX)and the fragmentation of casings. While accurate for extreme
splashing or fragmentation, it requires careful calibration of particle density and kernel functions.

Technical Comparison of Blast Modeling Methods

The following table summarizes the key differences between the primary numerical approaches used in Abaqus for
blast analysis.



Feature CONWEP (Empirical) CEL (Physics-Based) SPH (Meshless)

Computational Cost Very Low Very High High

Complexity of Setup Simple (Point Source) Complex (Fluid Domain) Moderate

Fluid-Structure Interaction One-way (Load only) Two-way (Full FSI) Two-way (Contact-based)
Accuracy for Near-Field Low to Moderate Very High High

Best Use Case Far-field open-air blasts Buried mines, urban Fragmentation, UNDEX

environments

Material Modeling at High Strain Rates

The response of a material to a blast load is drastically different from its response to static loads. Most metals
exhibit strain-rate sensitivity, where their yield strength increases as the loading rate increases. To capture this in
Abaqus, engineers use specific constitutive models.

The Johnson-Cook (J-C) Plasticity Model

The Johnson-Cook model is widely used for modeling the thermo-plastic behavior of metals under high strain rates.
The yield stress is expressed as:

<207 2"fu_p)*n] *[1 + C In(;U+ ate*)] * [1 - (T*)"m]
Where:

e A, B, n: Strain hardening constants.

e C: Strain rate sensitivity constant.

¢ m: Thermal softening constant.

e ;U+ ate*: Dimensionless plastic strain rate.

By defining these parameters in the *PLASTIC, HARDENING=JOHNSON COOK and *RATE DEPENDENT
options in Abaqus, the simulation can accurately predict whether a plate will undergo plastic deformation or brittle
fracture during the microsecond duration of the blast.

Cowper-Symonds Model

An alternative for simpler rate-dependency is the Cowper-Symonds relation. It scales the static yield stress based
on the strain rate using two empirical constants, D and q. This is frequently used for structural steels (e.g., DH36)
used in naval stiffened plates.

Case Study: Blast Loading on a Stiffened Square Plate

Stiffened plates are the primary structural elements in ship hulls and armored vehicle floors. A common exercise in
Abagqus involves assessing the deformation of a square plate reinforced with T-sections or flat bars.

Step-by-Step Simulation Workflow

1. Geometry Generation: Create the base plate and the stiffeners. In Abaqus, these are typically modeled as
3D shells (S4R elements) to optimize computational efficiency while maintaining bending accuracy.
2. Material Definition: Assign high-strength steel properties with Johnson-Cook plasticity and a Damage



Initiation criterion (e.g., Ductile Damage) to simulate potential tearing at the welds.
3. Assembly and Constraints: Use Tie constraints to attach the stiffeners to the plate. Ensure the boundary
conditions represent a "Clamped" (ENCASRE) state on all four edges to simulate the surrounding hull structure.
4. Loading:

For a far-field blast: Use *INCIDENT WAVE INTERACTION with the CONWEP property. Define the standoff
distance and TNT equivalent mass.
5. For a near-field blast: Create an Eulerian domain around the plate. Use the *INITIAL CONDITIONS,
TYPE=PARTICLE SIZE to define the explosive volume (Jones-Wilkins-Lee or JWL equation of state).

Simulating Underbelly Blast Events (Vehicle Survivability)

The Department of Defense and automotive engineers use Abaqus/Explicit to simulate IED strikes under vehicles.
This is a "multi-physics" problem involving soil, air, and the vehicle's structural hull.

Soil Modeling

Soil behaves as a fluid-like medium under blast conditions. The Drucker-Prager or Modified Drucker-Prager/Cap
models are used to define the soil's shear strength and compaction. When a mine detonates, the explosive gases
expand, compressing the soil and creating a high-velocity "soil slug" that impacts the vehicle floor.

Energy Dissipation and Mitigation

Simulations allow engineers to test V-shaped hulls. A flat-bottom hull captures the full momentum of the blast,
whereas a V-hull deflects the gas and soil ejecta outward, significantly reducing the vertical impulse transmitted to
the occupants. Using Abaqus, one can measure the Dynamic Deflection Time Historyof the floorpan and
compare it against injury criteria (e.g., the DRI - Dynamic Response Index for spinal injury).

Troubleshooting and Best Practices

Simulating blasts is notoriously difficult due to convergence issues and high-energy oscillations. Follow these
technical guidelines for reliable results:

1. Mass Scaling

In Abaqus/Explicit, the time step is determined by the smallest element size. While Mass Scalingcan speed up
simulations, it must be used with extreme caution in blast events. Excessive mass scaling increases the inertia of
the structure, leading to an artificial reduction in deformation and inaccurate results.

2. Hourly Stiffness and Hourglass Control

When using reduced-integration elements (like S4R or C3D8R) under high-velocity impact, hourglassing
(unrealistic zero-energy modes) can occur. Use Enhanced Hourglass Controlto ensure the mesh remains stable
during the rapid deformation phase.

3. Contact Stabilization

Blast loads often force surfaces into high-speed contact (e.g., a floorplate hitting a seat frame). Use the General
Contact algorithm in Abaqus/Explicit, which is more robust for complex interactions than the older contact pair
approach. Ensure that the contact thickness is correctly accounted for to prevent initial penetrations.

Summary and Broader Engineering Implications

The ability to simulate blast loading in Abaqus/Explicit transforms structural design from a reactive process into a



predictive one. By utilizing empirical models like CONWEP for rapid prototyping and advanced CEL methodologies
for high-fidelity physics, engineers can optimize structures for survivability without the prohibitive costs of repeated
live-fire testing.

The technical workflow—ranging from the application of the Friedlander equation to the implementation of Johnson-
Cook material models—highlights the necessity of accounting for non-linearities in both material behavior and
geometric response. As computational power continues to scale, the integration of multi-scale modeling (where the
microstructure of the metal is considered alongside the macroscopic blast wave) will likely become the next frontier
in blast-resistant engineering. Ultimately, the accuracy of these simulations depends on the engineer's
understanding of the underlying physics and the meticulous selection of numerical parameters within the FEA
environment.
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