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Preface

This thesis is submitted in partial fulfilment of the requirements for the degree of
Philosophiae Doctor in Structural Engineering at the Norwegian University of Science and
Technology (NTNU). All work has been conducted at the Structural Impact Laboratory
(SIMLab) at the Department of Structural Engineering, NTNU, and at an indoor testing
facility operated by The Norwegian Estate Defence Agency (NDEA). The funding of
this thesis was provided by the Faculty of Engineering and the Centre for Advanced
Structural Analysis (CASA), appointed by the Research Council of Norway as a Centre
for Research-based Innovation (CRI).

The work was supervised by Associate Professor Vegard Aune as the main supervisor,
and by Professor Tore Børvik as the co-supervisor. The thesis consists of five parts,
represented as an article collection. Part 1 is published in an international peer-reviewed
journal, while Part 2 and Part 3 are published in international conference proceedings.
Part 4 and Part 5 are both submitted for possible publication in international peer-reviewed
journals. The synopsis motivates and binds together each of the five contributions in this
thesis. The first author has performed all experiments, numerical work, and prepared
the manuscripts with guidance of the supervisors and the co-authors. The experiments
presented in Part 5 were performed together with Knut Ove Hauge and Ole Vestrum at
NDEA.

Benjamin Stavnar Elveli
Trondheim, Norway
November 21, 2022
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Abstract

This thesis studies the effects of combined fragment impact and blast loading on thin steel
plates. It is here assumed that the fragments strike before the arrival of the blast wave.
The fragments are represented through pre-cut defects of idealized geometries and by
ballistic impact holes in the target plates before the exposure to blast loading.

The effects of strength versus ductility on the dynamic response and fracture resistance of
thin steel plates were investigated by studying plates with and without pre-formed defects
exposed to blast-like loading conditions in a shock tube facility. Several geometries of
the pre-formed defects were tested and compared using three different plate materials of
target plates, i.e., two dual-phase steels and one martensitic steel. The three materials had
different work hardening, an incremental increase in yield strength and a corresponding
decrease in elongation to failure. The material with the highest strength and lowest
elongation to fracture consistently resulted in the largest resistance to plastic deformation
and lowest resistance to fracture.

Fragment impact in thin steel plates typically results in perforation with surrounding
plastic deformations and damage to the material. To investigate the effect of more realistic
pre-formed defects, target plates exposed to high-velocity impact were compared to target
plates containing pre-cut circular holes during blast loading. To establish a controllable
and measurable test environment, the ballistic impact was conducted using small-arms
projectiles fired from a fixed rifle. The blast load was applied separately in a shock tube
facility. Even though the pre-cut holes and the ballistic impact holes were both circular
with similar diameters, the ballistic impact holes introduced small petalling cracks and
plastic deformations to the material around the perforation hole. As expected, crack
propagation during blast loading initiated at these petalling cracks. The target plates
exposed to ballistic impact showed reduced fracture resistance compared to the target
plates with pre-cut circular holes. An interesting observation was that this became more
pronounced with increased material strength.

To increase the complexity of the blast environment, the target plates were exposed to
partially confined detonations of C-4. This study was limited to only one plate material,
where the target plates contained either pe-cut circular holes or holes from ballistic impact.
Compared to the loading conditions from the shock tube, the partially confined detonations
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resulted in a much higher peak reflected pressure and a significant reduction of the positive
duration phase. The corresponding pressure fields showed large time-dependent variations
on the blast-exposed area of the target plates. Despite the changes in blast environment,
no additional differences between the two plate configurations were observed. All blast
tests were successfully measured both in terms of plate response and the corresponding
pressure measurements. The global plastic deformations of the target plates showed a
final deformed shape of a global dome with a superimposed local dome.

The extensive dataset collected from the blast tests was used for the validation of various
numerical techniques for modelling and simulation of blast loaded plates. The simulations
with the best agreement to the experimental findings, were the shock tube experiments.
That is, in the case where the numerical simulations were defined as purely Lagrangian
analyses with the blast load applied as prescribed pressure histories. As the complexity of
the blast environments increased for the partially confined detonations, both Arbitrary
Lagrangian-Eulerian (ALE) and particle-based simulations had to be applied to describe
the fluid-structure interaction (FSI) between the explosive, the confinement and the target
plate. Considerable deviations between the two numerical approaches were observed.
Compared to the experimental findings, the ALE simulations and the particle-based
simulations underestimated and overestimated the loading conditions with approximately
10 %, respectively.

This work provides insight into the behaviour, modelling and simulation of thin steel
plates subjected to blast loading. Parameters influencing the dynamic response have been
identified and investigated. The experimental dataset is therefore well suited to evaluate
more numerical methods and develop new computational methods in future studies.

This work also confirms the trade-off between CPU time and accuracy in the numerical
modelling and simulation of combined fragment impact and blast loading. That is,
simulations of fragment impact require a very fine discretization of the target plate to
obtain reliable predictions, while simulations of the blast response have to use a coarser
mesh to run within a reasonable CPU times. This is challenging when modelling the
combined effect of fragment impact and blast loading of plated structures, especially if a
realistic fracture mode from the ballistic impact and a feasible CPU cost during the blast
loading phase of the simulation are important.

The main finding of this work is that fragment impacts prior to blast loading can
significantly reduce the blast resistance of thin steel plates. Particularly in the case of
high-strength, martensitic steel plates.
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Synopsis
1 Introduction

Explosions can occur in a variety of environments, either created by accidents or
intentionally. The rapid release of energy during an explosion and the following blast wave
propagation may accelerate objects within the blast’s vicinity to high velocities, as shown
in Figure 1.1. Such objects could be parts initially contained within the explosive device
(such as fragments from a ruptured casing, ball bearings, etc.) or they can originate from
external objects (e.g., gravel, rocks, or debris from surrounding structures). This makes
structures located in the vicinity of the point of detonation prone to the combined effect
of fragment impact and blast loading. The accelerated objects can impact the structure
before, during, or after the arrival of the blast wave, depending on the distance to the
explosive charge [1], as illustrated in Figure 1.3. In fact, the combined effects of fragment
impact and blast loading have been shown to be more severe than one of the two loading
cases acting alone [1–4]. In scenarios where fragments impact the structure before the
arrival of the shock wave, the fragments may reduce the structural integrity. This means
that the blast loading could act on a pre-damaged structure containing weak points for
initiation of fracture. Therefore, the cases where the fragment impact occurs before the
blast wave are assumed to give the highest damage potential [5].

Historically, the scope of blast resistant design has been focused on massive military
structures and government buildings [6]. Therefore, concrete structures have been the
preferred choice for blast protection, where concrete slabs exposed to combined fragment
impact and blast loading have been the subject of many studies in the past few decades (see
e.g., [7–11]). However, civilian engineering structures are often architectural, lightweight,
and flexible, and studies on thin-walled metallic components are therefore of interest
(see e.g. [12, 13]). Compared to massive concrete structures, lightweight and flexible
components can undergo large plastic deformations without experiencing material fracture.
The energy absorbing mechanisms and the structural response during blast loading of
such structures typically depend upon the design and properties of the specific structure
under consideration. As a consequence, it is difficult to establish universal guidelines
for protective design of flexible and lightweight structures in today’s design codes. By
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Figure 1.1: Detonation of a vehicle borne improvised explosive device, illustrating accelerated
fragments moving together with the shock wave. The propagation of the shock wave is indicated
with the white arrows. Courtesy of The Norwegian Defence Estate Agency (Forsvarsbygg).

Figure 1.2: Detonation of a cased explosive, illustrating fragment impact before the arrival of
the shock wave. The propagation of the shock wave is indicated with the white arrows, and
the fragment impact with a red circle. Courtesy of The Norwegian Defence Estate Agency
(Forsvarsbygg).

assuming the fragments to strike before the arrival of the blast wave, the loading scenario
may be decomposed into two sequential loading events. With this assumption, the
combined loading effect can be studied by evaluating the dynamic response of structures
with pre-cut defects, representing the reduced structural integrity from the fragment
impact [13–17]. Such studies avoid all uncertainties related to the fragment impact itself,
and impose well defined geometries to be studied under the exposure to blast loads. It has

2



been shown that the size, shape, number, and distribution of the pre-cut defects strongly
affect the fracture resistance during blast loading. However, the loading conditions from
combined fragment impact and blast loading consist of three main contributors [1, 2]:

1. The pressure history from the blast wave, activating a global response of the
structure.

2. The momentum transferred from the fragments, activating a global response of the
structure.

3. Local damage to the structure in the vicinity of each fragment impact, reducing the
global load carrying capacity of the structure.

It is emphasized that the studies on target plates with pre-cut defects represent idealized
geometries with no surrounding material damage or plastic deformations, as one would
expect from a real fragment impact. The transferred impulse from the fragments is also
neglected, and the simplified approach could lead to non-conservative approximations
of the combined loading effect. However, there are cases where the fragment impulse
may be neglected, based on the ratio between the blast and the fragment impulse [1, 5].
In cases where only a few fragments impact the structure, their impulse contribution
typically becomes negligible, and only the local damage created by the fragments needs
to be considered.

Figure 1.3: Time of arrival for the blast wave and fragments plotted as functions of the stand-off
distance for a 250 kg GP-bomb, taken from [2].

For thin-walled metallic structures, blast loading and high-velocity fragment impact result
in two distinctly different deformation responses. The pressure history from a blast load
may last for several milliseconds [18], acting over a large area, resulting in a global
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deformation response of the structure. On the contrary, a high velocity fragment impact
event generally has a much shorter duration, and activates mostly local deformations in
the impact zone. Consequently, this leads to large local strains and high strain rates under
adiabatic conditions in the case of fragment impact, whereas a blast load gives more
moderate strains and strain rates. The different nature of a high velocity fragment impact
and a blast load may result in different requirements of the desired material properties for
a protective structure. For metallic components, both ballistic impact and blast loading
evaluated separately have been described successfully using an elastic-thermoviscoplastic
constitutive relation and a ductile fracture criterion [19, 20].

The expected failure mechanisms during a high velocity fragment impact is very similar
to that of a ballistic impact event. Børvik et al. [21] showed that the ballistic perforation
resistance of steel plates increases almost linearly with the yield stress of the target material.
In a recent study on blast-loaded aluminium plates, Granum et al. [14] showed that both
material strength, work hardening, and ductility strongly affected the blast resistance.
From a protective point of view, a common understanding for metallic components is
that higher strength leads to better protection. High strength is generally accompanied by
low ductility, and the trade-off between strength and ductility has been a long-standing
dilemma in materials science [22]. Thus, it is not given that higher strength leads to
increased protection against combined fragment impact and blast loading.

To fully understand the various effects of combined fragment impact and blast loading,
experimental studies are ideal, as they represent the actual physics of the problem.
Furthermore, theoretical and numerical methods must be validated against experimental
data to ensure that they provide reliable predictions. Testing on full-scale prototype
structures is normally considered too expensive, time-consuming, and infeasible. Hence,
controlled small-scale experiments on plated structures have significant potential to
improve our fundamental understanding of the combined effect of fragment impact and
blast loading.

Detonating cased explosives is probably the most obvious way to produce a loading
scenario consisting of high-velocity fragments and a blast wave. The shape and distribution
of the fragments are dependent upon the fracture process of the casing. Moreover, the
resulting pressure history of the blast wave is reduced to create and accelerate the fragments
[23]. Because of the potentially dense cloud of flying fragments, it is also challenging
to position pressure sensors and cameras close to the blast-loaded structure without
destroying the measuring equipment. In other words, detonation of cased explosives can
often result in non-repeatable experiments that are difficult to monitor.
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Researchers and practitioners have therefore tried to establish controlled, robust and
reliable experimental setups to study the combined effects of fragment impact and blast
loading. Cai et al. [24] detonated cylindrical charges with pre-fabricated square fragments
attached to the bottom face of the explosive. A similar approach was explored by Del
Linz et al. [9], where several ball bearings were applied instead of pre-fabricated square
fragments. Using high-speed cameras, the ball bearing velocities were measured right
before impact, and the location of each impact was determined by visual inspection
after the combined loading event. Langdon et al. [25] developed a novel experimental
technique where one single ball bearing was placed at the bottom centre of a cylindrical
explosive charge. The impulse from the ball bearing and the blast wave was successfully
decomposed into two separate contributions from the experiments. A similar setup was
established by Atoui et al. [26], where a solid explosive with an embedded steel sphere
was detonated at the entrance of an explosive driven shock tube. The objective of the
setup was to control the time interval between the arrival of the steel sphere and the
shock wave at the blast-loaded target. The experimental setup succeeded in creating
repeatable loading conditions, where the spatiotemporal evolution of both the shock and
the sphere were recorded using an optical measurement technique. A recent study by Li et
al. [12] suggested an experimental technique to replicate the scenario of combined blast
and impact loading without the use of actual blast experiments. A composite projectile
consisting of an aluminium foam cylinder with a hollow mid-section filled with a blunt
steel projectile was fired against thin steel plates using a gas gun facility. The impact of
the outer aluminium foam resulted in a uniformly distributed pressure across the thin steel
plate, while the blunt projectile represented the impact from one single fragment. The
difference in the arrival times for the projectile and the aluminium foam was adjusted by
changing the depth of the hollow mid-section. The experimental results suggested that
the composite projectile was able to generate a global deformation response (similar to
what is expected from a blast wave) and a projectile perforation.

The simplification of evaluating the fragment impact using one single object motivates
further development towards more controlled and repeatable experimental studies. By
further assuming the global impulse transfer from the fragment impact to be negligible
compared to the impulse of the blast pressure, the two loading events could be evaluated
separately. This enables more detailed studies on the effect of the material damage
surrounding a fragment impact hole on the blast resistance.

From a numerical point of view, establishing computationally efficient and accurate
models describing both a fragment impact and a blast load are generally a challenging task.
As a fragment impact represents a localized phenomenon with large plastic strains and
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strain rates, a fine discretization is required for an accurate description of the perforation
event [27, 28]. For the perforation of thin-walled structures with high-velocity fragments,
the full loading event has a short duration, which gives a reasonable CPU time, even for a
fine discretization. The blast load needs to be evaluated over a much larger time-span due
to a slower global dynamic response. Combining a sufficiently fine discretization for a
fragment impact event with the required run time for a blast load could lead to excessive
CPU costs, and a trade-off between accuracy and efficiency must be considered.

Another challenge in blast-loaded and flexible structures is to obtain accurate measurements
of the actual pressure load acting on the deformable structure [29]. The pressure history
typically depends upon the location, size and type of the explosive material, as well
as geometrical surroundings. Additionally, the deformation history of the blast-loaded
structure has also been shown to affect the loading [30, 31]. Perforations may also
serve as venting holes, affecting the pressure build-up of the blast-loaded structure [17,
32]. With respect to the geometrical surroundings, it has been shown both numerically
and experimentally that internal blast loads impose amplified pressure histories [32–
34] and significantly increased damage potentials compared to free field detonations
[35]. To capture fluid-structure interaction (FSI) effects from a potential confinement
or by the structural deformation itself, more advanced modelling and simulations are
required. Hence, the need for experimental validation becomes even more important for
increased numerical complexity [36]. In turn, validated numerical models can be a helpful
tool for improving existing experimental setups and to identify ”worst-case” scenarios.
This motivates predictable and well-defined experimental and numerical studies on the
combined fragment impact and blast loading in various blast environments.
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2 Objectives and scope

2.1 Objectives

The main objective of this PhD project was to gain new knowledge and a better under-
standing of combined fragment impact and blast loading of thin steel plates. Special
emphasis will be placed on designing controlled and reliable experiments to study such
loading events and to validate state-of-the-art numerical methods. Validated numerical
models are helpful for both evaluating and improving the experimental setups, as well as
gaining a better understanding of the complex loading events.

The overall research objectives are:

• Conduct a critical and thorough review of the literature in testing, behaviour,
modelling and simulation of combined fragment impact and blast loading events.

• Generate an experimental dataset covering combined fragment impact and blast
loading through controlled and repeatable tests in laboratory environments. The
fragment impacts will be represented by traditional small-arms projectiles and by
manufacturing pre-formed defects in thin steel plates prior to the blast loading.

• Use the experimental dataset as basis of comparison to evaluate the predictive
capabilities of the computational methods typically used in blast-resistant design.

• Study the influence of material behaviour (strength, work hardening and ductility)
in loading scenarios covering fragment impact prior to the blast loading. Three
different materials were considered, i.e., two dual-phase steels (Docol 600DL and
Docol 1000DP) and one martensitic steel (Docol 1400M).

• Perform experimental and numerical investigations on the effect of fragment impact
prior to blast loading during more complex blast loading conditions than those
generated in a shock tube facility. This was obtained by exposing the target plates
to blast loading from explosive charges of Composition C-4 inside a steel tube. The
target plates were clamped to one of the tube flanges, whereas the other end was
kept open in an attempt to obtain partially confined loading conditions.

7



2.2 Scope

Due to the wide range of topics related to the testing, behaviour, modelling and simulation
of plated structures subjected to combined fragment impact and blast loading, it was
necessary to impose some limitations on the proposed work:

• The test setups were limited to thin steel plates in controlled and repeatable
laboratory environments. The majority of the experiments were performed at
SIMLab, Department of Structural Engineering, NTNU. All ballistic tests were
conducted in the SIMLab Gas Gun Facility (SGGF), while the blast loading was
generated using the SIMLab Shock Tube Facility (SSTF). In addition, some blast
tests were conducted using live explosives in an indoor testing facility owned by
the Research and Development Section of the Norwegian Defence Estate Agency
(NDEA).

• The material modelling of the steel plates was limited to an isotropic and elastic-
thermoviscoplastic behavior with an uncoupled, ductile fracture model. The
material parameters governing the quasi-static behavior of the steel materials were
determined from material tests. The dynamic behaviour of the materials was
determined from previous works available in the open literature.

• The numerical framework for the blast simulations mainly consists of two different
models. First, a model describing the SSTF experiments, and second, a model
including the detonation of high explosives. The modelling of the shock tube
experiments was defined through purely Lagrangian simulations where the blast
loading was applied as pressure histories obtained from previous experiments. The
detonation of high explosives was represented as an Arbitrary Eulerian-Lagrangian
(ALE) model, with a multi-material description of the fluid domain. All material
parameters for the high explosive and air were taken from validated models in the
open literature.

• All numerical techniques were limited to those available in the commercial finite
element software. Simplifications were introduced when necessary to ensure
computational efficiency.
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3 Research methods

A schematic overview of the research methods used in this thesis is given in Figure 3.1.
The methodology was based on the research infrastructure already available at SIMLab,
Department of Structural Engineering, NTNU, and an indoor testing facility operated by
the Norwegian Defence Estate Agency (NDEA). The objectives presented in Section 2.1
were studied by the following steps:

1. An extensive dataset of experiments was established by performing blast tests in the
SSTF on target plates containing pre-cut defects of different idealized geometries. In
addition, the effect of changes in material strength, work hardening and ductility was
investigated by conducting quasi-static material tests for all tested plate geometries.

2. More realistic perforations were introduced in the steel plates by firing small-arms
projectiles in SIMLab’s ballistic range prior to the blast loading in the shock tube.
The effect of more realistic perforations was evaluated by comparing the response of
target plates containing an initial ballistic impact hole to target plates with a pre-cut
circular hole. This was done in an attempt to isolate the effect of material damage
around the ballistic impact holes, compared to pre-cut holes with an idealized,
circular geometry.

3. The influence of a more complex loading environment was studied by exposing the
target plates to blast loading from an explosive charge of Composition C-4 inside a
steel tube. The target plates were clamped to one of the tube flanges, whereas the
other end was kept open. The effect of the loading environment was then evaluated
on the target plates with initial ballistic impact holes and pre-cut circular holes.

4. All blast tests were monitored using several pressure sensors synchronized with
two high-speed cameras in a stereovision setup. Three-dimensional digitial image
correlation (3D-DIC) was used to determine the dynamic response of the target
plates.

5. All numerical models and simulations were validated against the experimental
observations, focusing on both the predictive capabilities and the limitations of the
methods under consideration.
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Figure 3.1: An overview of the research methods and work done in this PhD thesis.
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4 Summary

This thesis is based on a collection of five papers, i.e., three journal articles and
two conference papers. One journal article is already published in an international
peer-reviewed journal, while the two others are prepared and submitted for possible
journal publication. Two conference papers were published in international conference
proceedings. A brief summary of each article is given in this section.

4.1 Part 1

[1] B. S. Elveli, M. B. Iddberg, T. Børvik and V. Aune (2022). On the strength-ductility
trade-off in thin blast-loaded steel plates with and without initial defects - An
experimental study. Thin-Walled Structures 171, 108787.

Increased material strength is commonly associated with better protection in blast-resistant
design. However, higher material strength comes at the cost of reduced ductility, and it is
still not clear how this trade-off affects the load carrying capacity of blast-loaded structures.
This work presents an experimental investigation of the strength-ductility trade-off on
the dynamic response of thin steel plates subjected to blast-like loading conditions. Two
different plate materials were applied for this purpose; one dual-phase, medium-strength,
high-hardening steel, and one martensitic, high-strength, low-hardening steel. Seven plate
geometries with various pre-formed defects were tested for both materials, triggering
distinctly different deformation and fracture modes in the plates. In total, six different
blast intensities were applied, and all tests were recorded using two high-speed cameras
synchronized with pressure measurements. 3D-DIC measurements were used to track the
mid-point displacement and deformation profile of the target plates until fracture.

For plates without defects, the high-strength, low-hardening steel resulted in the smallest
deflections for a given load. However, for plates with pre-formed defects, the medium-
strength, high-hardening steel showed a superior resistance to fracture. The geometry of
the pre-formed defects was found to significantly influence the global deformation, the
resistance against crack propagation, and the fracture mode.
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4.2 Part 2

[2] B. S. Elveli, T. Børvik and V. Aune (2021). Influence of material properties on
the performance of blast-loaded steel plates with pre-cut defects. In: Proceedings
of DYMAT 2021 - 13th International Conference on the Mechanical and Physical
Behaviour of Materials under Dynamic Loading, 02028. September 20-24, Madrid,
Spain

Experimental and numerical investigations are carried out to determine how thin steel
plates with pre-cut defects behave under blast loading. The defects considered in this
study are represented by four square holes, symmetrically distributed around the centre
of the target plates. The target plates were manufactured from two types of steel, i.e., a
dual-phase medium strength steel and a high-strength martensitic steel. A shock tube
facility was used to expose the plates to blast-like loading conditions.

The experiments showed that both the blast resistance and the corresponding fracture
mode changed with material properties. Numerical simulations were performed using
the finite element code LS-DYNA, where the numerical results were found to be in
good agreement with the experimental data in predicting the ductile fracture during the
blast-structure interaction. The numerical simulations confirmed that significant work
hardening will distribute the plasticity throughout the plate material during deformation,
while limited work hardening tends to localize the plasticity that results in earlier fracture.

4.3 Part 3

[3] B. S. Elveli, T. Børvik and V. Aune (2019). Blast-load response of thin steel plates
after ballistic impact from small-arms projectiles. In: proceedings of Light-Weight
Armour Group for Defence and Security (2019), 166-175. October 8-9, Roubaix,
France

This paper investigates the dynamic response of 0.8 mm thick steel plates exposed to
a combination of ballistic impact and blast loading. Two different materials, i.e., a
medium-strength (Docol 600DL) steel and a high-strength (Docol 1400M) steel, were
studied, and special focus was placed on the influence of material strength, work hardening
and ductility. Docol 600DL has a yield stress of 325 MPa and exhibits significant work
hardening and ductility, while Docol 1400M has a much higher strength with a yield
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stress of 1200 MPa, but less work hardening and ductility. The loading of the plates was
applied in two stages. First, ballistic impact tests using a smoothbore 7.62 Mauser rifle
and APM2 bullets were conducted to perforate the plates at selected points. Second, the
impacted plates were tested against blast loading in a shock tube. Both tests were recorded
using high-speed cameras. For the blast-loading event, the high-speed cameras were
used together with 3D-DIC for a detailed representation of the dynamic response of the
plates. In addition, numerical results obtained from Abaqus/Explicit were compared and
discussed against the experimental findings. Special focus was given to the pre-damage
caused by the bullet impact and its effect on the cracking of the plate during the subsequent
blast-loading tests.

It was found that the crack initiation and the direction of the crack propagation during blast
loading were strongly dependent on the initial cracks and damage from the ballistic impact
tests. Further, the plates with the highest strength and lowest ductility (Docol 1400M)
showed less resistance against the subsequent blast load compared to the medium-strength
(Docol 600DL) plates with higher ductility. The numerical simulations were found to be
in good agreement with the experimental findings.

4.4 Part 4

[4] B. S. Elveli, T. Berstad, T. Børvik and V. Aune. (2022). Performance of thin blast-
loaded steel plates after ballistic impact from small-arms projectiles. Submitted
for possible publication to International Journal of Impact Engineering.

It is known from real blast-load events that the combined effect of fragment impact and
blast loading is more severe than the effect of the blast loading alone. The present study
investigates this effect by comparing the blast response of thin steel plates pre-damaged
by either ballistic impacts or idealized pre-cut circular holes under similar blast loading
conditions. The ballistic impacts were performed with a rifle, firing 7.62 mm APM2
projectiles, and the subsequent blast loading was applied in a shock tube facility. During
the blast tests, pressure measurements and two high-speed cameras were used to record the
dynamic response of the target plates and allowed for a reliable experimental procedure.
To investigate the strength-ductility trade-off dilemma of the material during extreme
loading, three different steels with different levels of strength and ductility were used in
the tests. Numerical simulations were conducted in an attempt to obtain more insight into
the fracture characteristics of the plates.
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For similar loading conditions and material, the target plates exposed to ballistic impact
showed a reduced resistance to fracture during blast loading compared with target plates
containing pre-formed circular holes. As for the effect of material strength and ductility,
the global deformation decreased, while the localization of plasticity increased, with
an increased material strength. The fracture resistance was also observed to decrease
with increased material strength. The numerical models were able to capture the main
trends observed in the physical tests, i.e., a decrease in fracture resistance with initial
ballistic impact, and a reduction in fracture resistance with increased material strength.
The numerically predicted crack paths also showed a strong dependence upon the initial
cracks caused by the petals from the ballistic impacts.

4.5 Part 5

[5] B. S. Elveli, O. Vestrum, K. O. Hauge, T. Berstad, T. Børvik and V. Aune. (2022).
Thin steel plates exposed to combined ballistic impact and partially confined airblast
loading. Submitted for possible publication to Engineering Failure Analysis.

Pre-formed defects created by high-velocity impact have the potential to reduce the
structural integrity of lightweight, flexible structures. This study evaluates the effect of
realistic pre-formed defects in thin steel plates exposed to partially confined detonations.
Target plates containing pre-cut circular holes with a diameter of 8.0 mm are compared
to target plates exposed to an initial ballistic impact from 7.62 mm APM2 projectiles.
The target plates were exposed to blast loading generated from detonating C-4 inside a
steel tube. The stand-off distance was fixed and set equal to the tube radius, where the
rear end of the tube was kept open. All blast tests were recorded with several pressure
sensors, syncronized with two high-speed cameras monitoring the dynamic response
of the target plates. This allowed for a reliable experimental procedure, serving as a
benchmark for different numerical methods. For similar loading conditions, the target
plates containing initial ballistic impact showed a reduced fracture resistance during blast
loading compared to the target plates with pre-cut circular holes. Two different numerical
approaches were tested and compared, i.e., a purely Lagrangian particle-based approach
and a fully coupled simulation using an ALE description of the blast domain. The ALE
simulations were found to underestimate the structural response, while the particle-based
approach overestimated the structural response.
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4.6 Conference contributions

The work with this thesis has also resulted in the following presentations at international
conferences:

[6] B. S. Elveli, T. Børvik, V. Aune (2019). Blast-load response of thin steel plates
after ballistic impact from small-arms projectiles. Presented at the Light-Weight
Armour Group for Defence and Security, LWAG, October 8-9, Roubaix, France.

[7] B. S. Elveli, T. Børvik, V. Aune (2021). Influence of material properties on the
performance of blast-loaded steel plates with pre-cut defects. Presented at DYMAT
2021 - 13th International Conference on the Mechanical and Physical Behaviour of
Materials under Dynamic Loading, Online attendance, September 20-24.

[8] B. S. Elveli, T. Børvik, V. Aune (2022). Blast resistance of pre-damaged steel plates.
Presented at ICILSM 2022 - 3rd International Conference on Impact Loading of
Structures and Materials, June 13-17, Trondheim, Norway.
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5 Conclusions

The effect of combined fragment impact and blast loading on thin steel plates has been
investigated through an extensive experimental campaign and numerical simulations. The
main findings and conclusions are summarized below.

• Experimental and computational frameworks are successfully established, enabling
controlled and reliable studies on combined fragment impact and blast loading on
plated structures. These frameworks have been used to perform both experimental
and numerical studies on thin steel plates, where the experimental data has served
as a basis for evaluation of the numerical simulations. The experiments and
simulations provide valuable insight into the behaviour, modelling, and simulation
of plated structures exposed to combined loading effects. Parameters influencing
the dynamic response of the plates have been investigated and identified.

• As expected, pre-cut square holes and slits with idealized geometries resulted in
larger global deformations and significantly reduced fracture resistance during blast
loading compared to target plates without defects.

• The target plates with ballistic impact holes consistently experienced fracture at
lower blast intensities than the plates with pre-cut circular holes. The failure modes
were also affected by the material damage in the vicinity of the ballistic holes, where
the petalling cracks initiated the crack propagation during blast loading. When
fracture did not occur, the global deformations of the target plates with pre-cut
circular holes and ballistic impact holes were similar to those without pre-formed
defects.

• In the case of pre-formed defects, the blast resistance decreased with increasing
material strength. The plate material with the lowest yield strength showed the
highest level of work hardening, the lowest hardening rate and the largest engineering
and true plastic fracture strains. As work hardening distributes plastic deformations
over a larger area, this reduces localization of plasticity leading to an increased
engineering failure strain. However, this work does not contain sufficient evidence
to conclude whether it is the work hardening or the true plastic fracture strain of the
material that is the most prominent factor for the fracture resistance.
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• The partially confined detonations succeeded in creating a more complex loading
environment. Compared to shock tube tests, the overall trend was that these explosive
detonations provided an increase in peak pressure by a factor of approximately 10
and a reduction in the duration of the loading event by a factor of 70. The partially
confined detonations also resulted in highly non-uniform pressure distributions
across the blast-exposed area of the target plates.

• Despite the significant changes in the blast loading environment, the trend in global
deformation and fracture resistance were the same as when evaluating the target
plates with idealized pre-cut circular holes, ballistic impact holes, and plates without
defects. That is, the change in loading environment did not change the overall
conclusions from the shock tube tests in terms of plate response. Thus, the target
plates with ballistic impact holes failed at lower blast intensities than the plates
with idealized pre-cut circular holes. Moreover, the petalling cracks initiated the
crack propagation during blast loading.

• For all simulations of the shock tube tests, the predictions generally coincides
well with the experimental findings by the use of purely Lagrangian analyses.
Provided that fracture did not occur, it was observed a slight increase in magnitude
of permanent deformation (approximately 10%) in the simulations compared to
the experimental observations. This was expected because the simulations neglect
fluid-structure interaction (FSI) effects, and the applied pressure histories are
obtained in separate tests on rigid target plates.

• As the complexity of the blast environment was increased from shock tube tests to
performing partially confined detonations of C-4, the purely Lagrangian analyses
were replaced by arbitrary Lagrangian-Eulerian (ALE) simulations and a Lagrangian
particle-based approach. This resulted in larger deviations from the experimental
findings. The structural response during blast loading was underestimated by
approximately 10% with the ALE simulations, and overestimated by approximately
10% with the particle simulations.

• The numerical simulations did not provide accurate predictions of the fracture mode
caused by the ballistic impact using the Cockcroft-Latham (CL) failure criterion
in combination with a temperature criterion for coarse mesh sizes. To capture the
experimentally observed petalling cracks during ballistic impact, a strain-based
failure criterion was included in addition to the CL criterion to erode elements at
low triaxialities.
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• The findings in this work confirm the trade-off between computational (CPU) time
and accuracy in the numerical modelling and simulation of combined ballistic
impact and blast loading. That is, simulations of ballistic impact require a very fine
discretization of the target plate to obtain reliable predictions, while blast simulations
need to use a much coarser mesh to run within a reasonable computational time.
This is challenging when modelling the combined effect of fragment impact and
blast loading on plated structures, especially if a realistic fracture mode from the
ballistic impact and a feasible CPU cost during the blast loading phase of the
simulation are important.

• Hence, the extensive experimental dataset presented herein enables and motivates
the validation and development of computational methods on the combined effects
of fragment impact and blast loading.
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6 Suggested further work

Based on the work and findings presented in this thesis, the following is suggested as
further work:

• Conduct more detailed numerical simulations of the experiments in Part 1 of this
thesis (see Ref. [16]). Special emphasis should be placed on the influence of FSI
effects on the failure of the plates with pre-formed holes and pre-formed slits.

• Extend the experimental study to also include high-velocity impact from more
realistic fragments. The small-arms projectiles used in this thesis represent an ideal
geometry for perforation and more irregularly shaped fragments could result in
significantly different crack patterns around the perforation holes. More complex
crack patterns may lead to an increased loss of structural integrity.

• Thicker target plates will tend to avoid the numerical discretization issues encoun-
tered through the work in this thesis. For instance, by changing to aluminium
plates with slightly larger thickness, the deformation mode and magnitude may still
be comparable to the thinner steel plates. This may also prove beneficial to the
numerical work in Part 5, where an increased thickness of the target plates could
reduce the leakage issues in the ALE methods.

• Use numerical simulations to optimize the position of the pressure sensors for
experimental testing of confined detonations.

• Extend the numerical framework to explore recently implemented finite volume
solvers in the description of detonating high explosives. Such solvers are now
available in LS-DYNA through the Dual CESE module.

• Define studies to identify the effect of the saturated impulse on the dynamic response
of the blast loaded plates. The deformation response in blast loaded thin metallic
plates tends to depend upon a saturated portion of the impulse from the blast load.
This effect was not considered in detail in this thesis, but may be explored in an
attempt to reduce the CPU cost during the blast loading phase.
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• Other constitutive relations and failure criteria should be considered, in an attempt
to better predict ductile fracture at low triaxialities during the ballistic impact.

• This work also motivates studies on the performance of damage- or plasticity-based
adaptive mesh refinement (AMR) in an attempt to overcome the trade-off between
computational (CPU) time and accuracy in the numerical modelling and simulation
of combined ballistic impact and blast loading.

• Use anisotropic metals or even more advanced materials to study the influence of
heterogeneity in material parameters on the blast resistance of plated structures
subjected to combined fragment impact and blast loading.

• Further development of experimental techniques for more detailed studies on the
effect of combined fragment impact and blast loading. This may be achieved
using new experimental facilities allowing for the fragment and blast wave to
impact simultaneously; dynamic fragmentation of steel casing during a confined
explosion and the subsequent response of steel plates during such loading scenarios;
developing new experimental techniques to obtain more information from optical
measurements (e.g., flow visualization or reconstruction of pressure fields based on
3D-DIC measurements).
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A B S T R A C T

An increase in material strength is commonly associated with better protection in blast-resistant design.
However, higher material strength comes at the cost of reduced ductility, and it is still not clear how this
trade-off affects the load carrying capacity of blast-loaded structures. This work presents an experimental
investigation of the strength–ductility trade-off on the dynamic response of thin steel plates subjected to
blast-like loading conditions. Two different plate materials were applied for this purpose; one dual-phase,
medium-strength, high-hardening steel, and one martensitic, high-strength, low-hardening steel. Seven plate
geometries with various pre-formed defects were tested for both materials, triggering distinctly different
deformation and fracture modes in the plates. In total, six different blast intensities were applied, and all tests
were recorded using two high-speed cameras synchronized with pressure measurements. 3D-DIC measurements
were used to track the mid-point displacement and deformation profile of the target plates until fracture.
For plates without defects, the high-strength, low-hardening steel resulted in the smallest deflections for a
given load. However, for plates with pre-formed defects, the medium-strength, high-hardening steel showed
a superior resistance to fracture. The geometry of the pre-formed defects was found to significantly influence
the global deformation, the resistance against crack propagation, and the fracture mode.

1. Introduction

The protection of vital infrastructure against blast or impact loading
is still an active field of research (see e.g., [1–5]). In an urban envi-
ronment, industrial accidents and terrorist attacks both impose threats
of explosions in the proximity of civil engineering structures. Such
explosions may further result in a combined blast and impact loading,
consisting of a blast wave accompanied by fragments [6,7]. Depending
on the distance between the point of detonation and the structure, the
fragments may impact before, simultaneously, or after the arrival of
the blast wave [8]. If the structure is impacted by fragments prior to
the blast loading, these fragments may introduce initial damage and
perforations, reducing the structural integrity. It has been shown that
the combination of these two loads is more critical than the effect of
the blast or impact loading alone [9,10]. Despite these observations,
such combined loading scenarios are not covered by design codes and
few studies are available in the open literature.

Historically, the scope of blast-resistant design has been on massive
military structures and government buildings [11]. Concrete struc-
tures have therefore been the preferred choice for blast protection,

∗ Corresponding author at: Structural Impact Laboratory (SIMLab), Department of Structural Engineering, NTNU – Norwegian University of Science and
Technology, Trondheim, Norway.

E-mail address: benjamin.s.elveli@ntnu.no (B.S. Elveli).

where concrete slabs exposed to combined blast and fragment loading
have been a subject of several studies over the last few decades (see
e.g., [12–15]). Leppänen [12] studied concrete blocks exposed to the
combination of blast and fragment loading both experimentally and
numerically. Bearing balls were glued to explosive charges, and the
fragment velocities were measured using an accelerometer and an
impact sensor. Grisaro and Dancygier [13] conducted numerical inves-
tigations on the dynamic response of a one-way reinforced concrete
element exposed to the combination of blast and fragment loading,
where the numerical results were validated against experimental and
analytical results. Motivated by the potential amplification of damage
caused by the interaction between fragment impacts and blast waves,
Linz et al. [14] first studied concrete slabs exposed to the combination
of a cylindrical explosive charge and ball bearings as fragments before
examining the effect of cased explosives on reinforced concrete compo-
nents for protective structures [15]. It was found that the damage from
the combined loading was more severe than for the two cases evaluated
separately, which is in good agreement with the findings by Nyström
and Gylloft [10].

https://doi.org/10.1016/j.tws.2021.108787
Received 13 July 2021; Received in revised form 2 November 2021; Accepted 2 December 2021
Available online 20 December 2021
0263-8231/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).



B.S. Elveli, M.B. Iddberg, T. Børvik et al. Thin-Walled Structures 171 (2022) 108787

In contrast, civilian structures are often lightweight and flexible,
and the response of thin-walled metallic components are therefore of
interest (see e.g., [16–18]). Assuming that the fragments strike before
the arrival of the blast wave, Rakvåg et al. [16] investigated the effect
of different pre-cut defects in thin square Docol 600DL steel plates
subjected to a fast transient pressure loading. The defect shapes were
squares, diamonds, slits, and circular holes. All plates had four equal
defects symmetrically distributed around the centre, and it was found
that the defect shape and area had a significant influence on the
maximum deflection. It is however important to notice that the test
setup used in Ref. [16] did not result in a blast wave impacting the
target plates, but a rapid change in pressure on the two sides of the
target plate.

Inspired by the work of Rakvåg et al. [16], the response of Q345
steel plates with different pre-cut holes exposed to a blast load caused
by detonating a charge of TNT was studied by Li et al. [19]. The
explosive charge was placed at a fixed stand-off distance, while varying
the amount of TNT to control the blast intensity. The pre-formed defects
were included to imitate the effect of fragment impact prior to the blast
loading. Plates with square, circular, and diamond-shaped defects were
tested. For the plates with square and circular defects, no fracture was
observed for any of the applied blast intensities. On the contrary, all
plates with the diamond-shaped defect fractured during testing, and
it was concluded that the shape of the defect altered the capacity to
fracture.

Aune et al. [20] studied the dynamic response of thin Docol 600DL
steel plates subjected to blast loading. The study was conducted us-
ing a compressed gas-driven shock tube to generate a controlled and
repeatable blast environment [21]. Thin steel plates with and with-
out pre-formed defects were tested. Special focus was placed on the
influence of the pre-formed holes on the dynamic response and on
the fracture modes of the plates. The study indicated an increase
in global displacement for plates with pre-formed holes compared to
plates without pre-formed defects under similar loading conditions.

In protective design, a common understanding is that an increased
material strength leads to better protection (see e.g., [22,23]). Børvik
et al. [24] showed both experimentally and numerically that the ballis-
tic perforation resistance increases almost linearly with the yield stress
of the target material, while the dominant indicator for blast resistance
of ductile plates is less pronounced in the literature. Both Langdon
et al. [25] and McDonald et al. [26] suggested that the specific energy
to tensile fracture could serve as an indicator for the fracture resistance,
whereas McDonald et al. [26] further showed that high-strength steels
could outperform more ductile steels under blast loading.

Increased material strength is typically accompanied by reduced
ductility, and this strength–ductility trade-off has been a long-standing
dilemma in materials science [27]. Geometrical defects like sharp
notches and holes introduced by impacting fragments typically involve
stress concentrations and large local plastic deformations upon loading.
The presence of these local plastic deformations questions whether
ductility could be critical for the protection against combined blast
and impact loading. A recent study by Holmen et al. [28] on the
perforation resistance of high-strength aluminium plates indicates that
even though strength was observed to be the most important parameter
for perforation resistance, work hardening and ductility became in-
creasingly important in predicting the fragmentation of the target plate
material. Granum et al. [29] carried out experiments and numerical
simulations on the blast performance of 1.5 mm thick aluminium plates
with four different pre-formed defects. Three different tempers were
used to vary the material properties with respect to strength, work
hardening, and ductility. It was found that both the fracture mode
and the blast performance were sensitive to changes in the number,
spatial distribution, and orientation of the pre-formed defects, as well as
changes in material properties. These results indicated that the ductility
and work hardening were more important for the blast resistance than
the strength.

Steel is often preferred in protective structures due to its combina-
tion of high strength, high ductility and good formability, resulting in
an effective load carrying capability at a relatively low cost compared
to many other materials. The mechanical properties of steel result from
a combination of chemical composition, heat treatment and manu-
facturing process. Generally, dual-phase steels are characterized by a
microstructure consisting of hard martensitic islands, surrounded by
a softer ferrite matrix. The soft ferrite matrix provides high ductility,
while the hard martensite contributes to increased strength [30]. An
increased proportion of martensite therefore results in a strength–
ductility trade-off, leading to an increase in strength while decreasing
the ductility of the material.

Motivated by the observed trade-off between material strength and
ductility in recent studies [25,28,29], this study provides an unique
experimental dataset giving further insight on the strength–ductility
trade-off in thin, blast-exposed steel plates. A comprehensive experi-
mental campaign enabled detailed studies on the influence of material
strength and ductility on the performance of plates with different initial
defects (shape, number and spatial distribution). Two different steel
alloys being Docol 600DL and Docol 1400M were chosen to represent
medium- and high-strength steels, respectively. The main objectives of
this study are: (1) to provide new insight into the importance of the
material strength and ductility on the blast performance of thin, plated
structures with and without pre-formed defects; and (2) to establish a
comprehensive experimental dataset allowing for validation and further
development of computational methods in forthcoming studies.

2. Materials

2.1. Materials description

The materials investigated in this study were Docol 600DL and
Docol 1400M steels, produced by the Swedish manufacturer SSAB [31].
Both alloys are cold-rolled and available in a thickness range from
0.5 mm to 2.1 mm. Docol 600DL is a dual-phase, medium-strength,
high-hardening steel, while Docol 1400M is a martensitic,
high-strength, low-hardening steel. These materials are mainly devel-
oped for use in the automotive industry. The pure martensitic Docol
1400M material has a yield strength roughly 5 times higher than the
dual-phase Docol 600DL (see Table 2), whereas Docol 600DL has about
5 times larger elongation to fracture. The chemical composition and
nominal material parameters for both steels are given in Tables 1 and
2, respectively.

2.2. Material testing

Quasi-static tension tests were performed to characterize the me-
chanical response of the materials at large deformations. For the Docol
600DL material, the test results from Aune et al. [20] were adopted.
Quasi-static tension tests of the Docol 1400M material were carried
out using an Instron 5982 testing machine at a constant deformation
rate of 2.1 mm/min, using the same experimental setup as presented
in Ref. [20]. A uniaxial test specimen with a gauge area of 70 mm
× 12.5 mm was used (see e.g., Gruben et al. [32] for the specimen
geometry), giving an initial strain rate in the material of �̇�0 = 5 ⋅
10−4s−1. To investigate the material anisotropy, tensile specimens were
extracted at 0◦, 45◦ and 90◦ relative to the rolling direction of the
plates. A speckle pattern was applied to the surface of the tensile
specimens using an airbrush, enabling two-dimensional (2D) digital
image correlation (DIC) to obtain the displacement field on the surface
of the specimens during the post-processing of the images [33]. Global
strains were calculated from the displacement field using a virtual
extensometer with an initial length of 60 mm. The force was measured
by the load cell of the testing machine and synchronized with images
of the specimen surface captured at a sampling rate of 4 Hz.
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Table 1
Chemical composition of Docol 600DL and Docol 1400M (in wt.%). The data is taken from [31].
Material C Si Mn P S Al Nb+Ti

(max %) (max %) (max %) (max %) (max %) (min %) (max %)

Docol 600DL 0.10 0.40 1.50 0.010 0.002 0.040 –
Docol 1400M 0.20 0.40 1.60 0.020 0.010 0.015 0.10

Fig. 1. Stress–strain curves obtained from tension tests of the two materials: (a) engineering stress–strain curves and (b) true stress–plastic strain curve until diffuse necking.
Source: The curves for Docol 600DL are taken from [20].

Table 2
Nominal material parameters for the two materials under consideration as given by
SSAB [31]. Here, 𝐸 is the elastic modulus, 𝜈 is the Poisson’s ratio, 𝜌 is the density, 𝜎y
is the initial yield stress, 𝜎uts is the ultimate tensile strength, and 𝜀fail is the elongation
to fracture.

Material 𝐸 𝜈 𝜌 𝜎y 𝜎uts 𝜀fail
[GPa] [-] [kg/m3] [MPa] [MPa] [%]

Docol 600DL 210.0 0.33 7850 280–360 600–700 20
Docol 1400M 210.0 0.33 7850 1150- 1400–1600 3

Fig. 1(a) presents a comparison of the engineering stress–strain
curves until fracture, while Fig. 1(b) provides the true stress–plastic
strain curves for Docol 600DL and Docol 1400M up to diffuse necking.
As expected, significant differences in both strength, work hardening
and ductility are observed between the two steels. Docol 600DL yields
at about 350 MPa, whereas Docol 1400M yields at roughly 1200 MPa.
Furthermore, it is seen that Docol 600DL has approximately 5 times
larger elongation to fracture than Docol 1400M when considering the
engineering strains. Fig. 1(b) shows that the true stress for Docol 600DL
is increased from around 350 MPa at initial yield to just above 800 MPa
at the onset of diffuse necking. This corresponds to an increase of about
130% relative to the initial yield stress. Docol 1400M shows an increase
in true stress less than 30% from initial yield to diffuse necking. From
the true stress–plastic strain curves, it is evident that Docol 600DL
undertakes a significantly larger amount of work hardening than Docol
1400M. All observed differences in behaviour for the two materials
are in good agreement with the mechanical properties described in
Section 2.1.

Fig. 1(a) reveals variations in both flow stress and elongation to
fracture for both materials. The degree of deviation between tests
appears to depend on the orientation of the tensile specimen relative
to the rolling direction of the plate. Tests on specimens oriented 45◦

relative to the rolling direction showed the least variation both with
respect to the stress level and elongation to fracture. The results from
tests on specimens in the 0◦ and 90◦ orientations appear to experience
larger variations. It should finally be noted that the observed variations
in the tension tests for this batch of Docol 1400M were comparable to
the variations found in tests on similar materials, see e.g., [20,32,34].

3. Experimental study

3.1. Experimental setup

The experiments were performed in the SIMLab Shock Tube Fa-
cility (SSTF) at NTNU. A detailed presentation of the SSTF and its
performance in generating blast-like loading conditions is given by
Aune et al. [21], and will therefore only be presented briefly in this
section. The SSTF is designed to create pressure waves in air with
similar characteristics as a real blast wave. The facility is equipped with
two synchronized high-speed cameras (Phantom v2511) pointed at the
target plate as well as pressure sensors located at different locations
within the SSTF, allowing for detailed studies of the dynamic response
of plated structures. The experimental setup used in this study is shown
in Fig. 2.

The propagation of the blast wave is initiated at the driver side
of the shock tube and impacts the target plate just inside the tank
at the right end of the tube. In this study, all experiments were per-
formed with a driver length of 0.77 m and compressed air was used to
pressurize the driver section.

The target plates were mounted to the shock tube by using a
clamping assembly. The dimensions of the clamping assembly are given
in Fig. 3. All target plates had dimensions of 625 mm 𝑥 625 mm 𝑥
0.8 mm and a blast-exposed area of 300 mm 𝑥 300 mm.

Both the incoming and reflected overpressure were sampled with a
frequency of 500 kHz at Sensor 1, see Figs. 2 and 3. Sensor 1 is located
245 mm upstream of the target plates and serves as the best available
estimate for the pressure acting on the surface of the target plates.
Hence, all pressure histories presented in this study are measured
at Sensor 1 and represent the overpressure relative to atmospheric
conditions.

Two high-speed cameras were positioned in a stereoscopic setup and
used to capture images at a sampling rate of 37 kHz. Prior to each test,
the target plates were spray-painted with a black and white speckle
pattern, allowing the displacement field to be obtained during post-
processing of the image pairs by using the in-house 3D-DIC software
eCorr [35]. A common time axis was used for the post-processing,
where the time 𝑡 = 0 was set to the time when the incoming pressure
wave reached Sensor 1 (see Fig. 3).
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Fig. 2. Illustration of the SIMLab Shock Tube Facility (SSTF), where the pressure sensor used in this study (Sensor 1) is located 245 mm upstream the target plate.

Fig. 3. Clamping assembly in the SSTF: The downstream end of the SSTF (left), where the clamping assembly and pressure sensor (Sensor 1) are located, and a detailed sketch
of the clamping assembly including the target plate (right). The red cross at the centre of the blast-exposed surface indicates the sampling point for mid-point displacements, and
the blue horizontal line shows the position for the sampling of deformation profiles. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 4. Geometry of the target plates with pre-formed holes in (a)–(c), named P1, P2, and P3, respectively, and pre-formed slits in (d)–(f), named S1, S2, and S3, respectively.
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Table 3
Experimental programme.

Firing pressure

5 bar D6_FP_05 D6_P1_05 D6_P2_05 – D6_S1_05 – –
D14_FP_05 D14_P1_05 D14_P2_05 – D14_S1_05 – –

10 bar – D6_P1_10 – – D6_S1_10 D6_S2_10 –
– D14_P1_10 – – D14_S1_10 D14_S2_10 D14_S3_10

15 bar D6_FP_15 D6_P1_15 D6_P2_15 D6_P3_15 D6_S1_15 D6_S2_15 –
D14_FP_15 D14_P1_15 D14_P2_15 D14_P3_15 D14_S1_15 D14_S2_15 D14_S3_15

25 bar D6_FP_25 D6_P1_25 D6_P2_25 D6_P3_25 – D6_S2_25 D6_S3_25
D14_FP_25 – D14_P2_25 D14_P3_25 – D14_S2_25 D14_S3_25

35 bar D6_FP_35 – D6_P2_35 D6_P3_35 – – D6_S3_35
D14_FP_35 – D14_P2_35 D14_P3_35 – – –

60 bar D6_FP_60 – – – – – –
D14_FP_60 – – – – – –

Fig. 5. Pressure histories for the tests on full plates (FP) without any defects: (a) the D6 material and (b) the D14 material.

Fig. 6. Mid-point displacements versus time for the tests on full plates (FP) for both materials: (a) the D6 plates and (b) the D14 plates.

3.2. Experimental program

The aim of the experimental program was to assess the influence
of material strength and ductility on the blast resistance of thin steel
plates with various initial geometrical defects. Motivated by the ability

to trigger distinct fracture modes, the geometries used in the studies
by Aune et al. [20] and Granum et al. [29] were adopted. In addition,
two new plate geometries were used in this study. The geometries
under consideration are presented in Fig. 4. While keeping the total
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Fig. 7. Deformation profiles at maximum deflection (𝑑𝑧,𝑚𝑎𝑥) represented by red lines and at minimum deflection (𝑑𝑧,𝑚𝑖𝑛) indicated by blue lines: (a) D6_FP_05, (b) D6_FP_15, (c)
D6_FP_60, (d) D14_FP_05, (e) D6_FP_15 and (f) D14_FP_60. The green lines show the development of the deformation profile from 𝑑𝑧,𝑚𝑎𝑥 to 𝑑𝑧,𝑚𝑖𝑛 at a constant sampling rate of
𝛥𝑡 = 0.027 ms. The subplot in (a) indicates the elastic springback on a midpoint displacement curve. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

hole area constant for all plate geometries, the two new pre-damaged
configurations tested in this study had one single square perforation at
the centre (P1 in Fig. 4a) and 16 square perforations (P3 in Fig. 4c).
These perforations resulted in a 16% reduction of the blast-exposed
area.

As ductility is assumed to influence the response of the target plate
only in the presence of large plastic deformations, three distinctly
different levels of deformations were investigated for each geometrical
configuration. These responses were triggered using three distinct load
levels, where the blast intensities were controlled by the firing pres-
sures. The lowest blast intensity was intended to result in small plastic
deformations, the intermediate pressures should result in large plastic
deformations and possible crack initiation, and the highest pressure
should result in large plastic deformations with considerable crack
propagation and possible complete fracture. For both materials, all
geometrical configurations were tested for the same blast intensity for
a direct comparison with respect to the overall dynamic response and
capacity in resisting the blast load.

The experimental programme is provided in Table 3. Each test
is numbered DX_Y_Z, where D denotes deformable steel plate (D), X
indicates either the medium-strength Docol 600DL (D6) or the high-
strength Docol 1400M (D14). Y represents the plate geometry, i.e., full
plate (FP), one hole in the centre (P1), four holes (P2), 16 holes (P3),
four slits oriented horizontal and vertical (S1), four slits rotated 45◦

(S2) with respect to S1, or one rotated slit in the centre (S3). Z indicates
the firing pressure in bar in the driver. The blast intensity in the various
tests was varied by changing the firing pressure in the driver section
of the SSTF. Note that the firing pressures presented in Table 3 are
rounded to the lower multiple of 5.

Aune et al. [20] investigated the dynamic response of both full
plates (FP) and plates with four pre-formed square holes for Docol

600DL (D6) and the results are adopted and labelled P2 in the present
study.

4. Experimental results

The presentation of the experimental results is divided into three
main parts. First, the global response of the target plates without holes
are presented in Section 4.1. Then, the results from tests on plates with
different pre-formed defects are presented in Section 4.2. The global
response is evaluated based on the recorded pressure histories and de-
formations measured by 3D-DIC. Finally, fracture modes and the blast
resistance are evaluated for the different geometries and materials in
Section 4.3. It is important to emphasize that the presentation of results
herein is limited to the representative findings of this study, whereas
the complete set of experimental results is provided in Appendix A.

As the reflected pressure histories indicate the loading experienced
by the target plates, they are presented in Section 4.1. It should be
noted that a slightly different time axis is used for the presented
pressure histories compared to the displacements, i.e., two different
time axes are defined for the plotted results. For the pressure histories,
𝑡 = 0 is set to the point in time where the incoming pressure passes
Sensor 1 on its way towards the target plate. This is done to visualize
both the incoming and reflected pressure as two separate peaks. For
all deformation histories, 𝑡 = 0 was set to the last measurement before
any deformation occurred in the target plate. This allows for a better
comparison of the dynamic response.

4.1. Plates without defects

Fig. 5 presents the pressure histories measured at Sensor 1 for the
tests on D6 and D14 plates without any defects. Table 4 provides
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Fig. 8. Deflection measurements for tests on plates with pre-formed holes (P2 and P3), and pre-formed slits (S1 and S2) for both materials (D6 and D14): (a) and (c) show
mid-point displacements histories, and (b) and (d) give the corresponding deformation profiles at 𝑑𝑧,𝑚𝑎𝑥.

the nominal firing pressure, peak incoming pressure 𝑃𝑠𝑜,𝑚𝑎𝑥 and peak
reflected pressure 𝑃𝑟,𝑚𝑎𝑥 for each test. It is emphasized that Sensor 1
is located 245 mm upstream the target plates (see Fig. 3) and that
the initial rise in pressure corresponds to the incoming pressure wave,
while the second peak is due to the reflected pressure wave on its
way back towards the driver section after impacting the target plates.
One important observation in Fig. 5 (a)–(b) is that similar firing pres-
sures result in a similar pressure history for the incoming blast wave
when varying the plate material. This confirms the repeatability of the
tests and enables detailed studies on various geometries and materials
exposed to the same blast intensity. The peak reflected pressure at
Sensor 1 is influenced by the dynamic response of the plate. This is
also observed in Fig. 5 where slightly lower magnitudes of reflected
pressure are observed for the D6 plates when exposed to the same blast
intensity as the D14 plates. A plausible explanation for the different
magnitudes of the reflected pressure is fluid–structure interaction (FSI)
effects during the initial response of the plates, i.e., before the plates
have obtained their permanent deflection (see e.g., [36]). However,
these FSI effects are considered as beyond the scope of this study and
detailed studies on FSI effects are suggested as future work. Pressure
histories for the remaining tests are given in Appendix A.1.

The effect of changing the steel material from D6 to D14 on the
global response of the plates is presented in terms of mid-point dis-
placements in Fig. 6 (see also Table 4). When the blast wave impacts

the target plate, an abrupt displacement is observed, followed by com-
paratively small oscillations. As expected, it is observed significantly
larger displacements for the D6 plates when exposed to the same blast
intensity as the D14 plates. It should be noted that similar colours in
the figures represent the same blast intensity and that none of the plates
without initial defects failed or ruptured during the tests.

Fig. 6 shows that the elastic oscillations are larger for the D14 plates
than the D6 plates. For the D6 plates, the largest oscillations are found
at the lowest blast intensity (D6_FP_05) and the magnitude of the elastic
oscillations are reduced as the load intensity is increased.

The resistance against elastic oscillations is assumed to have two
main contributors; first, the plastic dissipation of energy until the
maximum displacement 𝑑𝑧,𝑚𝑎𝑥 is reached, and second, the geometry of
the permanent deformed configuration of the target plates at 𝑑𝑧,𝑚𝑎𝑥.
From Fig. 7, it is observed that the target plates deforms into a dome-
shaped configuration, which adds a geometric stiffness against elastic
springback. The magnitude and shape of the deformed configurations
are further assumed to depend on both the strength and the work
hardening of the plate material.

It is further noted that the D14 target plate exposed to the lowest
blast intensity (D14_FP_05) undergoes negative displacements at about
40 ms in Fig. 6(b). Negative displacements are defined as displacements
in the opposite direction as the incoming blast wave, commonly known
as counter-intuitive behaviour. By considering the corresponding pres-
sure history in Fig. 5, it is observed that the negative displacements
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Fig. 9. Fracture modes for tests on plates with pre-formed holes (PX). The images are taken from one of the high-speed cameras and the test name is given in the sub-caption of
each image.

occur during the negative duration of the reflected pressure. This phe-
nomenon was also discussed by Aune et al. in [22]. However, negative
displacements only occurred for the D14 material. All experiments
experiencing negative displacements are given in Appendix A.3.

A more detailed insight on the response of the plates is gained
by assessing the shape of the target plates during deformation. Fig. 7
provides the deformation profiles measured by 3D-DIC. Deformation
profiles for the D6 plates are given in Fig. 7(a)–(c) and the D14 plates
are given in Fig. 7(d)–(f). These profiles represent the out-of-plane

displacements along a horizontal line across the entire blast exposed
area (see the blue line in Fig. 3). To gain insight into the deformation
history of each plate, the deformed state at maximum deflection 𝑑𝑧,𝑚𝑎𝑥
(red line) and the minimum deflection 𝑑𝑧,𝑚𝑖𝑛 after the first elastic
springback (blue line) are shown. The movement from 𝑑𝑧,𝑚𝑎𝑥 to the
first minimum 𝑑𝑧,𝑚𝑖𝑛 is denoted the initial elastic springback, which is
illustrated in the subplot in Fig. 7(a). The green curves illustrate the
plate movement during the initial elastic springback for intervals of
0.027 ms. It should be noted that the blast wave travels back and forth
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Fig. 10. Fracture modes for tests on plates with pre-formed slits (SX). The images are taken from one of the high-speed cameras and the test name is given in the sub-caption of
each image.

Fig. 11. Crack propagation for the S1 geometry at the highest blast intensity for test D6_S1_15 (top row) and test D14_S1_15 (bottom row). The images in the left column represent
the instant before any visual cracks occurred, whereas the following images are presented for characteristic times during the fracture process.

inside the shock tube several times until a static overpressure is reached
when the air comes to rest. This leads to multiple loading events on
the plate such that the final configuration may not be representative
for the primary loading event. It was therefore decided not to include
the permanent deformation profile in Fig. 7.

Fig. 7 shows that the deformed shapes are different for the two plate
materials, indicating different plastic strain distributions. As also ob-
served by Aune et al. [20], the deformations initiate near the clamped

area and propagate towards the centre of the plate, resulting in a
parabolic shape at 𝑑𝑧,𝑚𝑎𝑥. For the D6 plates, springback is observed only
on a local part of the plate near its centre. In contrast, springback is
observed along most of the plate width for the D14 plates for the same
blast intensities.

The experimental results are compiled in Table 4, giving the maxi-
mum (𝑑𝑧,𝑚𝑎𝑥) and the permanent (𝑑𝑧,𝑝) mid-point deflection for all tests
on the full plates. Table 4 also contains information on the amount of
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Table 4
Experimental results from the full plate (FP) tests measured with 3D-DIC. The firing
pressure is the last measured pressure in the driver before the sudden pressure drop
at diaphragm rupture, 𝑃𝑠𝑜,𝑚𝑎𝑥 and 𝑃𝑟,𝑚𝑎𝑥 are the maximum incoming and maximum
reflected pressure measured at Sensor 1, while 𝛥𝑑 is calculated as (𝑑𝑧,𝑚𝑎𝑥 − 𝑑𝑧,𝑝)/𝑑𝑧,𝑚𝑎𝑥.

Test Firing pressure 𝑃𝑠𝑜,𝑚𝑎𝑥 𝑃𝑟,𝑚𝑎𝑥 𝑑𝑧,𝑚𝑎𝑥 𝑑𝑧,𝑝 𝛥𝑑
[bar] [kPa] [kPa] [mm] [mm] [%]

D6_FP_05 5.16 111.5 254.4 15.62 10.71 31.4
D14_FP_05 5.18 115.5 246.6 15.72 3.42 78.2

D6_FP_15 15.83 219.6 563.3 25.25 21.84 13.5
D14_FP_15 15.07 227.0 604.2 20.90 7.60 63.6

D6_FP_25 26.15 288.1 776.5 31.73 28.57 9.9
D14_FP_25 23.61 282.0 852.7 25.00 12.05 51.8

D6_FP_35 36.92 328.4 1038.8 36.07 34.43 4.5
D14_FP_35 36.18 348.5 1147.5 32.22 19.24 40.3

D6_FP_60 61.18 435.8 1372.0 45.10 43.70 3.1
D14_FP_60 61.91 455.3 1499.0 36.15 26.49 26.7

elastic deformations in the plates (𝛥𝑑) which is calculated based on
the difference in 𝑑𝑧,𝑚𝑎𝑥 and 𝑑𝑧,𝑝. The maximum displacement (𝑑𝑧,𝑚𝑎𝑥)
is taken as the maximum value during the test, while the permanent
displacement (𝑑𝑧,𝑝) is estimated by finding the average value for the
last 2.7 ms of the measured displacement history.

4.2. Plates with pre-formed defects

Due to the extensive number of experiments on plate geometries
with pre-formed defects, displacement plots from only a representative
selection of tests is provided in this section. Fig. 8 presents mid-point
displacements and the corresponding deformation profiles at maximum
deformation (𝑑𝑧,𝑚𝑎𝑥) for plates with pre-formed holes in (a)–(b), and
slits in (c)–(d). The P1 and S3 geometries are not presented due to
the absence of a midpoint (see Table 3). Similar as for the plates
without defects, the pressure measurements and displacement data for
the experiments are represented in Table 5. The results are organized
in the same way as for those of the plates without defects in Table 4.
The displacement histories not included in this section are given in
Appendix A.2.

When introducing defects to the target plates, the clear trend was
a shift from large plastic deformations (without any signs of crack
initiation) to crack initiation and crack propagation. For target plates
with defects, the effects of changing the steel material from D6 to D14
on the global response follow the same trends as for the full plates. As
long as the plates do not fail, the D14 plates experience less deformation
and more pronounced oscillations around the permanent deformed
configuration (see Fig. 8). As for the plates without pre-formed defects,
the peak reflected pressure was observed to be slightly reduced for the
D6 plates relative to the D14 plates (see Table 5).

The effect of changing the plate geometry on the global response of
the plates is represented using two geometries with pre-formed holes
(P2 and P3) and two geometries with slits (S1 and S2), shown for the
two lowest blast intensities in Fig. 8. The plates presented in Fig. 8 did
not experience any visible fracture during the tests. From the overall
global response in Fig. 8, it is seen that the plate material influence the
response more than the plate geometry. That is, the D6 plates undergo
the largest displacements for all geometries, and the D14 plates give
the largest oscillations for all geometries. Moreover, the comparison of
the deformation profiles in Fig. 8(d) indicates that the plate material
also has an influence on the deformed shape of the plates. The D14
plates have a more pointed deformed shape than the D6 plates, which
is interesting in view of the different work hardening characteristics
(see Fig. 1).

4.3. Fracture modes and crack propagation

In short, the plates without fracture behaved according to the initial
expectations of this study. That is, higher strength leads to increased
blast resistance of the plates resulting in smaller magnitudes of defor-
mation. However, in contrast to the plates without defects, most of
the plates containing initial defects experienced crack initiation and
crack propagation. Despite its higher material strength, the D14 plates
consistently fractured at lower blast intensities than the D6 plates.
Another observation was that the tests on D6 plates covered three
distinct responses depending in the blast intensity. That is, the lowest
blast intensity resulted in small plastic deformations without any crack
initiation, while increasing blast intensities resulted in larger plastic
deformations and arrested cracks at the intermediate intensities until
complete fracture was observed for the highest load intensities. This
was more or less as expected. However, it was interesting to note
that these three different responses were not as evident for the D14
plates, where the plates mainly experienced either plastic deformations
without any cracking or complete fracture. The only exception was test
D14_P1_05 which resulted in arrested cracks.

As expected, the geometry of the pre-formed defects was also found
to have a pronounced influence on the blast resistance of the plates.
By comparing the damage characteristics of the plates with holes
and slits presented in Table 5, it is evident that complete fracture is
more frequently observed in geometries with slit defects than plates
with holes. For plates with pre-formed holes (PX), 7 out of the 21
tests resulted in crack arrest while 9 of the tests resulted in complete
fracture. Similarly, for plates with slits (SX), crack arrest was found in
6 out of the 16 tests while 8 tests resulted in complete fracture.

Figs. 9 and 10 present images of the target plates captured by one
of the high-speed cameras during testing, showing the fracture modes
for a representative selection of tests on plates with pre-formed holes
(PX) and pre-formed slits (SX), respectively. The presentation is further
limited to tests experiencing either partial or complete fracture. For
completeness, the fracture modes of the remaining experiments are
presented in Appendix B.1.

The P1 geometry showed the lowest capacity to fracture and re-
sulted in the same fracture mode for both materials. For the P2 ge-
ometry, the effect of changing the plate material caused a shift in
fracture mode. Two distinct fracture modes were observed, where the
fracture mode seemed to be determined by the plate material. The D6
plates experienced cracks propagating along the diagonals until the
plate reached complete fracture (see test D6_P2_35 in Fig. 9), whereas
the D14 plates fractured along the horizontal and vertical extremities
in-between the holes resulting in a cross-shaped fracture mode (see
tests D14_P2_25 and D14_P2_35 in Fig. 9). It should be noted that only
one of the tests resulted in complete fracture for the P2 geometry in
the tests with D6 plates (D6_P2_35), which makes it challenging to
draw any general conclusions for this particular geometry. However,
assessing all the tests on plates with pre-formed holes, it is evident
that the fracture mode and crack propagation are influenced by the
material of the plates. It is interesting to note that the D6 plates seem
to outperform the D14 plates under similar load intensities, given the
fact that the D14 material has significantly higher strength than the D6
material (see Fig. 1).

Fig. 10 provides the same presentation of the fracture modes for
tests on plates with pre-formed slits (SX). As for the geometries with
pre-formed holes, a representative selection of the tests are presented
(i.e., S1 and S2 geometries). The clear trend was that the plates with slit
geometries (SX) fractured at lower load intensities than the plates with
pre-formed holes (PX). The cracks always initiate at the extremities of
the slits and started to propagate in the slit direction until the cracks
reached the supports or reaches the path of other cracks. In contrast to
the plates with pre-formed holes, the plate material were not observed
to influence the fracture mode of the plates. This is clearly illustrated in
Fig. 11, showing the fracture process of the S1 plates in tests D6_S1_15
and D14_S1_15.
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Table 5
Displacement measurements obtained from 3D-DIC on the plates with pre-formed holes (PX) and slits (SX). Deformation measurements of tests
experiencing complete fracture are given as (-), while geometries without a midpoint are denoted NA. The given firing pressure is the last
measured pressure in the driver before the sudden pressure drop at diaphragm rupture.
Test Firing pressure 𝑃𝑠𝑜,𝑚𝑎𝑥 𝑃𝑟,𝑚𝑎𝑥 𝑑𝑧,𝑚𝑎𝑥 𝑑𝑧,𝑝 𝛥𝑑 Damage

[bar] [kPa] [kPa] [mm] [mm] [mm]

D6_P1_05 5.17 107.0 228.3 NA NA NA No cracks
D14_P1_05 5.16 103.9 226.6 NA NA NA Crack arrest
D6_P2_05 6.18 110.2 225.9 18.29 13.77 4.27 No cracks
D14_P2_05 5.17 112.1 214.7 14.45 2.58 11.87 No cracks

D6_S1_05 5.19 109.8 240.0 15.29 11.42 3.87 No cracks
D14_S1_05 5.15 111.2 254.6 17.23 0 17.23 No cracks

D6_P1_10 10.12 173.6 384.7 NA NA NA Crack arrest
D14_P1_10 9.93 166.4 377.3 NA NA NA Complete fracture

D6_S1_10 10.03 168.2 413.4 22.38 19.16 3.22 Crack arrest
D6_S2_10 9.98 164.6 383.2 20.71 17.49 3.22 Crack arrest
D14_S1_10 10.07 161.6 406.7 – – – Complete fracture
D14_S2_10 10.03 165.5 414.7 19.10 7.16 11.94 Crack arrest
D14_S3_10 10.07 165.7 410.3 NA NA NA Complete fracture

D6_P1_15 15.42 224.0 510.3 NA NA NA Crack arrest
D14_P1_15 15.13 222.8 535.6 NA NA NA Complete fracture
D6_P2_15 16.38 219.2 491.2 29.91 26.35 3.55 Crack arrest
D14_P2_15 15.06 230.9 490.4 21.17 11.81 9.36 No cracks
D6_P3_15 15.65 225.8 495.7 27.43 24.19 3.33 Crack arrest
D14_P3_15 15.08 222.8 481.2 21.18 11.77 9.41 No cracks

D6_S1_15 15.61 213.7 543.5 – – – Complete fracture
D6_S2_15 15.34 227.9 571.1 26.36 23.22 3.14 Crack arrest
D14_S1_15 15.10 216.8 552.1 – – – Complete fracture
D14_S2_15 15.10 229.4 568.0 – – – Complete fracture
D14_S3_15 15.08 229.1 574.2 NA NA NA Complete fracture

D6_P1_25 24.45 281.5 661.7 NA NA NA Complete fracture
D6_P2_25 26.98 300.9 709.0 35.67 33.18 2.48 Crack arrest
D14_P2_25 24.73 276.5 688.7 – – – Complete fracture
D6_P3_25 24.62 280.8 663.5 38.16 34.27 3.89 Crack arrest
D14_P3_25 24.64 294.8 708.8 – – – Complete fracture

D6_S2_25 25.14 290.8 744.8 37.15 31.59 5.56 Crack arrest
D14_S2_25 24.61 290.5 790.8 – – – Complete fracture
D6_S3_25 24.55 281.3 745.2 NA NA NA Crack arrest
D14_S3_25 24.57 279.9 728.9 NA NA NA Complete fracture

D6_P2_35 37.68 357.7 883.5 – – – Complete fracture
D14_P2_35 36.63 339.7 875.5 – – – Complete fracture
D6_P3_35 38.11 353.9 871.4 – – – Complete fracture
D14_P3_35 37.68 – – – – – Complete fracture

D6_S3_35 37.32 358.0 1033.6 NA NA NA Complete fracture

By considering the time it takes a crack to propagate from the
extremities of the defects towards the supports of the plate, a signif-
icant difference in crack propagation velocity was observed between
the two materials. Since both materials experienced identical crack
propagation paths to complete fracture for identical blast intensities for
the S1 geometry presented in Fig. 11, it was decided to measure and
compare the velocities of the propagating cracks from these tests. By
visual evaluation of the high speed image recordings, the mean crack
propagation velocity was found to be in the range 60–75 m/s and 220–
280 m/s for D6 and D14, respectively. This builds confidence in that
there is a strength–ductility trade-off in the blast performance of the
plates, because the D6 plates outperform the D14 plates in both blast
resistance and a larger ability to arrest cracks before the plates reach
complete fracture.

5. Discussion

For target plates not experiencing fracture, the findings in this
study are well aligned with previous studies on both full plates and
plates with pre-formed defects, see e.g., [20,29]. That is, an increase in
material strength resulted in smaller displacements and larger elastic

oscillations for a given blast intensity. Larger deformations for the low
strength material are justified by the significantly lower yield stress,
causing larger plastic deformations for a given load intensity [29]. As
the strongest material (D14) has a significantly higher yield stress, this
material will experience much higher internal stresses at maximum
deformation. The increased internal stress state will in turn lead to
higher internal forces for the elastic rebound, possibly causing larger
oscillations. It is important to keep in mind that all blast tests on plates
without any pre-formed defects resulted in global deformation without
any signs of fracture. However, as pre-formed defects were introduced,
the trend in global response remained unchanged, but fracture occurred
for the highest load intensities.

The observations in this study indicate that the blast resistance is
higher in the most ductile material despite its reduced strength. The
strongest material (D14) was more prone to fracture and consistently
fractured at lower blast intensities than the more ductile material
(D6). High strength is typically accompanied by low ductility [27] and
it is therefore not guaranteed that higher material strength leads to
increased blast resistance of perforated steel plates. Ductile fracture is
generally governed by local plastic deformation in a material [37], and
the distribution of plastic strain tends to depend on the work hardening

11



B.S. Elveli, M.B. Iddberg, T. Børvik et al. Thin-Walled Structures 171 (2022) 108787

of the plate material during blast loading (see e.g., Ref. [29]). That is,
a material with limited work hardening will experience a more distinct
localization of plastic deformation, and hence, a more rapid increase
of plastic strains within the localized areas. It is emphasized that it is
very challenging to quantify the effect of work hardening on the blast
resistance of thin steel plates based on the experiments presented in this
study, and further work involving numerical simulations is required for
a more detailed investigation of the topic.

The D6 plates generally resulted in three distinct fracture modes.
First, plastic deformations without any signs of fracture, then larger
plastic deformations and arrested cracks, before significant cracks or
complete fracture were observed for the highest blast intensities. The
fracture mode involving crack arrest was not that evident in the tests
with the high-strength plates, where the cracks were arrested in only a
few tests for the D14 plates. That is, the D14 plates experienced either
small plastic deformations without crack initiation or complete fracture
as the blast intensity was increased. It is therefore reasonable to assume
that the ability to arrest a propagating crack is strongly dependent
upon the ductility, which in turn governs the amount of energy dis-
sipated during crack propagation. This assumption is supported by the
observation that the more ductile material (D6) showed larger plastic
deformations around the propagating cracks than the high-strength
material (see Fig. 11). Thus, the tests on the D14 plates clearly showed
that cracks were allowed to propagate without any visual increase in
global plastic deformations. In contrast to the findings in Ref. [29], the
material did not only affect the capacity to fracture, but also the crack
paths for experiments on the P2 geometry.

McDonald et al. [26] found that a high hardness armour steel
with low ductility outperform a rolled homogeneous armour steel with
higher ductility in terms of rupture threshold during blast loading.
However, the target plates used in Ref. [26] were subjected to a differ-
ent loading scenario, with a more localized and non-uniform loading on
thicker target plates than those applied in the present study. In other
words, the importance of the strength–ductility trade-off in the design
of blast-resistant structures is expected to depend on both the loading
conditions and the structural properties (i.e., the plate geometry and
the material properties).

Finally, this study is motivated by more detailed studies into the
influence of the strength–ductility trade-off on the performance of thin
plates exposed to the combined effect of blast loading and fragment
impacts. This topic was approached using a controlled laboratory envi-
ronment and thin steel plates with pre-formed defects represented by
square holes and cross-shaped slits. In realistic structures, pre-formed
defects may also be present as e.g., bolt holes and window sections in
facade elements, in addition to fragment or ballistic impact. Defects
as a consequence of structural impact prior to the blast load would
typically contain randomly distributed perforations with sharp notches
and most likely accompanied with accumulated damage in front of
the crack tip. Compared to the pre-formed defects investigated in this
study, the additional ingredient of structural impact prior to the blast
load is assumed to further reduce the capacity of the target plates. More
realistic defects will also most probably result in less regularity in the
observed fracture modes. Thus, the results in this study are not directly
transferable to realistic design scenarios of combined fragment impact
and blast loading. Similar studies should therefore be carried out on
target plates with more complex initial defects and initial damage,
aiding the design of future protective structures. However, such studies
are considered beyond the scope of this study.

6. Concluding remarks

This work presents an experimental study on the influence of the
strength–ductility trade-off on the blast resistance of thin steel plates
with and without pre-formed defects. The dynamic response of the
plates showed a strong dependence on both the material properties
(strength, work hardening and ductility) and the plate geometry (shape,
number and spatial distribution of the pre-formed defects). The main
findings of this study can be summarized as follows:

• In the absence of initial defects, the strength of the material was
the primary property influencing the response of the plates. As ex-
pected, the target plates with higher strength resulted in smaller
global deformations and larger elastic oscillations during blast
loading. None of the plates without pre-formed defects showed
any signs of crack initiation under the blast intensities applied in
this study.

• When defects were introduced in the form of pre-formed holes,
the high-strength (D14) plates consistently fractured at lower
blast intensities than the medium-strength (D6) plates for iden-
tical plate geometries. This finding clearly shows that plates with
higher strength are more prone to cracking and fracture than
the plates with lower strength. As a higher strength typically is
accompanied with a lower ductility, the results indicate that work
hardening and ductility are more important than the strength for
the capacity of pre-damaged and blast-loaded thin steel plates.
However, for very sharp defects represented by pre-formed slits,
both the medium- and high-strength materials resulted in the
same fracture mode at similar blast intensities. Still, even though
less differences were observed in the fracture mode, the medium-
strength (D6) plates outperformed the high-strength (D14) plates
also for the tests on plates with pre-formed slits. This builds
confidence in that there is a strength–ductility trade-off in the
blast resistance of thin steel plates exposed to the combined effect
of fragment impact and blast loading.

• The comprehensive experimental dataset presented in this study
allows for validation and development of computational methods
in future studies. This study also motivates further studies on the
influence of the strength–ductility trade-off in protective design
of combined fragment impact and blast loading scenarios.
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Appendix A

A.1. Global response - Pressure histories

Supplementary plots of the pressure histories measured at Sensor 1.
In Fig. A.1, pressure curves are compared across the different geome-
tries for a given material and pressure load in (a), (b) and (c). In (d)
the pressure histories are compared for the two materials for the full
plates (FP).
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Fig. A.1. Pressure–time histories for the tests on the D6 and D14 plates, comparing perforated plates (holes vs slits) to the full plate configuration. A zoomed plot is also provided
around the peak reflected pressure to enable a better comparison of the configurations.

Fig. A.2. Development of deformation profiles until maximum deflection for the FP configuration, exposed to a blast intensities corresponding to firing pressures of 15, 25 and
60 bar. A selection of the D6 plates are shown in (a)–(c) and a similar selection of D14 plates in (d)–(e). The red line indicates the maximum displacement, whereas the green
lines show the development in time. The time difference between each green line is constant and equal to the sampling rate (𝛥𝑡 = 0.027 ms) between each green profile. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. A.3. Mid-point displacements and deformation profiles at maximum displacement for tests on perforated plates (P2, P3, and S2) compared to the full-plate (FP) results at
similar loading intensities (15 bar and 25 bar).
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Fig. A.4. The mid-point displacements for all experiments exposed to blast intensities corresponding to a firing pressure of 5 bar are presented. The D6 target plates are presented
in (a) and D14 plates in (b). The instants corresponding to the largest positive and negative displacement as well as the permanent displacement are shown for the D14_FP_05
and D14_S1_05 tests in (c) and (d), respectively.

A.2. Global response - deformation histories

Fig. A.2 provides the development of the deformation profiles up
to the instant of maximum deflection for the FP configuration. The
upper and lower row presents results for the tests on D6 and D14
plates, respectively, when exposed to a blast intensities corresponding
to nominal firing pressures of 15, 25 and 60 bar. The deformation
profiles marked with red lines indicate the maximum displacement,
whereas the green lines indicate the development of the deformations.
Each green line corresponds to an image pair taken with the high-speed
cameras. The time difference between each green line is constant and
equal to the sampling rate (𝛥𝑡 = 0.027 ms).

The mid-point displacement histories for the perforated geometries
(holes vs slits) are compared to the full plates (FP) in Fig. A.3. Note
that these plots are the same tests as for the pressure histories given
in Fig. A.1. The displacement histories in Fig. A.3 are presented with
mid-point displacements in (a), (c) and (e), while the corresponding de-
formation profiles at the instant of maximum displacement is provided
in (b), (d) and (f).

A.3. Counter-intuitive behaviour

As mentioned in Section 4.1, the D14 target plates experienced
negative displacements for the test involving the lowest blast inten-
sities. Negative displacements are defined as displacements in the

opposite direction as the incoming blast wave, commonly known as
counter-intuitive behaviour (CIB) (see e.g., Ref. [22]). Fig. A.4 shows a
comparison of mid-point displacements for all experiments exposed to
the lowest blast intensities for D6 plates in (a) and D14 plates in (b).
In (c) and (d) the deformation profiles of two representative D14 tests
are given for the maximum positive displacement, maximum negative
displacement, and the permanent deflection.

Appendix B

B.1. Fracture modes

As only a selection of representative fracture modes were presented
in Section 4.3, Figs. B.1 and B.2 show pictures of all tests experiencing
either partial of complete fracture.

B.2. Crack initiation and crack arrest

The crack lengths for were used to investigate the influence of
different materials and geometries on the resistance against localization
and crack propagation. It was decided to measure the crack lengths for
tests were this was possible from a practical point of view. The length
of all visible cracks is for the tests under consideration is presented in
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Fig. B.1. Fracture modes for tests on plates with pre-formed holes (PX). The images are taken from one of the high-speed cameras and the test name is given in the sub-caption
for each image.
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Fig. B.2. Fracture modes for tests on plates with pre-formed slits (SX). The images are taken from one of the high-speed cameras and the test name is given in the sub-caption
for each image.
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Fig. B.3. Location and naming conventions for measurements of arrested cracks for the selected tests. The cracks are indicated with red colour. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. B.4. Images for some of the different fracture modes listed in Table B.1, where (a) shows a local necking (N) at the (O3) location for the D14_P2_15 experiment, (b) shows
a crack at the location O4 for D6_P2_25 and (c) illustrates cracks in areas with plastic deformations too large to practically measure for D6_S2_25.
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Fig. B.5. Images of the crack propagation for the P2 configuration exposed to blast intensities corresponding to firing pressures of 35 bar and 25 bar. Material, firing pressure
and time for each image are given in the subcaptions. The given time for the images refers to the same time axis as the pressure plots, i.e., 𝑡0 = 0 is defined as when the blast
wave is passing the sensor closest to the target plate.
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Fig. B.6. Images of the crack propagation for the P3 configuration exposed to blast intensities corresponding to firing pressures of 35 bar and 25 bar. Material, firing pressure
and time for each image are given in the subcaptions. The given time for the images refers to the same time axis as the pressure plots, i.e., 𝑡0 = 0 is defined as when the blast
wave is passing the sensor closest to the target plate.
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Fig. B.7. Image series of the crack propagation to complete fracture for the S3 configuration exposed to blast intensities corresponding to firing pressures of 35, 25, 15, and
10 bar, for both materials. The given time for the images refers to the same time axis as the pressure plots, i.e., 𝑡0 = 0 is defined as when the blast wave is passing the sensor
closest to the target plate.
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Fig. B.8. Image series of the crack propagation to fracture for the S2 configuration exposed to blast intensities corresponding to firing pressures of 15 bar and 25 bar, for both
materials. The given time for the images refers to the same time axis as the pressure plots, i.e., 𝑡0 = 0 is defined as when the blast wave is passing the sensor closest to the target
plate.
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Table B.1
Crack measurements for all tests that did not experience complete fracture. Measure-
ments are made with reference to the crack identification introduced in Fig. B.3. Tests
were only necking was observed is denoted with an N, while cracks that was too large
to be practically measured have been identified by an X.

Test O1 O2 O3 O4 I1 I2 I3 I4

D6_P2_05 – – – – – – – –
D6_P2_15 N N N N N N N N
D6_P2_25 7.41 8.35 8.68 7.83 11.76 13.56 15.67 12.62
D14_P2_05 – – – – – – – –
D14_P2_15 N N N N N N N N

D6_P3_15 N N N N N N N N
D6_P3_25 N N N N 2.0 2.4 1.6 2.2
D14_P3_15 N N N N N N N N

D6_S2_10 N N N N 4.4 4.7 4.3 4.2
D6_S2_15 5.1 4.4 4.7 4.8 11.4 10.8 10.9 10.3
D6_S2_25 22.8 22.2 21.2 22.5 X X X X
D14_S2_10 N N N N N 1.6 N 2.0

H1 H2 H3 H4 V1 V2 V3 V4

D6_S1_05 N N N N N N N N
D6_S1_10 5.1 5.4 6.2 5.8 7.2 7.9 7.5 7.4
D14_S1_05 N N N N N N N N

O1 O2 O3 O4

D6_P1_05 N N N N
D6_P1_10 6.1 6.2 6.4 6.1
D6_P1_15 25.0 26.0 22.7 22.3
D14_P1_05 5.99 9.96 17.14 4.24

Table B.1, where the locations and naming conventions of the cracks
are defined in Fig. B.3. Localized necking without any visual cracking
was denoted (N), whereas large cracks in areas with deformations
too large to practically measure the cracks were denoted (X). All
cracks were measured manually using a digital calliper. Images of cases
experiencing necking (N), cracks, or cracks too large to measure (X) are
given in Fig. B.4.

B.3. Crack propagation

Figs. B.5–B.8 provide image sequences of additional crack propaga-
tion to what was presented in Section 4.3. Each test corresponds to one
row in each figure, where the image series and time evolution for each
test are given in the columns.
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Abstract. Experimental and numerical investigations are carried out to 

determine how thin steel plates with pre-cut defects behave under blast 

loading. The defects considered in this study are represented by four square 

holes, symmetrically distributed around the centre of the target plates. The 

target plates were manufactured from two types of steel, i.e., a dual-phase 

medium strength steel and a high-strength martensitic steel. A shock tube 

facility was used to expose the plates to blast-like loading conditions. The 

experiments showed that both the blast resistance and the corresponding 

fracture mode changed with material properties. Numerical simulations were 

performed using the finite element code LS-DYNA, where the numerical 

results were found to be in good agreement with the experimental data in 

predicting the ductile fracture during the blast-structure interaction. The 

numerical simulations confirmed that significant work hardening will 

distribute the plasticity throughout the plate material during deformation, 

while limited work hardening will tend to localize the plasticity that results 

in earlier fracture. 

1 Introduction 

Research on blast-resistant design has historically mostly been focusing on military 

installations with thick-walled massive constructions [1]. Civilian structures are often more 

lightweight and flexible than traditional fortified structures. As a result, it is seen an increased 

interest in studies on thin-walled structures [2,3]. These structures may also contain 

geometrical defects (e.g. for design purposes or by fragments accelerated by a blast wave that 

impacts the target plate prior to the blast pressure). This results in local areas of high stress 

concentrations and a more complex behaviour under blast loading.   

Moreover, from a protective point of view, a common perception is that increased strength 

leads to increased protection against external loading. However, this is not always the case. 

A high strength generally comes at the price of a reduction in ductility. This strength-ductility 

trade-off has been a long-standing dilemma in materials science [4] and should be considered 
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in protective design. This motivates detailed studies on the influence of material properties 

on the blast performance of thin steel plates with pre-cut defects.  

2 Materials 

In this study, two different steel materials were investigated. Docol 600DL is a dual-phase, 

medium-strength steel that undergoes significant work hardening and plastic deformation 

before fracture, while Docol 1400M is a pure martensitic high-strength steel characterized by 

higher strength, less work hardening and lower ductility. Both materials are cold-rolled and 

produced by the Swedish manufacturer SSAB [5].  

Dual-phase steels consist of a soft ferrite matrix with islands of hard martensite. This 

unique combination yields a material with a high ductility due to the ferrite, and a strength 

depending on the amount of martensite. Hence, an increased amount of martensite will lead 

to an increase in strength, but also to a decrease in ductility [6]. The chemical composition 

for both materials is given in Table 1.  

Table 1. Chemical composition of Docol 600DL and Docol 1400M (in wt.%) [5]. 

Material 
C 

(max %) 

Si 

(max %) 

Mn 

(max %) 

P 

(max %) 

S 

(max %) 

Al 

(min %) 

Nb+Ti 

(max %) 

Docol 600DL 0.1 0.4 1.50 0.01 0.002 0.04 - 

Docol 1400M 0.2 0.4 1.60 0.02 0.01 0.015 0.1 

 

Quasi-static tension tests of the Docol 600DL material was conducted by Aune et al. [7]. 

Dog-bone test specimens were manufactured in 0˚, 45˚ and 90˚ relative to the rolling direction 

of the target plates, and a slightly anisotropic behaviour was found both in flow stress and 

elongation to fracture For the Docol 1400M material, a new set of quasi-static tension tests 

was performed in Ref. [8], using the same test setup as in Ref. [7]. The corresponding 

engineering stress-strain curves to fracture are given in Fig. 1. Here, the engineering fracture 

strain for the Docol 1400M material varied between 0.025 and 0.045, and for the Docol 

600DL material between 0.22 and 0.28. Since an isotropic behaviour was assumed for both 

materials, the tension tests in the 0˚ direction were used for calibration of the constitutive 

model. Due to the large variations within the tension tests in the 0˚ direction for Docol 

1400M, it was decided to calibrate material parameters for both the tension test giving the 

largest and the smallest engineering strain at failure within the  0˚ direction (see Fig. 1a and 

Table 2). 

 

 
(a) 

 
(b) 

Fig. 1. Engineering stress-strain curves for Docol 600DL and Docol 1400M: (a) experimental curves 

and (b) numerical results applying the fitted material parameters in the simulations. 



3 Experimental setup 

All blast tests were carried out in the SIMLab Shock Tube Facility (SSTF) at NTNU. The 

performance of the SSTF in generating a blast-like environment is thoroughly described in 

Ref. [9]. The overall dimensions and features of the SSTF are given in Fig. 2a. The dynamic 

response of the target plates is recorded during the entire blast-loading event using two high-

speed cameras (Phantom v2511) with a sampling rate of 37 kHz.  Additionally, the pressure 

is recorded at the two pressure sensors indicated in Fig. 2a, both with a sampling rate 

synchronized with the high-speed camera recordings and at 500 kHz. The synchronization 

allows for a time axis related to the loading history of the target plates.  

All target plates used in this study had a nominal thickness of 0.8 mm and a blast-exposed 

area of 300 mm × 300 mm, corresponding to the inner cross section of the SSTF.  Four pre-

formed 60 mm × 60 mm square holes were cut out of the target plates, as illustrated in Fig. 

2b. Plates of both materials were exposed to blast intensities resulting from firing pressures 

of 15 bar, 25 bar and 35 bar. These three firing pressures correspond to a peak reflected 

pressure on the surface of the target plates of approximately 0.62 MPa, 0.83 MPa, and 1.19 

MPa, followed by an exponential decay over a period of 45-75 ms.  

 

 

 
(a) (b) 

Fig. 2. The SIMLab Shock Tube Facility (SSTF) [9]: (a) a sketch of the entire facility and (b) the 

geometry of the clamping assembly and the blast-loaded target plates with pre-formed square holes.  

4 Numerical model 

All simulations in this study were performed in the explicit finite element code LS-DYNA. 

The material behaviour is described through a thermoviscoplastic constitutive model, which 

was implemented as a user-defined material model in LS-DYNA.  The model is capable of 

describing large plastic strains, high strain rates and possible temperature softening, and is 

given by: 

𝜎𝑒𝑞 = (𝜎0 + 𝑅(𝑝))(1 + �̇�∗)𝑐(1 − 𝑇∗𝑚
)              (1) 

 

where 𝜎𝑒𝑞  denotes the equivalent flow stress, given by a Hershey yield surface expressed in 

terms of the principal stresses 𝜎𝑖 as: 

 

𝜎𝑒𝑞 = (|𝜎1 − 𝜎2|𝑛 + |𝜎2 − 𝜎3|𝑛 +  |𝜎3 − 𝜎1|𝑛)
1
𝑛            (2) 

 

where 𝑛 determines the shape of the yield surface. The von Mises yield surface is obtained 

by setting 𝑛 = 2, and Tresca by either 𝑛 = 1 or 𝑛 = ∞. 𝑅(𝑝) describes the work hardening 



as a function of the equivalent plastic strain 𝑝, which is described by a three-term Voce 

hardening law on the form: 

 
𝑅(𝑝) = ∑ 𝑄𝑘(1 − 𝑒−𝑐𝑘∗𝑝)3

𝑘=1                                        (3) 

 

The initial yield stress is given by 𝜎0, and (𝑄𝑘 , 𝑐𝑘) are hardening parameters. The exponents 

𝑐 and 𝑚 are constants governing the rate and temperature dependency of the material. The 

dimensionless plastic strain rate is given by �̇�∗ = �̇�/�̇�0, where �̇�0 is the reference strain rate 

used in the quasi-static tension tests. In this study, 𝑛 = 6 was applied for the yield surface 

and 𝑚 = 1 for the temperature softening part for both materials.  

Finally, ductile fracture is accounted for by the energy-based fracture criterion proposed 

by Cockcroft-Latham [10] 

 

𝐷 =
𝑊

𝑊𝑐
=

1

𝑊𝑐
∫ 〈𝜎1〉 𝑑𝑝

𝑝

0                                                      (4) 

 

where 𝜎1 denotes the major principal stress, 𝑊 is the accumulated damage, and 𝑊𝑐 is the 

critical damage level leading to fracture in the model. 𝐷 then represents the normalized 

damage parameter, and element erosion is used to delete the element when 𝐷 = 1. 

The critical damage 𝑊𝑐 was determined for each material and mesh by inverse modelling 

of the quasi-static tension tests to fracture The hardening parameters (𝑄𝑘 , 𝑐𝑘) were found by 

an optimalization of the numerical simulation of the tension tests. The strain rate sensitivity 

parameters were taken from Ref. [11].  All material parameters are given in Table 2.  

Table 2. The material parameters applied for both materials in this study. 

Material 
𝜎0 

[MPa] 

𝑄1 

[MPa] 

𝐶1 

[-] 

𝑄2 

[MPa] 

𝐶2 

[-] 

𝑄3 

[MPa] 

𝐶3 

[-] 

𝑐 

[-] 

𝑊𝑐 

[MPa] 

Docol 600DL 303.3 68.3 849.1 272.4 30.2 825.9 1.2 0.01 865.0 

Docol1400M-1 1072.9 211.7 1504.8 195.6 231.7 76.1 79.4 0.004 425.0 

Docol1400M-2 1150.0 309.5 1061.0 113.0 131.7 9061.0 0.09 0.004 452.0 

 

5 Results 

The global response of thin steel plates exposed to blast loading has been evaluated 

thoroughly in Refs. [7,8,12], and the focus in this study is directed more towards fracture 

modes and crack propagation. Further, a detailed numerical study on the Docol 600DL 

material was performed in Ref. [7]. The numerical simulations were therefore limited to the 

tests on the Docol 1400M material in this study. 

Experimentally, the behaviour of the six blast tests yielded three distinct responses of the 

target plates: plastic deformations without any signs of fracture, plastic deformations and 

crack initiation, and complete fracture. In Refs. [7,8], it was observed that the Docol 600DL 

material experienced plastic deformations and crack initiation at the extremities of the holes 

for the 15 bar and 25 bar firing pressures, while the highest firing pressure of 35 bar resulted 

in complete fracture of the target plate with cracks along the diagonals. In this study, the 

Docol 1400M plates resulted in small plastic deformations without any visual crack initiation 

for the 15 bar firing pressure, and complete fracture when the firing pressure was increased 

to 25 bar and 35 bar. The reduced ductility in Docol 1400M seems to reduce the plates 

capacity to arrest the crack propagation, while the Docol 600DL plates experienced only 

crack initiation at the lowest and intermediate firing pressures. Thus, an increase in the 



material strength resulted in a reduced capacity against ductile fracture during blast loading. 

The final deformation or fracture mode of all six blast experiments are shown in Fig. 4.  
 

   
Docol 1400M – 15 bar Docol 1400M – 25 bar Docol 1400M – 35 bar 

   
Docol 600DL – 15 bar Docol 600DL – 25 bar Docol 600DL – 35 bar 

Fig. 4. Experimental results for all six experiments. Both the material and firing pressure are indicated 

in the sub-caption of each image.     

All target plates were discretized using four solid elements across the thickness, 

corresponding to an element size of 0.2 mm. The full clamping assembly, shown in Fig. 2b 

was modelled, and quarter symmetry was utilized. The experimental results indicate that the 

15 bar firing pressure for the Docol 1400M material is very close to the limit for crack 

initiation and ductile fracture. Therefore, it was further decided to run this simulation using 

material calibrations for two of the tension tests in the 0-direction, with different levels of 

flow stress and elongation to fracture (see Fig. 1 and Table 2).  

 

   
(a) (b) (c) 

Fig. 5. Numerical results for the blast experiments on the Docol 1400M material for a firing pressure 

of 15 bar in (a) and (b), and 25 bar in (c). In (a) the fitted parameters for the Docol 1400M-2 was 

applied, while the material parameters for Docol 1400M-1 were used in (b).    

As seen in Fig. 5c, the numerical model was capable of describing the fracture mode 

observed in the experiments for the 25 bar firing pressure. It is noted that an identical failure 

mode was also obtained for the simulation of the 35 bar firing pressure. For the lowest firing 

pressure of 15 bar, two different results were found based on the choice of stress-strain curves 

for the calibration of material parameters. As seen in Fig. 5 (a) and (b), the material 

parameters corresponding to the tension test in the 0-direction with the largest elongation to 



fracture (Docol 1400M-2) resulted in small arrested cracks, while the material parameters 

corresponding to the test in the 0-direction with the smallest elongation to fracture (Docol 

1400M-1) resulted in complete fracture at the same firing pressure. Hence, a strong 

sensitivity to the choice of experimental stress-strain curve for material calibration was 

found. This effect was however not investigated any further in this study and is suggested as 

further work.  

6 Concluding remarks 

The present study investigates the influence of material properties on the blast performance 

of thin steel plates with pre-cut defects. Such effects were studied by combining experimental 

and numerical results. The main conclusions from the study are as follows. 

• The steel plates with the lowest strength and the highest ductility (Docol 600DL) showed 

an increased capacity against fracture during blast loading compared to the steel plates 

made of the stronger and less ductile Docol 1400M material.  

• The steel materials under consideration resulted in distinct differences in fracture mode 

when exposed to the same blast intensity. This behaviour was also captured by the 

numerical simulations.  

• The Docol 1400M material showed a stronger sensitivity to the choice of material curve 

used in the calibration of the material parameters than the Docol 600DL material.  

• It is emphasized that this work is ongoing research and that the presented results should 

be used with caution. More detailed studies are planned as further work. 
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Abstract

It is known from real blast-load events that the combined effect of fragment impact and blast loading is

more severe than the effect of the blast loading alone. The present study investigates this effect by comparing

the blast response of thin steel plates pre-damaged by either ballistic impacts or idealized pre-cut circular

holes under similar blast loading conditions. The ballistic impacts were performed with a rifle, firing 7.62 mm

APM2 projectiles, and the subsequent blast loading was applied in a shock tube facility. During the blast

tests, pressure measurements and two high-speed cameras were used to record the dynamic response of the

target plates and allowed for a reliable experimental procedure. To investigate the strength-ductility trade-

off dilemma of the material during extreme loading, three different steels with different levels of strength

and ductility were used in the tests. Numerical simulations were conducted in an attempt to obtain more

insight into the fracture characteristics of the plates.

For similar loading conditions and material, the target plates exposed to ballistic impact showed a reduced

resistance to fracture during blast loading compared with target plates containing pre-formed circular holes.

As for the effect of material strength and ductility, the global deformation decreased, while the localization

of plasticity increased, with an increased material strength. The fracture resistance was also observed to

decrease with increased material strength. The numerical models were able to capture the main trends

observed in the physical tests, i.e., a decrease in fracture resistance with initial ballistic impact, and a

reduction in fracture resistance with increased material strength. The numerically predicted crack paths

also showed a strong dependence upon the initial cracks caused by the petals from the ballistic impacts.

Keywords: Strength-ductility trade-off, Ballistic impact, Shock tube, Combined impact and blast loading

1. Introduction

Blast waves can be caused by industrial accidents, military actions or terrorist attacks, subjecting sur-

rounding structures to extreme loading. In addition, the blast wave can accelerate objects in its proximity

∗Corresponding author. Tel.: +47-73-59-47-05; fax: +47-73-59-47-01.
Email address: benjamin.s.elveli@ntnu.no (Benjamin Stavnar Elveli )
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to high velocities. These objects are typically categorized as primary and secondary fragments. Primary

fragments are defined as objects initially contained in the explosive device (e.g., ball bearings [1]) or parts5

from the fractured casing of the explosive (e.g., a shell or a vehicle). Fragments may impact the structure

before, during or after the arrival of the blast wave, depending on the distance between the explosive charge

and the structure [2]. These fragments may perforate the structure, introducing both geometrical defects

and initial material damage. A fragment perforation prior to the arrival of the blast wave, may reduce the

load-carrying capacity of the structure and the combined effects of blast and fragment impact can be more10

severe than the blast loading acting alone (see e.g. [3–7]). However, the literature is rather scarce when it

comes to studies on the combined effects of blast and fragment loading, and most of the existing research

on combined loading effects are on concrete structures [8–12]. Nevertheless, modern civilian structures tend

to be more lightweight and flexible than the traditional fortified structures, and the responses of thin-walled

metallic plates have received increased interest over the last few years [13–15].15

Pre-cut defects may imitate the geometrical defects imposed by fragment impact. In was shown in [16]

that idealized perforations reduce the plates resistance both against plastic deformations and fracture. Pre-

cut defects typically introduce sharp corners and local areas of increased stress, which amplifies ductile crack

initiation and growth. In [17–19], the blast response of target plates containing pre-formed circular holes

and pre-formed square holes was compared. All three studies concluded that the fracture resistance during20

blast loading was dependent upon the pre-formed hole geometry, where the square perforations resulted in

the lowest resistance. Further, Granum et al. [20] found that the effect of the number, distribution and

orientation of pre-cut slits in thin blast-loaded aluminium plates strongly affects both the fracture resistance

and the failure mode. However, during a fragment perforation, the corresponding fragment hole depend

upon the size and shape of the fragment. Moreover, additional material damage can occur in the proximity25

of the hole. These effects are not covered by studies on plates with idealized preformed defects, which could

lead to non-conservative estimates of the fracture resistance during blast loading.

Experimental studies on the combined effect of fragment and blast loading are ideal as they repres-

ent the actual physics of the problem, whereas theoretical and numerical methods need to be validated

against experimental data to ensure that they provide reliable predictions. Testing on full-scale prototype30

structures is normally considered too expensive, time-consuming, and infeasible, and is seldom an option.

Therefore, controlled small-scale experiments on simple structures have a significant potential in improving

our understanding of the combined effect of blast loading and fragment impact. Cai et al. [21] performed

an experimental study on multi-layered aluminum foam sandwich panels, exposed to a combined loading

from TNT and 52 attached prefabricated square fragments. The experimental results gave three different35

responses for the backplate of the sandwich panel; petaling, cracking, or only deformation. Li et al. [22]

applied a similar setup for an experimental and numerical study on composite laminates subjected to blast

and fragment loading. It was concluded that the applied numerical model gave reliable results, and was in

2



good agreement with the experiments.

From a numerical point of view, fragment impact on a structure is similar to ballistic impact problems. A40

well known challenge in numerical modeling of ballistic impact is that a very fine discretization of the struc-

ture is required to obtain reliable predictions (see e.g., [23, 24]). Also, high-velocity impacts are commonly

governed by local deformations in the material with a relatively short duration. In contrast, the deformation

of blast loaded thin-walled structures is normally governed by global deformation, with a significantly longer

duration [16, 25, 26]. For a blast simulation to run within a reasonable computational (CPU) time, a much45

coarser discretization of the deforming structure is required. This is challenging when modelling the com-

bined effect of fragment impact and blast loading of plated structures, especially if a realistic fracture mode

from the fragment impact phase and a feasible CPU cost during the blast loading phase of the simulation

are important.

In previous studies, fragment impact prior to blast loading has been represented by pre-cut defects with50

idealized geometries. This study aims to investigate the effect of more realistic perforations on the blast

resistance of thin steel plates, assuming that the fragment impacts before the blast wave. First, the plates

were perforated by 7.62 mm APM2 projectiles in a ballistic range. Then, the perforated plates were subjected

to blast loading in a shock tube facility. Three different steel qualities were applied for the target plates

to also include the strength-ductility trade-off [27]. Finally, numerical simulations were conducted to gain55

more insight into the fracture characteristics of the blast-loaded plates. The main objectives of this study

are: (1) to provide new insight into the effect of realistic fracture modes on the blast resistance of thin steel

plates, comparing the performance of plates with ballistic perforations to that of plates with idealized pre-

cut circular holes under similar blast loading conditions; (2) address challenges in the numerical modelling

and simulation of combined ballistic impact and blast loading; and (3) evaluate the capability of current60

computational methods in predicting the dynamic response and fracture resistance of the materials under

consideration.

2. Materials

To study the effect of strength and ductility on the fracture resistance during testing, three different steel

qualities were used, i.e., Docol 600DL, Docol 1000DP and Docol 1400M. All target plates were produced by65

SSAB [28] and cold rolled to a thickness of 0.8 mm. Docol 600DL represents a dual-phase, medium strength,

high-hardening steel with good formability compared to its strength. It has a reported yield strength in the

range of 280 - 360 MPa and an ultimate tensile strength of 600 - 700 MPa. Docol 1000DP is also a dual-phase

steel, but with a higher martensite fraction than Docol 600DL. Docol 1400M is a strong martensitic steel

with a reported minimum yield strength of 1150 MPa and an ultimate tensile strength in the range of 140070

- 1600 MPa. The high strength is obtained by a rapid water quenching of an austenitic steel so that the
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carbon atoms are unable to diffuse and form cementite. The chemical compositions for all three materials

are given in Table 1. For simplicity, the following abbreviations have been introduced for the material names;

Docol 600DL is denoted D6, Docol 1000DP is denoted D10, and Docol 1400M is denoted D14.

Table 1: Chemical composition of the three materials (in wt.%) taken from the data sheet of the current batch.

Material C Si Mn P S Cr Ni V Cu Al Nb+Ti B N

D6 0.095 0.30 1.45 0.012 0.003 0.02 0.03 0.01 0.01 0.052 0.0 0.0003 0.003

D10 0.137 0.20 1.51 0.008 0.003 0.02 0.04 0.01 0.01 0.04 0.015 0.0002 0.007

D14 0.173 0.19 1.32 0.011 0.003 0.03 0.04 0.02 0.15 0.042 0.03 0.0017 0.004

2.1. Material testing75

Quasi-static uniaxial tension tests were carried out for all three materials in an Instron 5982 testing

machine at a constant deformation rate of 2.1 mm/min. The specimen geometry is given in Figure 1(a). With

a gauge length of 70 mm, the applied deformation rate corresponds to a global strain rate of ¤Y0 = 5 ·10−4s−1.
The specimens were cut from the 0.8 mm sheets with 0◦, 45◦ and 90◦ relative to the rolling direction. Three

repetitions were performed in each direction for each material to reveal possible anisotropy.80
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Figure 1: (a) Sketch of the uniaxial tension test specimen and the position of the virtual extensometer marked with a blue line,

and (b) the corresponding engineering stress-strain curves for all three materials. All dimensions are in mm.

To determine the engineering stress-strain curves in Figure 1(b), the force was measured by the load

cell in the testing machine and the displacement was obtained from 2D-DIC using a virtual extensometer.

During each test, the force measurements were synchronized with images of the test specimen at a sampling

rate of 4 Hz. Prior to the tests, each specimen was spray-painted with a black and white speckle pattern,

allowing for two-dimensional (2D) digital image correlation (DIC). A virtual extensometer of 60 mm was85
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applied to calculate the engineering strain. The engineering stress was calculated by scaling the force with

the initial gauge area of the test specimen, measured with a digital caliper.

Figure 1(b) confirms the step-wise change in yield stress, strength, and strain to fracture for the three

materials under consideration. That is, the yield stress, strength and strain to fracture for Docol 1000DP lies

between Docol 600DL and Docol 1400M. For all three materials, some variations are seen in the engineering90

failure strain. However, the variation between tests in the three different directions is of a similar magnitude

as the variation between repeated tests within each direction. For both the flow and yield stress, no significant

variation was observed. Gruben et al. [29] investigated both the D6 and D14 materials with similar results

for the uniaxial tension tests, and concluded that the plastic anisotropy was negligible. This was later

confirmed by Aune et al. [26].95

3. Component tests

The main objective of the component tests was to study the effect of ballistic perforations on the sub-

sequent blast response of thin steel plates, and to compare the performance of these plates to that of plates

with idealized holes under similar blast loading conditions. Hence, plates with pre-cut circular holes with a

diameter similar to the projectile were also tested against blast loading to establish a reference to the bal-100

listic impact hole containing damage and petalling cracks. The target plates were first subjected to ballistic

impact, before exposed to blast-like loading using two different load intensities for each plate configuration.

3.1. Ballistic impact tests - setup

The ballistic tests were done in the gas gun facility at SIMLab [30]. Instead of firing the projectiles from

the gas gun itself, a smooth bore Mauser rifle was mounted inside the steel tank of the gas gun as illustrated105

in Figure 2(a). 7.62 mm APM2 projectiles were used as projectiles, with the dimensions and composition

given in Figure 2(b). One shot was fired against the center of each target plate, with two repetitions for

each of the three materials. This leaves a total of 6 ballistic impact tests.

The dimensions of the target plates and position of the pre-cut circular and ballistic impact holes are

illustrated in Figure 3. The intention of the ballistic perforations at the same position and with similar hole110

diameters as the pre-cut circular holes, was to investigate the effect of damage and petalling cracks from

ballistic impacts on the blast resistance of the plates. The initial velocities of the projectiles were chosen

to be significantly higher than the ballistic limit velocity, facilitating localized fracture modes limited to the

point of impact. Hence, the ballistic limit velocity for these plates was not of interest in this study.

The penetration and perforation process of the target plates were recorded by a Phantom v2511 high-115

speed camera, and the pitch both before and after impact was confirmed to be low. The image series also

allowed for accurate measurements of both the initial and residual velocities of the projectile, as well as
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Figure 2: The experimental setup during the ballistic impact tests: (a) the target plate and smooth bore Mauser rifle inside

the steel tank, and (b) the material composition and dimensions of the 7.62 APM2 bullet. All dimensions are in mm.
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Figure 3: The two plate geometries under consideration in this study: (a) The plate with pre-cut circular hole (C) geometry,

and (b) the plate with the ballistic hole (B) geometry. All dimensions are in mm and the plates had a thickness of 0.8 mm.

observing the dynamic response of the plates and possible deformations of the projectiles. The initial and

residual velocities were obtained by using a point-tracking algorithm on the high-speed images using the

in-house DIC software eCorr [31].120

3.2. Ballistic impact tests - results

The ballistic impact tests were conducted with initial projectile velocities in the range of 910 m/s -

932 m/s, and the velocity reduction after perforation was less than 2% in all tests. Fig. 4(a) shows a

representative image sequence of the ballistic impact event, where no visual damage or plastic deformation

occurred in the projectiles. All target plates fractured by petalling, where three representative pictures of125

the exit holes are given in Fig. 4(b-d). Visual inspection of the target plates confirmed that the deformation

was localized around the impact hole. The measured diameters of the bullet holes were in the range 8.1 mm
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- 8.4 mm, comparable to the plate geometry with pre-cut circular holes as shown in Figure 3(a). It is noted

that some of the petalling cracks extended slightly outside the periphery of the visual bullet hole (see e.g.,

Fig. 4(d) ). However, no clear differences were observed in the petalling modes of the three materials, or130

between repeated tests. The important observation was that the ballistic impact tests succeeded in creating

perforations containing local damage with good repeatability.

(a)

(b)

(c)

(d)

Figure 4: Representative image sequence of the projectile perforation: (a) High-speed photography of the ballistic impact, and

representative images of the corresponding fracture modes for (b) D6 plates, (c) D10 plates and (d) D14 plates.

3.3. Blast load tests - setup

All blast load experiments were performed in the SIMLab Shock Tube Facility (SSTF). This test facility

is thoroughly described and validated for blast-like loading by Aune et al. [16, 32], and is therefore only135

briefly presented in this section. The SSTF is designed to generate planar blast waves in air and allows for

both the blast wave phenomena and the corresponding response of structures to be studied. A sketch of the

SSTF is given in Fig. 5.

The propagation of the blast wave is initiated at the driver side of the shock tube and impacts the target

plate just inside the steel tank at the right end of the tube. In this study, all experiments were performed140

with a driver length of 0.77 m and compressed air was used to pressurize the driver section. The target plates

were mounted to the shock tube by using a clamping assembly. The dimensions of the clamping assembly

are given in Fig. 3. All target plates had dimensions of 625 mm × 625 mm × 0.8 mm and a blast-exposed

area of 300 mm × 300 mm.

To monitor the tests, the facility is equipped with two high-speed cameras (Phantom v2511) and several145

pressure sensors (Kistler type 603B) for a synchronized sampling of data. The high-speed cameras operated
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at a frame rate of 37 kHz, while both the incoming and reflected overpressure were sampled with a frequency

of 500 kHz at Sensor 1 in Fig. 5. Sensor 1 is located 245 mm upstream of the target plates and serves as

the best available estimate for the pressure acting on the surface of the target plates. Hence, all pressure

measurements presented in this study are measured at Sensor 1 and represent the overpressure relative150

to atmospheric conditions. After blast loading, the plates were measured in-situ with a portable Romer

Absolute Arm 7525SI laser scanner that generates a point cloud of the deformed geometry of the tested

plates.

DRIVEN

Firing section

DRIVER

TANK

Target plate

0.77 m 16.20 m 1.70 m

Pressure Sensor 1

Aluminium
inserts

Cam 2

Cam 1

Figure 5: Illustration of the SIMLab Shock Tube Facility (SSTF), where the pressure sensor used in this study (Sensor 1) is

located 245 mm upstream the target plate [27].

Plates with pre-cut circular holes (C) and plates with ballistic holes (B) were tested against two different

blast intensities for each material. For a complete comparison of all three materials and the effect of pre-cut155

circular holes versus ballistic holes, it was decided to apply the same two blast intensities for both geometries

and all three materials. This leaves a total of 12 blast-load experiments. The complete test matrix for all

blast tests is given in Table 2, where each test is named according to the convention DX Y Z. DX refers to

the materials, i.e., either D6, D10 or D14. Y specifies the geometry of the plate, i.e., pre-cut circular hole

(C) or ballistic hole (B). Z indicates the blast intensity labeled by the firing pressure in the driver section in160

bar. The firing pressures listed in Table 2 are rounded to the lower multiple of 5, i.e., 25 or 35.

Table 2: Experimental program.

Firing
pressure

C B

D6 C 25 D6 B 25

25 bar D10 C 25 D10 B 25

D14 C 25 D14 B 25

D6 C 35 D6 B 35

35 bar D10 C 35 D10 B 35

D14 C 35 D14 B 35
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3.4. Blast load tests - results

The presentation of the results focuses on the measured blast loading parameters from Sensor 1 (see

Fig. 5), the global deformation fields of the target plates from the laser scans, and the crack initiation and

propagation of cracks for a selection of representative tests. The firing pressure, the peak incoming pressure165

(𝑃so,max) and the peak reflected pressure (𝑃r,max), as well as the duration of the positive pressure phase

(𝑡+) are all given in Table 3. The plate response under blast loading is also specified and divided into three

response categories; no cracks, crack arrest, or total fracture.

Table 3: Blast parameters measured by Sensor 1 (Fig. 5). The firing pressure denotes the maximum pressure measured in the

driver section right before rupture of the diaphragms. The peak incoming and peak reflected pressures at Sensor 1 are denoted

𝑃so,max and 𝑃r,max, respectively. The duration of the positive phase of the reflected pressure at Sensor 1 is given by 𝑡+.

Test Firing pressure 𝑃so,max 𝑃r,max 𝑡+ Plate response

[bar] [kPa] [kPa] [ms]

D6 C 25 24.9 270.1 772.5 46.1 No cracks

D6 B 25 23.9 260.9 726.4 44.5 No cracks

D10 C 25 24.2 276.5 775.8 42.4 No cracks

D10 B 25 24.3 280.6 791.2 42.3 Crack arrest

D14 C 25 24.1 266.7 796.6 44.3 No cracks

D14 B 25 24.3 277.7 809.9 42.4 Crack arrest

D6 C 35 35.0 327.4 958.2 49.9 No cracks

D6 B 35 36.9 344.6 1020.2 45.9 Crack arrest

D10 C 35 36.7 343.6 1069.0 43.0 No cracks

D10 B 35 36.9 338.1 1019.6 45.0 Crack arrest

D14 C 35 37.0 344.1 1106.6 46.3 Crack arrest

D14 B 35 37.8 340.1 1053.5 - Total fracture

This study does not aim to present a detailed evaluation of possible fluid-structure interaction (FSI)

effects. The blast parameters are mainly presented to verify that the applied blast loads are similar and170

repeatable for each of the load intensities. As the reflected pressure may depend upon the deformation

history of the blast loaded plates, this is done by comparing 𝑃so,max between repeated tests. For tests at

the same blast intensity, minor variations are observed in 𝑃so,max. It is also noted that 𝑃r,max seems to

increase with increased material strength, which indicates that FSI effects depend on the material under

consideration. Aune et al. [33] investigated the FSI effects during the dynamic response of blast-loaded thin175

steel plates. The target plates in that study were manufactured from the D6 material with a thickness of

0.8 mm. It was found that the peak pressure experienced a reduction between 4% and 15% depending on
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the blast intensity. However, FSI effects have not been investigated any further and are considered outside

the scope of this study.

(a) D6 C 25 (b) D10 C 25 (c) D14 C 25

(d) D6 B 25 (e) D10 B 25 (f) D14 B 25

Figure 6: Point clouds from the laser scans of the target plates after blast loading. The colour map indicates the out of plane

deformations. The limits for each colour map is given in the respective test, and the test names are given in the subcaptions.

Test D14 B 25 in (f) experienced fracture, which is the reason for the discontinuities in the deformation field.

Fig. 6 presents the out-of-plane deformations of the plates as point clouds measured in-situ by the180

laser scanner after blast loading. The permanent deformations of the blast-exposed area are compared

for all three plate materials when subjected to the lowest blast intensity. The colour map denotes the

out-of-plane displacements with fringe levels given in the respective colour bars. For both geometries, the

magnitude of the displacements decreases with an increase in material strength. As expected, the D6 plates
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experience the largest displacements, the D14 plates undergo the smallest displacements, whereas the D10185

plates are positioned in-between the other two plate materials. It is also observed that the distribution of

the deformations in the blast-exposed area changes with material. That is, the low strength material (D6)

experiences the largest deformations and distributes the deformations over the largest area. As the material

strength is increased, and the ductility decreased, the permanent deformations tend to localize in a smaller

region at the plate center. This is also in agreement with the findings of Refs. [20, 27, 34], because increased190

work hardening tends to distribute plasticity on a larger area of the plate. The global response within each

plate material is however similar between the two hole geometries. It is noted that the D14 B 25 test (Fig.

6(f)) experienced significant cracking, and therefore increased displacements compared to the D14 C 25 test

(Fig. 6(c)). The cracks are seen as discontinuities in the displacement field. Hence, provided that the plates

do not fracture, the pre-damage does not seem to significantly affect the global deformations.195

For the blast tests experiencing fracture, pictures showing the final state of the crack propagation are

given for tests on D6 and D10 plates in Fig. 7, and for tests on D14 plates in Fig. 8. The arrested cracks

in the D6 and D10 plates are rather short with crack lengths of about the same magnitude as the diameter

of the ballistic impact hole. It is noted that both the number and length of the cracks are increased from

D6 B 35 to D10 B 35, indicating that the D6 plate has greater resistance against both crack initiation and200

crack propagation than the D10 plate. The D14 plates resulted in two tests with arrested cracks and one

test with total fracture (see Figure 8). The arrested cracks in the D14 plates are significantly larger than the

cracks for the D6 and D10 plates. Test D14 C 35 was the only test on the pre-cut circular hole (C) geometry

experiencing arrested cracks and test D14 B 35 was the only test resulting in total fracture. This shows

that the resistance against crack initiation and crack propagation is decreased when the material strength205

is increased, i.e., D6 plates have the highest resistance, D14 plates have the lowest, whereas D10 ends up

in-between the other two. This confirms the results in Elveli et al. [27], where the strength-ductility trade-off

was studied for thin steel plates with idealized, pre-cut defects. That is, plates with low material strength

and high ductility resulted in better fracture resistance than stronger and less ductile plate materials.

Out of the 12 blast tests, 5 resulted in arrested cracks and one in total fracture. From Table 3, it is210

concluded that the plates with the ballistic holes (B) are more prone to fracture. This shows that the

fracture resistance is reduced in the plates with ballistic holes, compared to the plates with idealized pre-cut

circular holes. This trend was observed for all three materials. Both the locations of crack initiation and the

directions of crack propagation during blast loading showed a strong dependence upon the petalling cracks

resulting from the ballistic impact prior to the blast loading. From Fig. 7 and 8, it is seen that all arrested215

cracks in plates with the ballistic holes (B) were initiated at the initial petalling cracks. Thus, cracks started

to propagate in the directions of the petals formed during the ballistic impact. It was interesting to note that

the cracks propagated along other directions than the diagonals. The global response of thin, blast-loaded

plates are typically characterized by plastic hinges traveling from the supports toward the centre of the plate,
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(a) D6 B 35 (b) D10 B 25 (c) D10 B 35

(d) D6 B 35 (e) D10 B 25 (f) D10 B 35

Figure 7: Pictures of the final state after blast loading for all tests on D6 and D10 plates experiencing cracking. The full blast

exposed area is shown in (a)-(c), and zoomed-in views of the arrested cracks are presented in (d)-(f).

determining the deformed shape of the plate which is similar to a global dome. It is therefore often expected220

that the cracks will turn towards the diagonals on their way towards the plate boundary [35]. However, this

was not the case in these tests. Test D14 B 35 showed that cracks propagated vertically and horizontally

from the center and all the way to the supports. It is also noted that, except for test D14 B 35, all crack

initiations and propagations were unsymmetrical. This is contrary to the findings in previous studies on

thin metallic plates with idealized pre-cut defects (see e.g., [16, 20, 27]), where cracks mainly initiated and225

propagated along the plate diagonals in a symmetrical manner.
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(a) D14 C 35 (b) D14 B 25 (c) D14 B 35

(d) D14 C 35 (e) D14 B 25 (f) D14 B 25

Figure 8: Pictures of the final state after blast loading for all D14 plates experiencing cracking. The full blast exposed area is

given in (a)-(c), and zoomed-in views of the arrested cracks are given in (d)-(f). The test names are given in the subcaptions.

Note that (f) gives a zoomed image of the green square in (e).

4. Material modelling

4.1. Constitutive relation and failure criterion

The thermoviscoplastic constitutive relation applied in this study is based on a modified version of the

Johnson-Cook model, and has proven to give good results for metallic materials under extreme loading230

conditions [16, 20, 36, 37]. The flow stress accounts for plastic straining, elevated plastic strain rates, and

temperature softening by

𝜎eq = (𝐴 + 𝑅(𝑝)) (1 + ¤𝑝∗)𝑐 (1 − 𝑇∗𝑚) (1)

where 𝐴 is the yield stress, ¤𝑝∗ is the dimensionless plastic strain rate given by ¤𝑝∗ = ¤𝑝/ ¤𝑝0, where ¤𝑝 is the

current equivalent plastic strain rate and ¤𝑝0=5.0×10−4 s−1 is a reference strain rate. The strain rate sensit-
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ivity of the material is governed by 𝑐, while the temperature softening term is governed by the homologous235

temperature 𝑇∗ = (𝑇 − 𝑇0)/(𝑇𝑚 − 𝑇0), where 𝑇0 and 𝑇𝑚 describes a reference temperature and the melting

temperature, respectively. The temperature softening exponent is given by 𝑚.

The equivalent flow stress 𝜎eq was determined by a Hershey yield surface, expressed in terms of the

principal stresses 𝜎𝑖 , 𝑖 = 1, 2, 3, as

𝜎eq = ( |𝜎1 − 𝜎2 |𝑎 + |𝜎2 − 𝜎3 |𝑎 + |𝜎3 − 𝜎1 |𝑎)
1
𝑎 (2)

where the exponent 𝑎 determines the shape of the yield surface. If 𝑎 = 2 or 𝑎 = 4, Eq. (2) describes a von240

Mises yield surface, while 𝑎 = 1 or 𝑎 = ∞ results in the Tresca yield criterion. Hence, for 𝑎 > 4, the shape of

the yield surface will lie between the von Mises and Tresca criteria. The work hardening 𝑅(𝑝) was described
through a three-term Voce hardening law

𝑅(𝑝) =
3∑︁

𝑘=1

𝑄𝑘 (1 − 𝑒−𝑐𝑘 𝑝) (3)

where 𝑄𝑘 and 𝑐𝑘 are numerical parameters governing the saturation stress and hardening rate of the material,

and 𝑝 is the equivalent plastic strain. Lastly, material fracture was governed by element erosion and the245

Cockcroft-Latham (CL) ductile failure criterion [38], given by

𝐷 =
𝑊

𝑊𝑐
=

1

𝑊𝑐

∫ 𝑝

0
⟨𝜎1⟩𝑑𝑝, ⟨𝜎1⟩ = max(𝜎1, 0) (4)

where 𝐷 is the damage indicator defined in the range [0,1], 𝜎1 is the major principal stress, and 𝑑𝑝 denotes

the equivalent plastic strain increment. As 𝑊𝑐 defines the critical damage for a given material, fracture

emerges when the damage parameter 𝐷 reaches unity. However, the major principal stress may be rewritten

in terms of the stress triaxiality, 𝜎∗, the Lode parameter, `𝜎, and the flow stress. By substituting the250

alternative form of 𝜎1 into Eq.(4) and assuming a yield surface exponent of a=2, we get

𝐷 =
1

𝑊𝑐

∫ 𝑝

0
⟨ 𝜎∗ + 3 − `𝜎

3
√︁
3 + `2𝜎

⟩𝜎eq𝑑𝑝 (5)

where

𝜎∗ =
𝜎1 + 𝜎2 + 𝜎3

3𝜎eq
, `𝜎 =

2𝜎2 − 𝜎1 − 𝜎3

𝜎1 − 𝜎3
(6)

From Eq.(5) it is observed that the CL damage accumulation represents the plastic work per unit volume,

multiplied by a factor depending on the stress triaxiality and the Lode parameter. The damage evolution

rate decreases with a decrease in the stress triaxiality, and for sufficiently low values of 𝜎∗, or if 𝜎1 ≤ 0, no255

damage is accumulated.
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4.2. Identification of material parameters

The constitutive relation described by Eqs. (1)-(4) was implemented as a user-defined subroutine in LS-

DYNA. The work hardening parameters 𝑄𝑖 and 𝐶𝑖 were obtained through inverse modeling of the uniaxial

tension tests, where the measured engineering stress-strain curves were used as target curves in an optimiza-260

tion using LS-OPT. All numerical tension tests applied element type 1, which is the most time efficient and

default solid element for explicit simulations in LS-DYNA. This element is formulated as a constant stress

hexahedron utilizing a reduced integration [39]. The test specimen was discretized with an element size of

0.2 mm, corresponding to 4 elements over the thickness. An identical element size and element type were

used for all simulations throughout this study.265
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Figure 9: Comparison of numerically and experimentally obtained engineering stress-strain curves in (a), and the corresponding

Cockcroft-Latham (CL) damage evolution in (b).

The CL fracture parameter 𝑊𝑐 was extracted by following the critical element in the through-thickness

centre of the tensile test simulations. This element is exposed to the largest equivalent plastic strain, and

at the instant of fracture in the engineering stress-strain curves from the tests for all three materials, 𝑊𝑐

was found by integration using Eq.(4). Numerically obtained engineering stress-strain curves are given in

Figure 9(a), with the corresponding CL integrals in Figure 9(b). The estimated work hardening parameters270

are summarized in Table 4. Typical elastic and thermal material parameters from the literature were used

for all three steels, i.e., 𝐸=210 GPa, a=0.33 and 𝜌=7850 kg/m3, while the specific heat capacity was set to

𝐶𝑝=452 J/kgK, the melting temperature to 𝑇𝑚=1800 K and the reference temperature to 𝑇𝑟 = 293 K.
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Table 4: Parameters for the constitutive relation described in Eqs.(1)-(4). All tension tests were performed with a nominal

strain rate of ¤𝑝0 =5×10−4s−1. Both c and m are taken from [29].

A Q1 C1 Q2 C2 Q3 C3 c m Wc

Material [MPa] [MPa] [-] [MPa] [-] [MPa] [-] [-] [-] [MPa]

D6 300.0 43.8 17642.7 275.0 28.5 942.4 0.9 0.01 1.0 851.4

D10 468.8 240.9 1340.5 289.8 118.1 245.0 11.7 0.008 1.0 773.6

D14 1114.8 180.0 1744.7 187.7 185.8 118.1 17.5 0.004 1.0 570.2

4.3. Numerical modelling of fracture

Ballistic impact and blast loading correspond to significantly different stress states during the plastic275

straining to fracture. By assuming proportional loading conditions, i.e., 𝜎∗ and `𝜎 remains constant

throughout the entire loading history to fracture, the fracture strain 𝑝 𝑓 may be determined as a func-

tion of 𝜎∗, `𝜎, and the obtained material parameters, 𝑄𝑘 , 𝐶𝑘 , and 𝑊𝑐 by use of the CL failure criterion.

The corresponding fracture loci are plotted for all three materials in Figure 10(a-c). The fracture strain

is plotted as a function of 𝜎∗ for three given values of the Lode parameter. It is noted that (`𝜎 , 𝜎
∗) =280

(−1, 1/3) corresponds to generalized tension (𝜎1 ≥ 𝜎2 = 𝜎3), (`𝜎 , 𝜎
∗) = (0, 0) represents generalized shear

(2𝜎2 = 𝜎1 + 𝜎3), (`𝜎 , 𝜎
∗) = (1,−1/3) represents generalized compression (𝜎1 = 𝜎2 ≥ 𝜎3), while (`𝜎 , 𝜎

∗) =

(1, 2/3) implies biaxial tension (𝜎1 = 𝜎2 ≥ 𝜎3 = 0). As the CL failure criterion is driven by positive values of

𝜎1, the lowest fracture strain is found for generalized tension. Accordingly, the largest fracture strain occurs

in generalized compression, and shear ends up in between. Independent of the Lode parameter, the fracture285

strain increased dramatically with a decrease in stress triaxiality. With sufficiently low stress triaxialities,

the fracture strain approaches infinity, and the CL criterion will no longer result in fracture.

Ballistic impacts tend to give compression dominated loading paths for elements in direct contact with

the projectile. In such loading cases, the CL failure criterion may result in a highly increased fracture strain

for certain elements. To overcome this issue, an additional effective fracture strain Yeff was introduced in290

the fracture model.

Yeff =

√︂
2

3
Ydev𝑖 𝑗 Ydev𝑖 𝑗 (7)

where Ydev𝑖 𝑗 represents the deviatoric strain tensor. Hence, the strain-based failure criterion in Eq. (7) will

basically erode severely distorted elements. The additional fracture strain can be interpreted as a ”capping”

of the CL fracture loci and is visualized as the green dotted lines in Figure 10. Note that the y-axis of the

fracture loci represents the equivalent plastic strain, and the applied fracture strain is an effective deviatoric295

strain. This means that the numerical values of the two strain measures do not have a one to one relationship.
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In Figure 10(d), the loading paths for the most damaged element in the numerical tension tests are

plotted for all three materials. During the numerical tension tests, both the stress triaxiality and the Lode

parameter are changing, and these curves are hence not directly comparable to the fracture loci in Figure

10(a-c). For all three materials, the stress triaxiality lies between 0.32 and 0.62, and the corresponding Lode300

parameter is between -1 and -0.4, which places the fracture strain around the lower right portion of the loci.
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Figure 10: (a-c) Fracture loci based on the CL failure criterion for all materials at selected values of the Lode parameter, (d)

the loading path to fracture for the most damaged element in the simulations of the tension tests are plotted for all materials.

Figure 11 presents results from numerical simulations using the specimen geometry in Figure 1(b) and

the material parameters in Table 4. The results are presented as the damage field in Figure 11(a) at the

instant of fracture initiation for the three materials under consideration, while the analytical expression of

the work hardening 𝑅(𝑝) is plotted against the plastic strain 𝑝 in Figure 11(b). It is evident that the three305

materials are experiencing distinct differences in the ability to distribute the damage over the gauge area of
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the specimen geometry. While D14 experiences a strong localization of plastic deformation and damage, D6

and D10 are gradually distributing the damage across a larger area. It is interesting to note the correlation

between localization of damage in Figure 11(a) and work hardening characteristics in Figure 11(b). That is,

increased work hardening distributes the plastic deformations and the corresponding damage over a much310

larger area. In turn, this leads to a larger dissipation of plastic work and an increased resistance to fracture

and crack propagation. The main trend is that the increased material strength leads to a reduction in work

hardening, confirming the observations on the strength-ductility trade-off in Ref. [27].
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Figure 11: Numerical modelling of the three materials under consideration: (a) Damage fields extracted at the instant of

fracture, and (b) the analytical expressions for the work hardening 𝑅 (𝑝) when using the Voce parameters in Table 4. The

damage fields is based on the CL criterion in Eq. (4).

5. Numerical simulations of combined ballistic impact and blast loading

Numerical simulations were used to gain more insight into the fracture characteristics of pre-damaged315

plates exposed to blast loading. However, before moving into the detailed simulations of the blast loaded

plates, it is necessary to address some challenges in the numerical modelling and simulation of scenarios

involving combined ballistic impact and blast loading.

5.1. Numerical model

To replicate the experimental tests, the ballistic impact and blast simulation were run in two separate320

analyses. This was formulated as a full deck restart analysis in LS-DYNA, using a *DAMPING PART MASS

numerical damping in between the two load cases to minimize elastic oscillations prior to the blast load.

The numerical model is shown in Fig. 12. The experimental setup allowed for the use of two symmetry

planes. The clamping assembly consists of two steel plates which are coloured with green and brown in the
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figure, and 3 bolts (2 full and 2 half). Both the bolts and the green clamping frame are fixed for translation325

in all directions along the surface facing outwards in Fig. 12(c). The target plate and the brown clamping

frame are constrained by contact with the surrounding parts. As shown in Fig. 12(c), the blast-exposed

surface of the target plate is bounded by the inner square of the green clamping frame. The clamping

frame and bolts were modeled as elastic (*MAT 001), using standard material parameters for steel. The

constitutive relation and material parameters applied for the target plates are described in Section 4.1.330

Figure 12: The numerical model of the clamping assembly and the target plate: (a) a view of the unloaded surface, (b) seen

from the side, and (c) a view of the blast-exposed surface. It is noted that quarter symmetry has been utilized.

The overall aim of the ballistic simulations was to predict a realistic fracture mode in the target plates.

That is, to obtain a realistic starting point for the blast simulations in terms of the number of petals and

initial cracks from the ballistic impact. Hence, the ballistic resistance of the target plates was not considered

in detail. As no visual deformation or damage was observed for the projectiles in the experiments, rigid

projectiles were applied in the numerical models. The projectiles were given an initial velocity of 900 m/s.335

The quarter symmetry of the target plate assembly was also adopted for the projectile.

During a ballistic impact, the localized area in which the material fails experiences high pressures, leading

to low stress triaxialities. As a consequence, the CL failure criterion (Eq. 5) accumulates no damage in these

elements under compressive stress states although there are significant plastic deformations. Numerically,

this allows for elements to exhibit excessive plastic deformation without failing [37]. If adiabatic heating340

is included, the localized areas of large plastic deformations and high plastic strain rates will experience

significant heating and the element could therefore be eroded due to a temperature-based failure criterion.

However, the local plastic deformation and corresponding adiabatic heating of each element within the

impact zone is very mesh sensitive [23]. Simulations with a sufficiently fine mesh using 3D brick elements

is considered as unrealistic in the context of combined ballistic impact and blast loading. This presents a345

challenge on how to model such a loading event, because refining the mesh is not feasible within the scope
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of this work.

Alternative modelling approaches to handle excessively distorted elements with low CL damage accumu-

lation in ballistic impact simulations are typically to either erode elements if the critical time step drops below

a given threshold or at a given strain limit. In this study it was decided to adopt an additional strain-based350

erosion criterion from Refs. [40, 41], where elements are eroded if the effective von Mises strain Yeff from

Eq. (7) reaches a given threshold. This is governed by the EFFEPS keyword in the *MAT ADD EROSION

module in LS-DYNA. To introduce an additional strain-based failure criterion is somewhat similar to capping

the fracture locus, as illustrated in Figure 10. It is important to note that this was only applied during the

ballistic impact simulations, and not in the subsequent blast simulations. Fracture in the blast simulation355

was governed solely by the CL failure criterion and the critical temperature.

Aune et al. [16] studied blast-loaded steel plates of similar dimensions as those used in this study. It

was shown that a discretization consisting of 0.8 mm shell elements for the target plates gave an accurate

description of both plastic deformations and fracture during blast loading. However, shell elements cannot

be used in the ballistic impact simulations. As a compromise between numerical accuracy during ballistic360

impact and computational efficiency during blast loading, it was decided to apply a uniform mesh of 0.2

mm solid elements. This corresponds to 4 elements across the plate thickness. All blast simulations in

this study used the idealized pressure histories from Aune et al. [32] shown in Figure 13. It is noted that

the applied pressure histories are obtained in separate experiments obtaining pressure measurements on the

blast-exposed surface of a massive, non-deformable steel plate. This gives a conservative estimate of the365

loading history, as FSI effects are expected to somewhat lower the blast pressure for thin steel plates [33].
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Figure 13: The pressure histories used in the blast simulations.

The two loading cases are evaluated separately with the ballistic impact simulations in Section 5.2, and

the blast simulations in Section 5.3. More specific information regarding the modeling of the two loading
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cases are given within the respective sections.

5.2. Numerical results for ballistic impact370

The goal of this study is to investigate the influence of ballistic impact on the blast resistance of thin

steel plates. Thus, the simulations of the ballistic impacts are conducted to generate similar petalling

cracks as those seen in the physical tests as a starting point for the subsequent blast simulations. It was

therefore considered necessary to carry out a parametric study on the influence of the threshold value of the

effective fracture strain, Yeff in Eq. (7), on the simulated petalling mode. This was done using three different375

thresholds of Yeff for each material. It was decided to apply the same three thresholds for all three materials

under consideration, i.e., 1.0, 1.5, and 2.0. As a reference, one simulation of each material excluding the

strain-based failure criterion was also performed (i.e., Yeff = 0.0). The corresponding numerical results are

given for plates of D6, D10 and D14 in Figure 14. It is noted that the quarter model was mirrored across

the two symmetry planes in the ballistic holes for a better visualization. The applied level of Yeff is given380

above each subfigure. The total number of eroded elements for each simulation is given at the bottom of

each figure.

For all three materials, simulations where element erosion is based solely on the CL failure criterion

and the critical temperature do not resemble the fracture mode observed in the physical tests, as seen in

Figure 4. No distinct petals or cracks are formed around the bullet hole, and highly distorted elements385

with a low damage accumulation occur in the periphery of the holes. As Yeff approaches a threshold of

1.0, the obtained fracture mode is more similar to the experimental observations, and the number of eroded

elements are increasing for all three plate materials. The improved results and increased number of eroded

elements with the additional strain-based failure criterion indicate that the CL failure criterion and critical

temperature alone are not able to describe the physical mechanisms leading to fracture for the applied mesh.390

Figure 14 shows that the D14 plate gave the largest number of eroded elements. This is reasonable as

D14 is the material with the smallest amount of both ductility and hardening (see Figs. 9 and 11). It

is also seen that the strain-based erosion criterion affects the interaction between the projectile and the

target plate. As the elements in contact with the projectile are eroded early in the perforation process, the

threshold for Yeff will determine the ballistic hole geometry. Even though the D14 plates were the least395

sensitive to variations in the effective failure strain, the number of petals increased with almost a factor of 2

from Yeff=1.0 to Yeff=1.5. This effect was not found for the D6 and D10 simulations, where distinct petals

mainly occurred for Yeff=1.0.

To better understand the need to include an additional strain-based failure criterion for the ballistic

impact simulations, it was decided to study the stress state in selected elements in the simulations without the400

strain-based erosion criterion. The elements were selected based on their position across the plate thickness

and with respect to the distance from the projectile nose. Figure 15 shows the selection of elements. Hence,
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Figure 14: Numerical results for all ballistic impact simulations. The three different thresholds of the effective strain erosion

criterion (Yeff in Eq. (7)) are given at the top of each figure for each material. Yeff=0.0 denotes the simulation where only the

CL failure criterion and critical temperature were applied. Note that the quarter model was mirrored across the two symmetry

planes for a better visualization. The total number of eroded elements for each simulation is given at the bottom of each figure.

the elements across the thickness were evaluated at two separate distances from the plate center along one of

the symmetry lines in the quarter model. The corresponding plots of the stress triaxiality and the damage

(see Eq. (4)) shown in Figure 16 follow the same colour convention for each elements as indicated in Figure405

15. As all three materials showed similar trends, it was decided to only present the stress triaxiality and

damage for the D14 material.

From the plots of the stress triaxiality in Figure 16(a) and (b), it is observed that the stress state for

the impacted elements is compression dominated. This is particularly the case for the elements in the

upper half of the plate thickness (Elements 1 and 2). As Element 1 is in direct contact with the projectile410

and Element 4 lies on the opposite side of the plate thickness, it is reasonable that the stress triaxiality is

increasing from Element 1 to Element 4. By considering the corresponding plots of the damage in Figure

16, the negative triaxilities translate to large plastic straining without any accumulation of damage. From

Figure Figure 16(a) and (b) it is also seen that the stress triaxiality is decreasing, while Figure 16(c) and (d)

indicates that the fracture strain is increasing as the distance to the plate center is decreased. Some elements415
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closer to the center than the evaluated elements experienced plastic strains above 3 without exceeding the

CL criterion in Eq. (4).

Figure 15: The selection of elements used for the evaluation of the stress state during ballistic impact. The cross section

represents the plate thickness along one of the symmetry planes, where the left end represents the plate center. The projectile

impacts the entire region called the ”Projectile impact zone”. The element IDs used in Figure 16 are indicated inside each

element.
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Figure 16: The stress triaxiality versus the equivalent plastic strain in the elements indicated in Figure 15: (a) the elements at

a distance of 2.0 mm from the plate center, and (b) the elements at a distance of 3.0 mm from the plate center. The equivalent

plastic strain versus the accumulated damage in the elements indicated in Figure 15: (c) the elements at a distance of 2.0 mm

from the plate center, and (d) the elements at a distance of 3.0 mm from the plate center. As all three materials resulted in

similar trends, only the results for the D14 material are presented.
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It should also be noted that a mesh refinement corresponding to 8 elements across the thickness (element

size of 0.1 mm) was also used in an attempt to improve the simulations of the fracture mode. However, even

at this element size the fracture modes were poorly represented when using only the CL failure criterion and420

the critical temperature. Figure 16(a) and (b) show that the simulations of the ballistic impact resulted in

stress triaxialities as low as -1.5 for a large portion of the critical elements. Even the major principal stress

turned negative and no accumulation of damage occurred. Hence, it is found necessary to use an additional

failure criterion to predict realistic fracture modes during ballistic impact on a course mesh, motivating the

use of the strain-based criterion in Eq. (7). Another alternative would be to use a more advanced fracture425

criterion that better accounts for damage at lower stress triaxialities. However, this is beyond the scope of

this study.

5.3. Numerical results for blast loading simulations

The numerical results of the blast simulations are divided into two main parts. First, the global response

is evaluated for simulations that do not show any sign of fracture. Secondly, the fracture resistance in the430

different materials and plate geometries are considered.

5.3.1. Global response

The permanent out-of-plane displacement fields of plates with a pre-cut circular hole (C) are presented

in Figure 17. It is noted that only results from the lowest blast intensity and the C geometry are presented

in this section, as this is the only configuration where none of the materials experienced any fracture. As in435

the physical tests (see Figure 6(a-c)), the permanent deformations are decreasing with increasing material

strength and the distribution of deformations gets more localized around the center for the D10 and D14

plates. However, increased magnitudes of permanent deformations are seen in the numerical simulations

compared to the experimental observations. This was expected because the simulations are neglecting FSI

effects, and the applied pressure histories are obtained in separate tests on rigid target plates. This will440

overestimate the deformations [16, 33].

Figure 18 provides the equivalent plastic strain 𝑝 when the plates have reached the permanent deformed

configuration. It is evident that the magnitude of the plastic strains are significantly larger for the D6 plate,

compared to the D10 and D14 plates. The maximum plastic strain occurred at the periphery of the pre-cut

hole for all tests, with a magnitude of 0.23 for D6 C 25 (Figure 18(a)), 0.13 for D10 C 25 (Figure 18(b)),445

and 0.12 for D14 C 25 (Figure 18(c)). However, the most dominant difference in the equivalent plastic

strain fields is the difference in distribution. For the most ductile plate (i.e., D6 C 25), the plastic strains

are distributed across a large area around the center of the target plate. As the ductility is reduced and the

strength increased, D10 C 25 experiences a more localized distribution around the plate center. This effect

is even more evident for test D14 C 25. Within the areas of localized plastic strain, some clear differences450
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Figure 17: The permanent out-of-plane displacement fields from numerical simulations of plates with a pre-cut circular hole

(C), exposed to the lowest blast intensity. The plate materials are indicated in the sub-caption of each image. Note that the

quarter model was mirrored across the two symmetry planes for a better visualization.

Figure 18: The equivalent plastic strain fields corresponding to the state of permanent deformation. Zoomed images of the

plastic strain distribution around the pre-cut holes are given in the lower right corner of each figure, indicated with a red square.

The test names are given in the sub-captions. Note that the quarter model was mirrored across the two symmetry planes for

a better visualization.

are seen between the three materials when considering the zoomed images of the pre-cut holes in Figure 18.

For D6 C 25, the strongest localization occurred as a circular area along the periphery of the pre-cut hole.

A similar distribution is seen for D10 C 25. For D14 C 25, distinct localizations have formed along the

diagonals. The comparison of the plastic strain distributions in Figure 18 resembles the same trends that

were observed in the simulations of the uniaxial tension tests in Figure 11(a), where localization occurred455

at smaller strains for the D14 material compared to the D6 and D10 materials.

When the blast intensity was increased in the simulations, both D6 C 35 and D10 C 35 resulted in

increased deformations, but no signs of fracture were found. As in the experiments, D14 C 35 experienced

fracture in the numerical model. In the experiments, two large arrested cracks were observed, while the

numerical model ended with complete tearing where the cracks initiated and propagated along the diagonals460

and all the way to the clamping frame.
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5.3.2. Fracture resistance

As in the physical tests in Section 3.4, the numerical simulations showed that the blast resistance was

strongly dependent on the fracture mode from the ballistic impact. The final state of crack propagation is

given for tests D6 B 35 and D10 B 35 in Figure 19. Quarter symmetry was applied in all blast simulations,465

and all images have been mirrored across the two symmetry planes for a better visualization. It is emphasized

that the strain-based failure criterion (Yeff) in Eq. (7) was only applied during the ballistic impact simulations

and was not used in the blast load simulations. Hence, the fracture during blast loading was only governed

by the CL failure criterion in Eq. (4) and possible thermal effects.

As shown in Section 5.2, the fracture mode during the ballistic impact was sensitive to variations in470

the fracture strain. A successful result in predicting the petalling cracks for the D6 and D10 plates where

obtained using Yeff=1.0. The absence of fully formed petals will influence the blast simulations such that the

response is more similar to the target plates with pre-cut circular holes. The CL damage fields given for tests

D6 B 35 and D10 B 35 in Figure 19 are therefore restarted from the ballistic simulations using Yeff=1.0.

The lengths of the arrested cracks in the D6 B 35 and D10 B 35 simulations were measured to be of similar475

magnitude as what was found for the corresponding blast tests. However, the D6 B 35 and D10 B 35 tests

resulted in only 2 and 3 arrested cracks, respectively. As the numerical models applied quarter symmetry,

one crack in the quarter model corresponds to 4 cracks for the full geometry. This means that the numerical

simulations predict a larger crack length than that observed in the physical tests.

Figure 19: Final state of arrested cracks for D6 B 35 and D10 B 35. The full geometry of the blast exposed area is indicated

in (e) to give a perspective of the lengths of the arrested cracks. Simulation identities are indicated in the subcaptions.

Figure 20 shows the final states of crack propagation for test D14 B 25. Two alternative results are480

given, due to the findings in Section 5.2 where both threshold values of Yeff=1.0 and Yeff=1.5 predicted
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reasonable petalling cracks during the ballistic impact of the D14 plates. This allowed for a numerical study

on the influence of the number of petalling cracks on the blast resistance of the D14 plates. The blast

simulations starting from the ballistic simulations with Yeff=1.0 contained approximately half the number

of petals compared to those starting from ballistic simulations using Yeff=1.5. It should also be noted485

that Yeff=1.5 have petalling cracks aligned with the plate diagonals, while Yeff=1.0 only have vertical and

horizontal petalling cracks.

From Figure 20 it is clear that the two different petalling distributions (Yeff=1.0 and Yeff=1.5) for test

D14 B 25 resulted in two different fracture patterns during blast loading. The blast simulation starting from

the ballistic impact using Yeff=1.0 resulted in short arrested vertical cracks (Figure 20(a),(c)), while blast490

simulations starting from the ballistic results using Yeff=1.5 gave significantly longer cracks along the plate

diagonal (Figure 20(b),(d)). All cracks are initiated at the petals resulting from the ballistic impact event.

It is noted that both simulations resulted in smaller arrested cracks than in the physical tests. Both blast

simulations of test D14 B 25 applied identical blast intensity and material parameters. The only difference

between the two models in Figure 20 is the fracture mode from the ballistic impact. Hence, it is evident that495

the crack initiation and crack propagation during blast loading are sensitive to the petalling distribution

and orientation from the ballistic impact.

Figure 20: Final state of arrested cracks for D14 B 25 based on two different fracture strain thresholds from the ballistic impact.

It is noted that the values of Yeff are referring to the additional strain-based failure criterion during ballistic impact, as this

strain criterion was not included in the blast simulations.

Figure 21 provides representative crack propagation paths for simulations of the D14 plate exposed to

the highest blast intensity. The results for test D14 C 35 are given in Figure 21(a), while the results for the

two petalling modes for test D14 B 35 are given in Figure 21(b) and Figure 21(c). As the pre-cut circular500
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hole (C) geometry in test D14 C 35 represents an ideal geometry, this simulation will also serve as a basis

of comparison to evaluate the effect of the petalling mode in the crack initiation and propagation during

the blast loading phase. Thin, square plates subjected to blast loading are expected to experience cracks

propagating along the plate diagonals (see e.g., Refs. [16, 20, 27, 35]). Both D14 C 35 and D14 B 35 -

Yeff=1.5 ended in total fracture, with cracks propagating along the diagonals. However, D14 B 35 - Yeff=1.0505

corresponds to another petalling mode than Yeff=1.5, and resulted in significant arrested cracks along the

horizontal direction. This means that the change in petalling mode from Yeff=1.5 to Yeff=1.0 changed the

direction of crack propagation during blast loading, and hence increased the resistance to fracture of the

target plate.

Figure 21: The final state of crack propagation from blast simulations for test D14 C 35 is shown in (a), while similar results

from blast simulations with two different petalling modes from the ballistic simulations for test D14 B 35 are shown in (b)

and (c). Note that Yeff refers to the two different thresholds used for the strain-based failure criterion in the ballistic impact

simulations. The strain-based failure criterion was not included in the blast simulations. It is stated in the subcaptions weather

the simulation ended in crack arrest or total fracture.

Another interesting observation is the discrepancy in numerically predicted crack resistance between510

the different models. All blast simulations resulted in larger cracks than that in the physical tests, except

for the blast simulations of the D14 plates with ballistic perforations (i.e., tests D14 B 25 and D14 B 35).

Since FSI effects were neglected in this study, the applied loading curves could represent a slightly higher

blast intensity than that in the actual tests (see Ref. [33]). However, this only explains the simulations

giving conservative estimates of the fracture resistance. A plausible explanation for the non-conservative515

predictions of the fracture resistance in some of the blast simulations with ballistic perforations is the change

in crack propagation path. All simulations leading to conservative estimates of the resistance to fracture

experienced crack propagations along the plate diagonals. Simulations that overestimated the fracture

resistance experienced crack propagation along the vertical and horizontal directions. Thus, the numerical
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predictions are very sensitive to changes in the petalling modes resulting from the ballistic impact.520

5.4. Stress states during blast loading

As the stress states and validity of the CL failure criterion were investigated for the ballistic impact

simulations in Section 5.2, this section aims to perform a similar evaluation for the blast simulations. In

Figure 22, the major principal stress 𝜎1, the Lode parameter `𝜎, and the stress triaxiality 𝜎∗, are presented

for two representative blast simulations. The field plots show the unloaded surface of the target plates, and525

were captured right before crack initiation occurred. A zoomed image around the ballistic impact holes of

the target plates is given at the lower right corner of each subfigure.

Figure 22: Field plots of the major principal stress 𝜎1, the Lode parameter `𝜎 , and the stress triaxiality 𝜎∗ right before the

crack initiation occurred. The D14 C 35 simulation is presented in (a)-(c) and the D14 B 35 simulation in (d)-(f). All field

plots are taken from the unloaded surface of the target plates.

Overall, it is seen that both 𝜎1, `𝜎, and 𝜎∗ gives similar distributions for the two simulations in Figure 22.

However, some differences are observed around the bullet hole in D14 B 35 compared to the pre-cut circular

hole in D14 C 35. For 𝜎1, which is the driving force in the CL-fracture criteria, a stronger localization along530

the diagonals is observed for D14 B 35 than for D14 C 35. This is reasonable, as the bullet hole contains
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small petalling cracks, which generally leads to increased stress concentrations. From the definitions of `𝜎

and 𝜎∗ in Section 4.3, it is seen in Figure 22 (b) and (c) that the D14 C 35 simulation is experiencing a

stress state close to uniaxial tension at the periphery of the pre-cut hole right before crack initiation. The

D14 B 35 simulation on the other hand undergoes larger values for both `𝜎 and 𝜎∗, yielding a stress state535

closer to biaxial tension. However, both target plate geometries correspond to stress states within the same

range as the uniaxial tension tests applied to determine the CL failure parameter 𝑊𝑐, shown in Figure 10.

6. Concluding remarks

Experimental and numerical studies were conducted to investigate the effect of ballistic impact prior to

blast loading of thin steel plates. This was done by comparing the response of plates with pre-cut circular540

holes to that of plates with ballistic perforations when exposed to the same blast intensity. Three steel

qualities with distinct differences in strength, ductility and work hardening characteristics were tested to

get a better understanding of the strength-ductility trade-off. Numerical models were evaluated based on

the experimental observations, where special focus was placed on the compromise between computational

accuracy during ballistic impact and computational efficiency during blast loading. The numerical simula-545

tions were also used to address challenges related to the distinct differences in the loading paths to fracture

for both the ballistic impact and the blast loading. The main conclusions from the study are as follows.

• As expected, the ballistic impact resulted in reduced blast resistance compared to the target plates

with pre-cut holes. This trend was found for all plate materials, both in the physical tests and in the

numerical simulations. Even though the pre-cut circular holes (C) and ballistic holes (B) both were550

circular with a diameter of about 8 mm, the ballistic impact introduced small petalling cracks and

additional damage to the material around the perforation. It was evident that the crack propagation

during blast loading was initiated at these petalling cracks. Hence, pre-cut holes containing initial

material damage gives a lower fracture resistance than pre-cut circular holes in thin blast-loaded steel

plates.555

• The three materials evaluated in this study showed a step-wise increase in material strength and a

corresponding decrease in ductility. The fracture resistance during blast loading decreased with an

increase in material strength. Furthermore, the reduced fracture resistance as a result of the ballistic

impact increased with increased material strength. This confirms previous findings on the influence of

the strength-ductility trade-off on the fracture resistance of perforated plates, where plates with higher560

strength are more prone to cracking and fracture than plates with lower strength. Higher material

strength typically comes with lower ductility. Thus, this study shows that work hardening and ductility

may be more important than the strength for the fracture resistance of pre-damaged and blast-loaded

thin steel plates.
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• The numerical models were able to capture the main trends observed in the physical tests, i.e., a565

decrease in blast resistance after ballistic impact and reduced fracture resistance with increased material

strength. The most challenging aspect of a successful result in the numerical simulations of combined

ballistic impact and blast loading was the representation of the fracture mode during the ballistic

impact using a rather course finite element model. Provided a good description of the petalling cracks

from the ballistic impact, the numerical simulations of the blast loaded plates predicted the same trends570

as those observed in the physical tests. The numerical simulations did not succeed in obtaining a good

description of the fracture mode in the ballistic impact using the CL failure criterion in combination

with a temperature criterion using a course mesh. To capture the experimentally observed petalling

cracks during ballistic impact in this study, a strain-based failure criterion was included in addition to

the CL failure criterion to erode elements at low triaxialities. The blast simulations only used the CL575

failure criterion and critical temperature.

• The numerical models of the target plates can be used to gain more insight into the combined effect

of ballistic impact and blast loading. It is emphasized that this study is limited to load intensities

generated within the capability of a shock tube facility. This motivates further studies on the influence

of other load intensities, e.g., those generated by close-in detonations.580
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Abstract

Pre-formed defects created by high-velocity impact have the potential to reduce the structural integrity

of lightweight, flexible structures. This study evaluates the effect of realistic pre-formed defects in thin

steel plates exposed to partially confined detonations. Target plates containing pre-cut circular holes with

a diameter of 8.0 mm are compared to target plates exposed to an initial ballistic impact from 7.62 mm

APM2 projectiles. The target plates were exposed to blast loading generated from detonating C-4 inside a

steel tube. The stand-off distance was fixed and set equal to the tube radius, where the rear end of the tube

was kept open. All blast tests were recorded with several pressure sensors, syncronized with two high-speed

cameras monitoring the dynamic response of the target plates. This allowed for a reliable experimental

procedure, serving as a benchmark for different numerical methods. For similar loading conditions, the

target plates containing initial ballistic impact showed a reduced fracture resistance during blast loading

compared to the target plates with pre-cut circular holes. Two different numerical approaches were tested

and compared, i.e., a purely Lagrangian particle-based approach and a fully coupled simulation using an

ALE description of the blast domain. The ALE simulations were found to underestimate the structural

response, while the particle-based approach overestimated the structural response.

Keywords: Ballistic impact, Blast loading, Particle blast method, ALE, LS-DYNA

1. Introduction

Blast waves can occur in various environments and typically originates form accidental, industrial or

intended explosions [1–3]. Hazardous fragments are often accelerated by and move together with the blast

wave. Such objects may be parts originating from an explosive’s container or debris from surrounding

structures, i.e., primary and secondary fragments. Several studies indicate that the combined effects of blast5
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and fragment impact can be more severe than the blast loading acting alone (see e.g., [4–8]). Considering a

cased explosive, the initial fragment velocity is normally much smaller than the initial velocity of the blast

wave. As the blast wave expands, its velocity is reduced at a higher rate than the fragments. This means

that the high velocity fragments may strike before, during, or after the arrival of the blast wave, depending

on distance [8].10

Several studies exists on blast-loaded plates with pre-cut idealized defects, which represents fragment

impact prior to blast loading [9–15]. The pre-cut defects significantly reduce the blast resistance of the

target plates. That is, fracture tends to occur around the defects rather than at the supports, which is a

common fracture mode for target plates without any pre-cut defects [16–18]. Granum et al. [12] found that

the shape, orientation and number of pre-cut defects affected both the fracture resistance and the crack15

path in the target plates. Elveli et al. [19] further investigated the effect of pre-formed ballistic impact

holes compared to pre-cut circular holes for thin steel plates exposed to blast-like loading conditions in a

shock tube facility. As expected, the target plates with pre-formed ballistic impact holes showed a reduced

fracture resistance compared to the plates with pre-cut circular holes. All crack propagations were initiated

from the initial petalling cracks around the ballistic impact hole. The pre-formed ballistic impact holes and20

pre-cut circular holes were located at the plate center, and the loading characteristics showed similarities

to that of a far-field detonation. That is, a uniformly distributed pressure field with a relatively low peak

pressure and a large duration of the positive phase. A novel experimental technique was recently suggested

by Atoui et al. [20], where a solid explosive with an embedded steel sphere was detonated at the entrance

of an explosive-driven shock tube. The objective of the study was to control the time interval between the25

arrival of the steel sphere and the shock wave at the target. The experimental setup succeeded in creating

repeatable loading conditions, where the spatiotemporal evolution of both the shock and the sphere were

recorded using optical diagnostics.

Compared to blast loads generated in a shock tube or by detonations in free air, the number of studies

on confined explosions are more limited. Confined blast loads are also more complex than those in free30

air. Previous studies [21, 22] have shown that the common design manual UFC-3-340-02 [23] is unable to

predict a satisfactory loading history and pressure distribution from confined detonations. Because of the

interactions between the propagating shock and the confinement, the loading history typically consists of

several pressure peaks [21, 24, 25] with amplified magnitudes [26–28], and hence, significantly increased

damage potentials [29]. The multiple pressure peaks tend to decrease towards a static overpressure, or35

back to atmospheric conditions depending on the venting of the confinement. Although each pressure peak

evaluated alone may represent a relatively short duration, the duration of the full loading event is typically

much longer than what is found for free air detonations.

However, the pressure history, pressure distribution and deformation mode are all significantly affected

by the degree of confinement and the position of the explosive charge. For circular mild steel plates exposed40
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to confined blast loading, changes in stand-off distance affect the global deformation response. At stand-off

distances smaller than the confinement radius, the plates deform as a global dome with a superimposed

local dome around the plate center. As the stand-off is set to a larger distance than the distance to the

confinement, the plates deform in a global dome (see e.g., [30]).

A similar study was performed by Yuan et al. [31], where the dynamic response of thin square steel plates45

were investigated for several stand-off distances for fully confined detonations. By placing one deformable

steel plate in each end of a squared confinement tank, two different stand-off distances were studied for each

detonation. The plate with the largest stand-off distance consistently experienced the largest maximum

displacements, through a global dome deformation mode. The closest plate resulted in smaller deformations,

but with a superimposed local dome on the global dome, similarly as the observations in Ref. [30]. The larger50

stand-off led to lower peak pressures and longer durations for the transferred impulse. The total impulse

was the largest for the closest plate, but the saturated impulse was seemingly larger for the plate with the

largest stand-off. Generally, for confined detonations, it is observed that if the explosive charge is positioned

at a distance larger than the distance to the confinement, the incoming pressure takes a more uniform

distribution. For stand-off distances smaller than the distance to the confinement, the pressure distribution55

of the initial pressure peak takes a distribution similar to that observed for unconfined detonations.

Zhang et al. [15] studied thin square steel plates with different pre-cut defects exposed to fully confined

blast loads. The response of the plates without any defects were compared to the plates containing circular

and square holes. It was found that the target plates with pre-cut holes experienced smaller deformations

than the plates without any defects. This was explained by the venting effect of the holes and is contrary60

to previous findings in studies on similar plate geometries exposed to blast loads from a shock tube facility

(see e.g., [11, 32]). It is also noted that only the target plates with square holes experienced fracture during

blast loading. Hence, the circular holes showed a larger resistance to fracture.

As confined blast loading is dependent upon interactions with the confinement on its way towards the

blast-loaded structure, simple pressure time histories from free-field detonations (e.g., ConWep) are seldom65

an option. To capture the pressure build-up during the propagation phase, a more realistic coupled de-

scription is normally required for the explosive in numerical simulations. A common choice is the Arbitrary

Lagrangian-Eulerian (ALE) description. Here, the structural domain follows the traditional Lagrangian

description and solved using the Finite Element Method (FEM). The fluid domain is also described using

FEM, but through a framework which is neither Eulerian nor Lagrangian [33–38]. The ALE description70

of multi-material models describing the detonation of high explosives follows the so-called operator split

method, where the calculations within each time step is divided into two phases [39]. First, the mesh moves

with the fluid materials according to a Lagrangian description. In the following phase, the distorted mesh

is remapped back to its original configuration through an advection step. The fluid-structure coupling is

described through a penalty contact formulation based on the penetration of the fluid through the structural75
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domain.

This approach was successfully applied in Refs. [15, 31, 40–42]. The ALE approach with fully coupled

FSI simulations is often very computationally expensive, and the description of the blast loading tend to be

slightly underestimated. In Ref. [15], the target plate displacement was underestimated with approximately

10%, whereas Ref. [31] found that the agreement between numerical and experimental observations varied80

with the stand-off distance. As a too coarse discretization of the fluid domain smears out the shock discon-

tinuity, and gives too low pressure peaks, convergence studies should be performed. Another issue with the

ALE approach is related to the fluid-structure coupling, where material leakage is commonly encountered.

Langdon et al. [41] suggested that the discretization of the structure must be significantly finer than the

discretization of the fluid domain to overcome this issue. An element size ratio of 1/4 between the structural85

and fluid domains resulted in no leakage.

A simpler and computationally more efficient approach is formulated through the particle blast method

(PBM). This blast modelling approach is based on the corpuscular method for airbag deployment in LS-

DYNA [43]. Later it was modified and successfully validated to also represent blast loads by Børvik et

al. [44, 45].90

The study presented herein evaluates the effect of more realistic pre-formed defects in thin steel plates

exposed to partially confined detonations. That is, target plates containing pre-cut circular holes with a

diameter of 8.0 mm are compared to target plates exposed to an initial ballistic impact from 7.62 mm APM2

projectiles. This study therefore follows the previous work of Elveli et al. [19]. However, in Ref. [19], the

blast-like loading was generated using a shock tube facility, resulting in uniform pressure distributions with95

relatively low peak pressures and longer durations. In this study, the target plates are exposed to blast

loading generated from detonating C-4 in a vented tube. The stand-off distance was fixed and set equal to

the tube radius, where the rear end of the tube was kept open. This was done in an attempt to create a

loading history with focusing effects from interaction with the tube wall, but also to reduce the sequential

loading that is expected from a fully confined detonation.100

The main objectives of this study are: (1) establish a repeatable and controlled experimental setup to

study the dynamic response of structures subjected to loading caused by partially confined detonations; (2)

investigate the effect of more realistic fragment impact defects in thin steel plates exposed to a complex blast

environment; (3) to validate and compare different numerical approaches for the modeling of the partially

confined blast environment against experimental observations.105

2. Experimental study

In this study, the dynamic response of thin steel plates exposed to partially confined airblast loading

has been investigated. Full plates, plates containing pre-cut circular holes, and plates with pre-formed
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ballistic impact holes were evaluated. All blast tests were performed at an indoor testing facility operated

by the Norwegian Defence Estate Agency (NDEA). The experimental setup and all corresponding measuring110

equipment are described in Section 2.1, while the results are given in Section 3.

2.1. Experimental setup

All blast tests were carried out by detonating an explosive charge of Composition C-4 inside a steel tube

with a length of 1 m and an inner diameter of 0.4 m, as illustrated in Figure 2 (a). The C-4 charges were

suspended vertically from the highest point of the tube’s hull at a horizontal distance of 0.2 m from the target115

plates and as close to the center as possible in the radial direction. As the position of the explosives was

kept fixed in all tests, two different charge masses of 10 g and 20 g were used to vary the blast intensity. The

target plates were clamped to the flange of the tube at the right end in Figure 2 (a). The inner diameter of

the clamping frame was equal to the inner diameter of the tube. A more detailed illustration of the clamping

frame is given in Figure 2 (b). For fully confined detonations, the loading history on the target plates would120

consist of several pressure peaks as the shock travels back and forth inside the tube [21, 24, 25]. In turn,

this would also increase the duration of the total loading history. To obtain a controlled loading on the

target plates with a shorter duration, it was decided to keep the rear end open in all blast tests [46]. The

full assembly with the steel pipe, target plate and clamping frame were put on a stack of wooden pallets,

and strapped to the floor as shown in Figure 1.125

Figure 1: The testing rig used for partially confined detonations with a mounted target plate prepared for blast testing.

To study the effect of pre-formed defects in thin steel plates exposed to the partically confined airblast

loading, three different plate configurations were studied. One configuration without any pre-formed defects,

denoted FP, one configuration containing pre-cut circular holes, denoted C, and one configuration containing
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Figure 2: Schematic of the experimental setup: (a) The dimensions of the test rig and the position of the explosive charge, (b)

the dimensions of the clamping frame and target plates, and the plate geometries containing (c) pre-cut circular holes and (d)

pre-formed ballistic holes. All dimensions are in mm.

an initial ballistic impact hole, denoted B. All target plates had a thickness of 0.8 mm and the geometries

of the plates are illustrated in Figure 2 (b-d). The two hole geometries are adopted from Ref. [19].130

The blast response of the steel plates were recorded with two synchronized Phantom v2012 high-speed

cameras with a sampling rate of 22626 frames per second at a resolution of 1200 x 800 pixels. The two cameras

were positioned in a stereoscopic setup as shown in Figure 3. Prior to each test, the target plates were spray

painted with a black and white speckle pattern. This enables measurements of the displacement fields of the

target plates during blast loading by using the in-house three-dimensional digital image correlation (3D-DIC)135

software eCorr [47]. The movement of the testing rig was also tracked in eCorr by applying checkerboard

stickers to the clamping frame around the target plates.

To measure the repeatability of each detonation, two Kistler 603B pressure sensors with a sampling rate

of 500 kHz measured the pressure history at two separate locations during each blast experiment of the

deformable steel plates. The location of both pressure sensors, P11 and PR02, are indicated in Figure 3.140
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Pressure sensor P11 was mounted on the inner tube wall, 600 mm away from the explosive charge. PR02

was placed on a fixed table outside the open end of the tube, with a height aligned with the center of the

tube. A breakwire was placed inside each explosive charge, which recorded the current in the wire at the

same sampling rate as the pressure sensors. The time of the detonation is established as the wire is cut by

the detonation of the charge. All pressure and deformation histories are plotted with the time of detonation145

defined as t=0 ms.

Figure 3: The setup for high-speed camera recordings and the positioning of the pressure sensors for all experiments on thin

steel plates.

As an attempt to estimate the pressure on the blast-exposed surface of the deformable plates, additional

blast tests using a 199 kg pendulum were performed. The schematic presentation of the pendulum is shown

in Figure 4. Two additional pressure sensors were mounted on the blast-exposed surface of the pendulum,

denoted P01 and P02 with positions given in Figure 4 (a). As the confinement tube is fixed and exposed to150

extreme loads, significant structural vibrations are expected. The pendulum was attached to the 4 m high

roof of the testing facility using four steel wires. That is, two pairs of wires at each end of the pendulum, as

shown in Figure 4 (b). In turn, these vibrations tend to affect the measurements from the pressure sensors.

This means that the pendulum is free to move after the detonation and that movement is restricted only

by the wires. It is assumed that this leads to less high-frequency oscillations and hence to cleaner pressure155

measurements. The total blast-exposed area of the pendulum has a diameter of 700 mm, identical to the

outer diameter of the flanges of the tube. As the pendulum rests at the end of the tube before detonation,

the initial blast-exposed area coincides with the inner diameter, 𝑑𝑖=400 mm, of the tube. The sensors P01

and P02 are located within the initial blast-exposed area.

The three plate geometries and the pendulum were all tested against the two different charge masses160

of 10 g and 20 g of C-4. For the target plates containing pre-cut circular holes (C) and the target plates

7



Figure 4: Schematic illustration of the ballistic pendulum tests: (a) The blast exposed area of the pendulum with indicated

locations for the two pressure sensors, P01 and P02, and (b) the dimensions of the pendulum assembly. In (b) it is noted that

each wire pair represents two wires with an out-of-plane distance of 100 mm.

exposed to initial ballistic impact (B), three repetitions were performed for each unique configuration. Two

repetitions were also conducted for the pendulum tests. Lastly, for the full plate geometry (FP) only one

test was performed. This gives a total of 18 partially confined airblast experiments. The corresponding test

matrix is given in Table 1, where each test is labeled according to the naming convention XX YY ZZ. Here,165

XX denotes the geometry of the test sample, i.e., FP for the full plate, C for the pre-cut circular hole, B for

the initial ballistic impact hole, or P for the pendulum. YY refers to the mass of the C-4 charge in grams.

Lastly, ZZ denotes the repetition number of the same configuration.

Table 1: Experimental program.

Charge
mass

FP C B P

10 g FP 10 1 C 10 1 B 10 1 P 10 1

- C 10 2 B 10 2 P 10 2

- C 10 3 B 10 3 -

20 g FP 20 1 C 20 1 B 20 1 P 20 1

- C 20 2 B 20 2 P 20 2

- C 20 3 B 20 3 -
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2.2. Target plate material

All target plates applied in this study were manufactured from a medium-strength and high-hardening170

dual phase steel called Docol 600DP. The steel plates were cold rolled to the desired thickness of 0.8 mm

and produced by Swedish Steel Ltd. (SSAB). During the production process, the plates are heat treated

after cold rolling to obtain the desired properties of the material and microstructure [48]. The manufacturer

reported a yield strength in the range 350-450 MPa and an ultimate tensile strength in the range 600-700

MPa. Docol 600DP is a material developed mainly for the automotive industry due to its good formability.175

Quasi-static tension tests of the plate material were performed using an Instron 5566 universal testing

machine to document the mechanical properties of the steel material. The tension test specimens were

cut in three different directions, 0◦, 45◦, and 90◦ relative to the rolling direction of the target plates. Three

repetitions were performed in each direction. The dimensions of the tensile test specimen are given in Figure

5 (a). With a gauge length of 70 mm, the applied deformation rate 2.1 mm/min corresponds to an initial180

strain rate of ¤Y0 = 5 · 10−4s−1.
The force 𝐹 was measured by the load cell of the testing machine and the elongation Δ𝐿 was obtained

from 2D-DIC using a virtual extensometer with an initial length of L0=60 mm. The force measurements

were synchronized with images sampled at a rate of 4 Hz. The engineering stress and strain was then

calculated by Eq. (1), where A0 denotes the measured gauge area of each test specimen.185

𝑠 =
𝐹

𝐴0
Y =

Δ𝐿
𝐿0

(1)

(a)
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Figure 5: Uniaxial tension tests: (a) Sketch of the dog-bone specimen and the position of the virtual extensometer marked

with a blue line, and (b) the corresponding engineering stress-strain curves for the Docol 600DP material. All dimensions are

in mm.
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The engineering stress-strain curves in Figure 5 confirm the yield and ultimate tensile stress reported by

the manufacturer. However, there are minor deviations in engineering stress between the three directions.

The 90◦ experienced higher engineering stress and a smaller elongation to fracture than the 0◦ and 45◦

tests. Similar trends were found for the uniaxial tension tests in Refs. [11, 49] for the comparable material

Docol 600DL, also produced by SSAB. Here, in both cases, it was concluded that the plastic anisotropy was190

negligible.

2.3. Ballistic impact tests

The ballistic impact holes were created by firing a 7.62 mm APM2 projectile from a smooth-bore Mauser

rifle mounted in a firing-rig with an initial velocity of around 900 m/s. One single shot was fired against the

center of the target plates, perpendicular to the surface of the sheet. The procedure for the ballistic testing195

was done under identical conditions as in Elveli et al. [19] and is therefore only briefly described herein. The

intention of the ballistic impact event was to introduce a more realistic fracture mode to the target plates

prior to the blast load. For a better comparability to the target plates containing 8.0 mm pre-cut circular

holes, it was desired to produce bullet holes with as little global deformation as possible.

The initial projectile velocity of 900 m/s was significantly higher than the ballistic limit velocity of200

the 0.8 mm target plates. The resulting velocity reduction after impact with the target plates was in the

range of 1-2%. Further, all target plates failed by petalling and experienced only local plastic deformations

and fracture around the impact hole. Three representative images of the obtained fracture mode from the

ballistic impact event are given in Figure 6. It should be noted that an evaluation of the ballistic capacity

of the target plates was not performed, as it was considered beyond the scope of this study.205

(a) (b) (c)

Figure 6: Three representative images of the obtained petalling fracture mode from the ballistic impact tests.

3. Partially confined detonations

The results of all airblast experiments are presented in this section and are divided into three main

parts. First, the measured pressure histories are presented with the main objective of understanding the
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characteristics of the loading history and its repeatability between tests. Secondly, the global deformations of

the target plates are considered through deformation histories obtained by 3D-DIC analyses of the high-speed210

camera recordings. Lastly, the fracture resistance of the different plate geometries are evaluated.

3.1. Pressure measurements

To date, there are no experimental techniques capable of measuring full-field surface pressures acting

on thin plates undergoing large deformations [50]. This motivated the blast tests on the 199 kg pendulum

exposed to identical loading conditions. As shown in Figure 4 (a), the reflected pressure was measured at215

two locations (P01 and P02) on the blast-exposed surface of the pendulum. The corresponding pressure

histories are compared for the two repetitions in Figure 4 (a) and (b), for the 10 g and 20 g detonations,

respectively. All pressure histories have been adjusted according to the breakwire, so that the detonation

occurs at t=0 ms.

As the explosive charge was placed one tube radius away from the pendulum, the first pressure peak220

represents the incoming shock impacting the pendulum without any interaction with the tube wall. As P01

has the shortest distance to the explosive charge, the first pressure peak arrives at P01 before P02. The

second pressure peak occur as the shock is reflected at the tube wall, and then redirected towards the center

of the pendulum. P02 is positioned closer to the tube wall, and therefore, the delay between the first and

second peak is much shorter for P02 than for P01. It is also observed that the secondary pressure peak at225

P02 is significantly smaller than the first. For P01, the secondary pressure peak is similar, or even slightly

larger than the first reflection. This could be explained by the axisymmetry in the confinement tube. As

the pressure reflects at the tube wall, all reflections will eventually meet at the tube center and amplify the

secondary pressure peak measured at P01.
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(a) 10 g C-4 (b) 20 g C-4

Figure 7: The reflected pressure histories on the blast-exposed surface of the pendulum, measured at sensors P01 and P02

(see Figure 4). The recorded pressure is compared for both of the two repetitions of the 10 g detonation in (a) and the 20 g

detonation in (b). The position of the two sensors is also indicated in (b).

Between the repeated tests the magnitude of the pressure peaks, the duration, and the overall behavior230

were comparable within each of the two charge masses. However, small deviations were observed in the

time of arrival between the two 20 g charge tests (see Figure 7 (b)). Both P01-2 and P02-2 experienced an

identical offset relative to P01-1 and P02-1. All measurements were time-shifted similarly by the breakwire,

and the reason for the slight offset is unknown. Another difference between the two repetitions, observed

for both charge masses, is the magnitude of the second pressure peak for sensor P01. P01-2 experienced235

a larger magnitude of the second pressure peak than P01-1. It is unclear whether this is caused by actual

differences in the loading history, or if it is caused by disturbances of the sensor.

From the measurements of P01 and P02 in Figure 7 it is evident that the loading history on the blast-

exposed surface of the pendulum is non-uniform and has a relatively short duration for both charge masses.

The majority of the loading history experienced a duration of around 0.35 ms, with only minor pressure240

peaks from this point and out. Between the two different charge masses, the initial pressure peak at P01 is

halved from 8 MPa for the 20 g charge, to 4 MPa for the 10 g charge. It should be noted that the measured

peak pressures are limited by the sampling rate of the pressure sensors, and that higher pressures could

occur between measurements.

For the deformable steel plates, the only available pressure measurements are from sensor P11 and PR02.245

As illustrated in Figure 3, P11 was mounted along the inner wall of the tube, while PR02 was positioned on

a fixed table right outside the free end of the tube. The corresponding pressure measurements from pressure

sensors P11 and PR02 are presented in Figure 8 for all 10 g detonations on deformable steel plates with and

without pre-cut defects.
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Figure 8: Pressure measurements from the 10 g detonations for pressure sensors P11 and PR02 with positions indicated in

Figure 3. The applied sensor corresponding to each plot is given in the sub-caption

The pressure histories obtained from both P11 and PR02 are more noisy than those measured for P01250

and P02 in Figure 7. For the measurements at P11, large variations in both the initial peak pressure and

the overall pressure history was found. Some of the measurements even experienced oscillations before the

arrival of the shock wave, as seen in Figure 8 (a). A more clean rise in pressure up to the initial peak was

found for the measurements from PR02, as seen in Figure 8 (b). Also here, some oscillations were observed

after the initial pressure peak. These oscillations or noise in the pressure measurements for P11 and PR02255

are assumed to be caused by vibrations in the structures that are instrumented with the pressure sensors.

However, if we consider the measurements from PR02 and further only the initial pressure peak, the loading

history seems to be quite consistent across all tests within a similar charge mass. As the 20 g detonation

showed similar trends for P11 and PR02, the pressure histories are not plotted. All measured peak pressures

at P11 and PG02 are listed in Table 2.260

To summarize, it was challenging to obtain clean pressure measurements for all blast tests, especially

for tests on thin, deformable steel plates where the sensors had to be mounted to the test rig. The reflec-

ted pressure measurements from the blast-exposed surface of the pendulum showed clean pressure peaks,

with minor fluctuations, and good repeatability of the loading histories. The repeatability of the loading

history seems to be quite consistent also for the deformable steel plates, if the measurements from PR02 are265

considered.

3.2. Deformation response

To obtain reliable deformation fields from the 3D-DIC analysis, the spray-painted speckle pattern must

remain intact throughout the dynamic response of the target plates. Unfortunately, the spray paint was
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detached from the thin steel plates around the plate center for some of the tests. Another 3D-DIC issue270

occurred for the target plates containing pre-formed holes, as the fireball from the detonation saturated the

high-speed camera recordings for some of the images during the deformation process. That is, the visibility

of the recorded images was poor due to the strong light resulting from the detonation process. This issue

was overcome by simply skipping the images with poor quality from the DIC analysis. Figures 9 and 10

show representative deformation profiles from the successful 3D-DIC analyses. The deformation profiles275

correspond to the out-of-plane displacements at a given time along a vector starting at the plate boundary

and moving through the plate center.

Figure 9 shows the deformation profiles for tests FP 10 1 and FP 20 1 for all recorded deformation states

from zero displacement and up to the maximum displacement. The total time-span from the detonation up

to maximum deformation is given in the upper right corner of each plot. For each plot, four main states280

of deformation are labeled according to factors relative to the maximum displacement, i.e., factors of 0.25,

0.50, 0.75 and 1.0. The green dotted lines indicate the plate movement in-between the labeled states of

deformation. It should be noted that the spray paint detached around the center of the FP 10 1 test right

before maximum displacement was reached, and therefore the center portion of the ”1.0” deformation profile

was not obtained.285

It is observed that the deformation process is characterized by three main phases (see Figure 9). During

the first phase, the blast-exposed area of the target plate is activated and moves as a rigid body. A plastic

hinge starts to propagate from the outer boundary of the target plate towards the center. Between the

plastic hinge and the boundary, the plate takes a triangular shape, with limited visual curvature. This takes

place mainly up to the 0.5 deformation profile, marked with blue in Figure 9 (c).290

In the second phase, the plastic hinges gradually started to move faster than the center portion of the

plate in the out-of-plane direction. From the mid-point displacement plot in Figure 9 (d), the deformation

rate is decreasing slightly between the orange and the blue dots. Between the blue and purple deformation

profiles in Figure 9 (c), a local dent starts to form around the center, as the mid-point moves to slow to keep

up with the rest of the plate. This continues until approximately 0.75 ms after the detonation.295

In the third and last phase, the local dent at the center of the plate rapidly starts to accelerate outwards.

At this point, the plastic hinges has moved almost all the way to the plate center, and the deformation

profile takes a triangular shape. With respect to the mid-point, this is also the phase with the largest

deformation rate, seen as a rapid increase of displacements in Figure 9 (d). The deformation profile at

maximum displacement takes the shape of a global dome with a superimposed local dome around the plate300

center, similar to the findings in Refs. [18, 30].

The entire deformation process up to the time of maximum deformation takes about 1 ms from the time

of detonation. Compared to the loading rate presented in Figure 7, it is observed that the entire loading

history ends after about 0.4 ms. According to the pressure measurements, the movements from the blue
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Figure 9: Deformation profiles for tests FP 10 1 in (a) and FP 20 1 in (c). For each plot, four main states of deformation are

labeled relative to the maximum displacement, i.e., factors of 0.25, 0.50, 0.75 and 1.0. The green dotted lines indicate the plate

movement in-between the labeled states of deformation, with a time difference of Δ𝑡 =0.044 ms between each sampling. The

total time between the detonation and the occurrence of the maximum displacement 𝑡 is given in the upper left corner of each

plot. The corresponding mid-point displacements versus time are plotted for both tests in (b) and (d). It is noted that the

spray paint detached around the plate center for the FP 10 1 test, and hence, the center portion of the deformation profile as

well as the last part of the mid-point displacement response was excluded from the plots in (a) and (b).

deformation profile in 9 (c) and up to maximum deformation occur without any applied loading from the305

detonation.

As expected, the reduction in the charge mass from 20 g in test FP 20 1 to 10 g in test FP 10 1 reduced

both the maximum deformations and the deformation rates. This is seen by comparing the deformation

histories from the 20 g detonation in Figure 9 (c) and (d), to the 10 g detonations in Figure 9 (a) and (b).

Even though the deformations and deformation rate are observed to decrease in test FP 10 1, the main310

trends in the deformation response are similar, but less pronounced.
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Figure 10: All available deformation profiles for the airblast experiments on target plates with pre-cut defects in (a-e). The

test identity is indicated in the upper right corner of each sub-figure. In (f), the deformation profile at maximum displacement

are plotted together for all tests in (a-e) for comparison. It is noted that the deformation profiles of the C and B geometry

consists of only one side of the plate center, due to issues with the fireball coming through the center.

Before studying the fracture resistance of the target plates with pre-formed defects, the global response

was evaluated briefly. Figure 10 compares the deformation profiles for the pre-cut hole (C) and ballistic hole

(B) geometries, in an attempt to validate the repeatability in the loading conditions. Because of the fireball

coming through the pre-formed defects, the deformation profiles are only obtained at one side of the plate315

center. Some images were also discarded, which is seen as fewer green lines indicating the plate movement.

Out of the 12 airblast tests on target plates with pre-formed holes, only 5 are presented in Figure 10. For

the remaining 7 experiments, the high-speed images were either too affected by the light from the fireball,

or suffering from detachment of spray paint. All available deformation profiles are given in Figure 10 (a-e),

while Figure 10 (f) gives a comparison of all deformation profiles at maximum displacement. It is observed320

that the deformation response for the C and B geometries follows trends similar to those for the FP geometry

in Figure 9. For the comparison of all deformation profiles at maximum displacement, only minor variations

are seen. Thus, the results indicate that the loading conditions from the detonations are comparable for the

repetitions within each of the two charge masses, and that the repeatability between tests with the same

charge mass was good.325
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3.3. Fracture resistance

Figures 11 and 12 show the permanent deformed configuration of the C and B geometries, respectively.

The charge mass and repetition of each test are given in the sub-captions. No image sequences were made

from these tests due to the challenges with the fireball dominating the high-speed images in the area of

interest. From the images in Figure 11 (a-c), it is clear that none of the three repetitions of the C 10

Figure 11: Post images of all airblast tests on target plates with the C geometry. The test identity indicating the charge mass

and repetition is given in the sub-captions. An additional zoomed image around the pre-formed hole is given at the lower right

corner of each sub-figure.

330

configuration experienced any signs of fracture or localized necking around the pre-cut circular hole. As the

charge mass was increased to 20 g in Figure 11 (d)-(f), all three repetitions resulted in small arrested cracks

from the periphery of the circular holes. The crack lengths were measured to be 5.6 mm and 7.3 mm for

C 20 1, 7.3 mm for C 20 2, and 6.1 mm and 4.9 mm for C 20 3. It is also noted that all cracks for the C 20

configuration propagated in the vertical direction only. As all target plates are mounted with the rolling335

direction vertically, the results indicate that the crack resistance is the lowest 90◦ to the rolling direction.

This corresponds to the 90◦ material curves in Figure 5.

The findings in the tests with the B geometry confirm the observations in previous studies [19], where the

B geometry showed a reduced fracture resistance during blast loading compared to the C geometry (Figure
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Figure 12: Post images of all airblast tests on target plates with the B geometry. The test identity indicating the charge mass

and repetition is given in the sub-captions. An additional zoomed image around the pre-formed hole is given at the lower right

corner of each sub-figure.

12). In fact, it is seen that even at the 10 g charge mass, all three repetitions experienced crack initiation340

in some of the initial petalling cracks (see Figure 12 (a-c)). For the 20 g charge mass, all three B 20 tests

resulted in large arrested cracks (see Figure 12 (d-f)). The material around the arrested cracks experienced

large plastic deformations, where the petals around the pre-formed holes were bent outward. This final

state of plastic deformation made it difficult to measure the arrested crack lengths. Instead, the largest

measured distance between two crack tips was measured across the ballistic hole. For comparison, this was345

also done for the C geometry, and all measurements are given together with the pressure measurements in

Table 2. By comparing the C and B geometries for the 20 g charge, it is seen that the B 20 tests experienced

approximately twice as large cracks as the C 20 tests. For the change in charge mass from 20 g to 10 g

for the B geometry, the crack lengths were reduced by almost a factor of 4. It should however be noted

that non of the arrested cracks extended outside the local dome of plastic deformation at the center of the350

blast-loaded target plates. The largest measured distance between crack tips was 47.2 mm for the B 20 1

test, and this only covers 12% of the 400 mm diameter blast-exposed area of the target plates.
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Table 2: Summarizing the peak values of the pressure measurements at the sensors P11 and PR2 for the blast tests on

deformable steel plates. The given crack lengths represent the largest distance between two crack tips across the pre-formed

hole.

Test Repetition P11 PR02 Crack length

# [MPa] [MPa] [mm]

FP 10 1 0.594 0.054 No cracks

C 10 1 0.667 0.052 No cracks

2 0.726 0.048 No cracks

3 0.603 0.050 No cracks

B 10 1 0.615 0.052 12.7

2 0.770 0.049 13.3

3 0.699 0.049 20.6

FP 20 1 1.494 0.084 No cracks

C 20 1 - - 25.8

2 1.278 0.075 21.1

3 1.095 0.075 23.9

B 20 1 1.701 0.076 47.2

2 1.242 0.075 45.1

3 1.085 0.075 44.5

4. Numerical work

All numerical simulations in this study were performed using the explicit finite element code LS-DYNA.

More specifically, the F14.0 development version of the solver was used. Two different approaches for the355

modelling of explosives and air were tested and compared. That is, the Particle Blast Method (PBM)

[42] and an Arbitrary Eulerian Lagrangian (ALE) approach [15, 31, 40–42]. The two different modelling

techniques are briefly described in Sections 4.3 and 4.4.

4.1. Material modelling of the target plates

The Docol 600DP material used in the blast-loaded steel plates was modeled using *MAT 107, which is360

an elastic-thermoviscoplastic constitutive relation formulated through the modified Johnson-Cook relation

as described in Ref. [51], and given in Eq. (2).

𝜎eq = (𝐴 + 𝑅(𝑝)) (1 + ¤𝑝∗)𝑐 (1 − 𝑇∗𝑚) (2)
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where 𝜎eq denotes the equivalent stress, 𝐴 the initial yield stress, and 𝑅(𝑝) the plastic strain hardening

given in Eq. (3). The dimensionless plastic strain rate is given by ¤𝑝∗ = ¤𝑝/ ¤𝑝0, where the reference strain rate

is given by ¤𝑝0 = 5.0 · 10−4𝑠−1. The strain rate sensitivity of the material is accounted for by 𝑐, and the last365

term in Eq. (2) determines the temperature softening of the material. Here, 𝑇∗ = (𝑇 − 𝑇0)/(𝑇𝑚 − 𝑇0), where
𝑇0 is a reference temperature and 𝑇𝑚 is the melting temperature of the material.

𝑅(𝑝) =
2∑︁

𝑘=1

𝑄𝑘 (1 − 𝑒−𝑐𝑘 𝑝) (3)

In Eq. (3), 𝑄𝑘 and 𝑐𝑘 are the material parameters of the Voce hardening law, and 𝑝 denotes the equivalent

plastic strain. The modelling of fracture was done through the Cockcroft-Latham (CL) fracture criterion [52],

given in Eq. (4) as370

𝐷 =
𝑊

𝑊𝑐
=

1

𝑊𝑐

∫ 𝑝

0
⟨𝜎1⟩𝑑𝑝, ⟨𝜎1⟩ = max(𝜎1, 0) (4)

Here, 𝐷 denotes the damage indicator and 𝑊𝑐 is the critical fracture parameter. Fracture initiates when 𝑊

reaches 𝑊𝑐, i.e., when D=1.0. Both the plastic strain hardening parameters 𝑄𝑘 and 𝑐𝑘 , and the fracture

parameter,𝑊𝑐 were calibrated through an inverse modelling approach of the uniaxial tension tests to fracture.

The tension test specimen was discretized using 0.8 mm shell elements, equal to the thickness of the specimen.

The calibrated material parameters are summarized in Table 3, and the corresponding numerical engineering375

stress-strain curve is given and compared to the experimental curve in Figure 13.
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Figure 13: Comparison of numerical and experimental stress-strain curves to fracture. The fracture parameter 𝑊𝑐 was determ-

ined at the engineering fracture strain observed in the experiments, and is indicated with Y 𝑓 .
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Table 3: Parameters for the constitutive relation described in Eqs.(2)-(4). The strain rate sensitivity parameter, 𝑐, and the

thermal exponent, 𝑚, are both taken from [11].

A Q1 C1 Q2 C2 c m Wc

[MPa] [MPa] [-] [MPa] [-] [-] [-] [MPa]

431.2 195.434 42.137 455.018 2.558 0.01 1.0 606.6

4.2. Discretization and boundary conditions - solids

The target plates for all three geometries were discretized using shell elements with an in-plane element

size of 0.8 mm, equivalent to the plate thickness. The clamping frame, the bolts, and the confinement

tube were modeled using solid elements. For simplicity, all structural parts applied the material model as380

described in Section 4.1. The boundary conditions for the bolts were applied similarly as in Ref. [11]. That

is, the bolt tightening force was represented as a constant pressure applied to the clamping frame in the area

covered by the bolt head. The free ends of the bolts were fixed on the opposite side of the bolt head for

translation in all directions. Lastly, quarter symmetry was applied, and the corresponding numerical model

of the clamping frame and target plate is shown in Figure 14. Since a restart analysis with the particle blast

Figure 14: The numerical model of the target plate, the confinement tube, and the clamping assembly, utilizing quarter

symmetry for all parts.

385

method (PBM) was not possible, the ballistic impact and the blast loading were applied in the same analysis

for all simulations. The projectile was modeled with solid elements, a rigid material model, and an initial

velocity of 900 m/s. A parametric study of the fluid domain indicated that the length of the confinement

tube and the fluid domain could be shortened significantly without affecting the blast load. For numerical

efficiency, the current models used a confinement tube length of two pipe radii (i.e., 400 mm).390

4.3. Particle Blast Method (PBM)

The particle blast method (PBM) is governed by the *DEFINE PARTICLE BLAST keyword in LS-

DYNA, and represents a pure Lagrangian description of the detonation product and the resulting blast
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load on the surrounding structure. The air particles are initialized with a total amount of kinetic energy

corresponding to the internal energy of the air at atmospheric conditions. For the high explosive (HE), the395

full chemical energy release from the detonation is transferred to the HE particles as kinetic energy. At

time t = 0 ms, all HE particles are frozen and tightly packed. At a given detonation time, the HE particles

are activated based on the distance to the given detonation point and the given detonation velocity for the

explosive material [44].

Each particle typically represents 1015−1020 molecules. To model each molecule as its own particle would400

result in unrealistic computational costs, and memory requirements for a full scale model. The relationship

between the number of HE particles (NPHE) and the number of air particles (NPAIR) was determined so

it reflects the ratios of the molar mass between the HE and air. This was done using the formula in Eq. (5)

𝑁𝑃𝐴𝐼𝑅 =

(
𝑀𝐴𝐼𝑅

𝑀𝐻𝐸

)
𝑁𝑃𝐻𝐸 (5)

where 𝑀𝐴𝐼𝑅 denotes the mass of air within the modelled domain, and 𝑀𝐻𝐸 is the mass of the explosive

charge. The reference model applied for the PBM approach in this study used 80k particles for the HE and405

2174k particles for the air domain. Due to interaction issues between the solid elements and the air particles,

the confinement tube was modeled using shell elements. As no contact definition is required between the

clamping frame and the particles, this was modeled in the same way as given in Section 4.2. As the inclusion

of air particles impose a pressure of 1 atm, the air filled domain has to extend across both sides of the target

plates to avid an artificial overpressure inside the confinement tube. Ambient boundary conditions were410

applied to the boundaries of the air domain, which means that only particles representing a pressure higher

than 1 atm are allowed to translate across the boundary.

4.4. Arbitrary Eulerian-Lagrangian (ALE) method

The ALE description of the partially confined detonation is based on a finite element formulation for

both the structural and fluid domains. All fluids are formulated through an ALE description, while the415

structural domain is represented by a Lagrangian formulation.

It should be noted that LS-DYNA offers two different ALE solvers, the traditional Multi-Material ALE

(MMALE), and a more recent formulation called Structured ALE (SALE). The main difference between

the two alternative ALE approaches is the discretization of the fluid domain. In MMALE, the fluid mesh

is designed by the user in a similar way as for structural parts, without any restrictions on the shape of420

the mesh. In SALE, the meshing of the fluid domain is simply defined in the keyword-file, and the mesh is

generated during the initialization of the model. Here, the mesh has to be structured, i.e., it has to take the

shape of a rectangular box, containing only rectangular elements. As both the shape and varying element

sizes within the fluid domain tend to affect the corresponding solution, the new meshing restrictions remove

some of these uncertainties away from the user. Another difference between MMALE and SALE is the425
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FSI algorithm used to enforce the interactions between the structural and fluid domains. For the MMALE

models, several keywords need to be defined for the contact handling and leakage issues. In SALE, these

options are removed, and the majority of contact options are determined automatically by the solver and

defined by the keyword *STRUCTURED FSI. In this study, it was decided to only consider the more recent

SALE solver.430

The fluid domain consists of two separate materials, i.e., the air and the detonation products. Both

materials flow through the same fluid mesh, but they are not allowed to mix. The expansion of the detonation

product leads to compression of the surrounding air and hence to an increase in pressure. The air was

represented with the *LINEAR POLYNOMIAL equation of state (EOS) expressed in terms of a perfect gas

given by Eq. (6)435

𝑃 = (𝛾 − 1) 𝜌

𝜌0
𝐸, 𝛾 =

𝐶𝑝

𝐶𝑣
(6)

where 𝐶𝑝 and 𝐶𝑝 are defined as the specific heat capacities under constant pressure and volume, respectively.

As 𝛾, 𝐸 , and 𝜌0 are all considered material constants, volumetric changes is the only contributor to the

pressure change in this EOS. The pressure-volume relation for the expansion of the detonation product is

governed by the Jones-Wilkins-Lee (JWL) EOS. Here, the relationship between pressure, 𝑃, volume 𝑉 , and

energy 𝐸 is given by Eq. (7) as440

𝑃 𝑗𝑤𝑙 = 𝐴

(
1 − 𝜔

𝑅1𝑉

)
𝑒−𝑅1𝑉 + 𝐵

(
1 − 𝜔

𝑅2𝑉

)
𝑒−𝑅2𝑉 + 𝜔𝐸

𝑉
(7)

where 𝐴,𝐵,𝑅1, 𝑅2, and 𝜔 = 𝛾 − 1 are material parameters linked to the type of explosive material. The first

two terms in Eq. (7) represent the rapid pressure drop in the detonation products from the expansion of

the initially hot gases. The third and last term describes the behavior of an expanding ideal gas.

The detonation of the explosive material was initiated at the specified detonation point given by *INI-

TIAL DETONATION. During the initialization of the model, the air was governed by the EOS in Eq. (6)445

at atmospheric conditions. The explosive material is initially filled into the fluid domain as a un-detonated

sphere with zero pressure and its solid state density (𝜌𝐶−4). The detonation of the explosive material is

dealt with by *MAT HIGH EXPLOSIVE BURN. Two alternative burn fractions are calculated based on

the initial density of the un-detonated explosive, 𝜌𝐶−4, the detonation pressure (Chapman-Jouguet pres-

sure), 𝑃𝐶𝐽 , and the detonation velocity, 𝐷. 𝐹1 corresponds to a programmed burn and 𝐹2 to a beta burn.450

The effective burn fraction for each element is always taken as the maximum of 𝐹1 and 𝐹2, i.e.,

𝐹1 =



2
3

(
𝐴𝑚𝑎𝑥

𝑣𝑒

)
(𝑡 − 𝑡1)𝐷, 𝑡 > 𝑡1

0, 𝑡 ≤ 𝑡1

(8)

𝐹2 =
1 −𝑉

1 −𝑉𝐶𝐽
, 𝑉𝐶𝐽 = 1 − 𝑃𝐶𝐽

𝜌𝐶−4𝐷2
(9)

𝐹 = max(F1,F2) (10)
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The pressure at any time is given by the EOS for the detonation products, 𝑃 𝑗𝑤𝑙, scaled by the burn fraction,

𝐹, as given in Eq. (11). Thus,455

𝑃 = 𝑃 𝑗𝑤𝑙𝐹 (11)

The lightning time for an element, 𝑡1, is based on its distance to the defined detonation point and the

detonation velocity. 𝑣𝑒 is the volume of an element and 𝐴𝑚𝑎𝑥 the maximum projected area of the element.

As an element approaches 𝐹 = 1.0, 𝐹 is fixed and the pressure is determined solely by the EOS. If 𝐹 exceeds

1.0, it is reset to 1.0. In principle, this means that the detonation of the explosive is based on either the

passing of the detonation wave (𝐹1), or by volumetric compression (𝐹2), where the first criterion to reach460

unity decides. The material parameters applied for the air and the explosive are taken from Ref. [44], and

are given in Table 4.

Table 4: Material parameters applied for C-4 and air. All parameters are taken from [44]. It is noted that 𝐸0 = 𝑃0/(𝛾 − 1).

High explosive - C-4 Air

𝜌𝐶−4 D 𝑃𝐶𝐽 A B 𝑅1 𝑅2 𝜔 𝜌0 𝛾 𝑃0 𝐸0

[kg/m3] [m/s] [MPa] [MPa] [MPa] [-] [-] [-] [kg/m3] [-] [MPa] [MPa]

1601 8190 28000 597400 13900 4.5 1.5 0.32 1.225 0.4 0.1 0.25

4.4.1. Advection method

The re-mapping in the ALE methods involves transfer of state variables from the deformed Lagrangian

configuration back to the undeformed mesh. The particular advection algorithm is chosen by the user.465

Several methods are available and governed by the ”METH” keyword in *CONTROL ALE. LS-DYNA re-

commends METH=-2 in combination with *MAT HIGH EXPLOSIVE BURN. This choice represents a

Van Leer advection scheme where the state variables are assumed to vary with a higher order interpol-

ation function internally in each element for the advection calculations. This gives an advection scheme

with second-order accuracy, which is also stated to better preserve the interface of materials described by470

*MAT HIGH EXPLOSIVE BURN in certain conditions [53].

In this study, it was decided to apply the recommended advection method, ”METH=-2” for the reference

model, and all ALE elements are formulated with element formulation 11. This represents a one-point ALE

multi-material element. However, an alternative advection method was tested, and the corresponding results

are given in Appendix A.475

4.5. Numerical results

As a benchmark for the SALE model, the reflected pressure histories were compared at the same locations

as P01 and P02 in the ballistic pendulum tests (see Figures 4 and 7). Additionally, the force acting from

the fluid onto the pendulum was evaluated, and denoted ”FSI force”. This force is governed by the keyword
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*DATABASE FSI, and is defined as the averaged total estimated coupling force along the global coordinate480

directions between a given Lagrangian surface entity and the fluids. Both the pressure and force histories

are presented in Figure 15. For the PBM simulations, some difficulties were encountered with respect to the

modelling of surrounding air particles, and the interaction with structural parts when modelled with solid

elements. That is, air particles were filled both around and inside all structural parts, resulting in artifacts

and non-physical behavior. This problem was most evident in the modelling and simulation of the ballistic485

pendulum tests. As a consequence, the PBM simulations were only evaluated based on the experimental

findings in tests involving the deformable steel plates.

Figure 15 shows that the main trends from the experimental observations are captured in the SALE

simulations. For P02, the initial and the second pressure peaks are occurring at similar times and are of

a comparable magnitude numerically and experimentally. The numerical measurements at pressure sensor490

P01 experienced significant oscillations and amplified magnitudes compared to the experiments, especially

for the second pressure peak. Due to the symmetry in the model, this sensor lies at the border of the

two symmetry planes, and at the blast-exposed surface of the pendulum. A possible explanation for the

unstable measurements at this point could be that the air element at this position represents the most

constrained element in the entire model. As the reflected pressure builds up, the two fluids are trapped495

between three reflective planes. It should also be noted that the fluid domain consists of two materials, the

HE and the surrounding air. Each finite element may then contain both materials, which are described by

two separate EOS. The numerically sampled pressure represents the volume weighted pressure of the two

fluids at the given location. Rapid changes in volume fractions and pressure could also possibly affect the

pressure histories. However, the corresponding total force seems to remain stable through the entire event,500

despite the oscillating pressure histories at the P01 location. The corresponding pressure fields and log files

from the simulations do not indicate any instabilities either.
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Figure 15: The recorded pressure histories from pressure sensors P01 and P02 compared to the experimental observations for

the SALE simulations in (a) and (b) for the pendulum test detonating 20 g of C-4. The corresponding total force history is

given in (c). The applied element size for the fluid domain is indicated in the legend.

As the effect of the fluid element size was investigated, an element size of 1.25 mm was found to give a

sufficiently converged predictions. Only minor improvements were observed for a further refinement to 1.0

mm air elements. However, the computational time increase rapidly with a decreased element size, and the505

1.25 mm mesh was applied in the simulations of the deformable steel plates in Section 4.5.1.

4.5.1. Deformable steel plates

As the pendulum was replaced by deformable steel plates, discretized by 0.8 mm shell elements, pressure

and material leakage became an issue. By increasing the penalty factor in the FSI contact the simulations

showed a strong trade-off between leakage and stability. Different contact and penalty factor definitions510

were tested, but ultimately it was decided to accept some leakage in the models.

Since there are no real alternative for experimental techniques capable of measuring surface pressures

acting on thin plates undergoing large deformations, the numerical results were used in an attempt to better

understand the loading conditions. That is, three additional pressure sensors were defined in the simulations

together with the previously evaluated sensors P01 and P02. The three additional sensors are named P50,515

P100, and P200, and placed 50 mm, 100 mm and 200 mm away from the plate center at the blast-exposed

area. This means that the initial blast-exposed area is now covered with five pressure sensors between

the center and the confinement wall, with a distance of 50 mm between each sensor. The position of the

numerical sensors is indicated in Figure 16 (a). The corresponding pressure histories for the simulation of

test FP 20 are given in Figure 16 (b).520

26



(a)
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Time [ms]

0

5

10

15

20

25

30

35

Pr
es

su
re

 [M
Pa

]

P01
P50
P100
P02
P200

(b)

0.1 0.2 0.3 0.4
Time [ms]

0

10

20

30

40

50

60

70

80

FS
I f

or
ce

 [k
N

]

FSI force
P01
P50
P100
P02
P200
First peak
Second peak

(c)

Figure 16: Positioning and naming conventions of numerical pressure sensors are shown in (a). The corresponding pressure

histories for the FP 20 simulation and the total force are given in (b) and (c). For the total force plot in (c), the times for the

pressure peaks of each sensor in (b) are indicated with the dots on the graph. The colour of the dots follow the same colour

convention as in the pressure plots in (a), as indicated in the legend box.

Based on the pressure histories at the five sensors in Figure 16(b), it is observed that all five sensors

have its own distinct pressure history. That is, an initial peak pressure followed by an exponential decay.

P01 was located at the target plate center and experienced the lowest arrival time and the highest initial

peak pressure. As expected, an increasing distance from the sensor to the plate center results in an increase

in the time of arrival increased and a decrease in the magnitude of the initial pressure peak. This trend525

was however with one exception. The pressure sensor placed in the corner between the target plate and the

confinement tube experienced an initial pressure peak significantly higher than the other four.

To better understand the spatial and temporal pressure distributions, the numerically obtained pressure

fields at six selected times are shown in Figure 17. As the explosive charge is placed exactly one tube radius

away from the target plate, the reflections from the tube wall reaches the corner simultaneously as the530

reflections from the target plate, which causes an amplification of the reflected pressure. This is shown in

Figure 17 (b) and (c). The reflected pressure at the corner then starts to travel along the target plate back

towards the center of the target plate, as indicated with the secondary peaks recorded at P02, P100, and

also at P50 (see Figure 16(b)). The secondary peaks are decreasing rapidly with respect to the distance from

the corner, and it is observed that they coincide with the decay in the pressure history of P200 in Figure 16535

(b). The largest peak pressure throughout the entire blast loading event occurred for the secondary peak

at the plate center, i.e., at P01. A strong focusing effect of the pressure develops as the reflections from

the tube wall propagating towards the center line of the confinement tube and starts to interact with the

reflections from the target plate, as seen in Figure 17 (c-e).

The pressure measurements in Figure 16 (b) only describes the pressure histories at discrete points across540
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Figure 17: Numerically obtained pressure fields at six selected times for the simulation of test FP 20. The time for each

pressure field is given in the sub-caption. The deformable steel plate is seen as the thin horizontal line at the upper end of the

tube.

the blast-exposed area of the target plates. To relate the pressure histories to the corresponding total force

on the target plates, the total force is plotted in Figure 16 (c), where the pressure peaks of all numerical

pressure sensors are indicated. Here, it is seen that the force history contain three force peaks, two major

peaks, and one minor.

The initial rise in force was obviously caused by the first pressure wave impacting the target plate, which545

occurred about 0.075 ms after the detonation. The maximum force during the first peak was reached at

0.105 ms, which is in-between the first pressure peak at sensors P100 and P02 in Figure 16. This is also

very close to the pressure field given in Figure 17 (b).

The second and largest force peak started to increase at 0.135 ms, which coincides perfectly with the

initial rise in pressure at sensor P200 in Figure 16. The local maximum for the second force peak occurred550

at 0.15 ms, placing it between the the initial pressure peak at P200 and the secondary pressure peak at P02.

With respect to the pressure fields in Figure 17, the second peak occur between (b) and (d). The magnitude

of the second force peak suggests that the largest force transfer between the fluid and the structure takes

place closer to the confinement wall than the plate center.

The third and smallest force peak was initiated at 0.26 ms, i.e., during the local focusing effect of pressure555

around the plate center. This is when the major pressure peak for P01 occurred in Figure 16. It is however
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interesting that the lowest peak force corresponds to the highest measured pressure during the entire blast

loading event. This indicate that the focusing effect of pressure only covers a small area, as it induces a

small force.

For the evaluation of the corresponding global deformations in the steel plates without pre-formed defects560

(FP), both the midpoint displacements and deformation profiles are presented in Figures 18 and 19. The

midpoint displacements are presented for both FP 10 and FP 20, while the corresponding deformation

profiles are only given for FP 20. As no pressure fields were available for the PBM simulations, the structural

response was the best available comparison between the experiments and the SALE and PBM simulations.
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Figure 18: Midpoint displacement histories for FP 10 in (a) and FP 20 in (b). In both plots, the simulation results from PBM

are compared to SALE and the experimental observations. As previously mentioned in Section 3, midpoint displacement from

the FP 10 experiment was not recorded all the way up to the maximum displacement due to detachment of the spray paint.

The midpoint displacements in Figure 18 showed similar trends for both FP 10 in (a) and FP 20 in565

(b) for the comparison between PBM, SALE and the experimental results. The predictions from the PBM

simulations resulted in larger displacements than the experiments, while the SALE simulations resulted

in smaller displacements than the experiments. Moreover, the SALE simulations resulted in varying de-

formation rates up to maximum displacement, similarly to what was found in the experiments. The PBM

simulations resulted in almost linearly increasing deformations with a slightly increased deformation rate570

closer to the maximum displacement.

The observed differences in midpoint displacement rates between the PBM and SALE approaches could

be explained by the corresponding deformation profiles in Figure 19. For the SALE simulations in (a), the

center portion of the plate is deforming the fastest for the first 0.45 ms. After this point, the plastic hinge

starts to move faster than the mid-section, and at 0.75 ms the mid section experienced smaller out-of-plane575

deformations than the plastic hinge. From this point and up to maximum displacement, the deformations

mainly take place at the mid-section of the plate, resulting in the increased midpoint displacement rate seen
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in Figure 18 (b). The deformation profiles from the PBM simulation experienced a much more distinct plastic

hinge with a relatively flat mid-section (Figure 19 (b)). This is also closer to what one would expect from

a thin plate exposed to a uniform and impulsive loading (see e.g., Ref. [54]). This could also indicate that580

the loading conditions from the PBM simulations give a more uniform distribution across the blast-exposed

area of the target plates than the more advanced SALE simulations. This assumption is however hard to

justify, as the total force histories between the plate and the particles experienced significant oscillations.
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Figure 19: Deformation profiles for FP 20 obtained from the SALE simulation in (a) and the PBM approach in (b). The

deformation profiles are plotted at selected times which are given in the legends for each sub-figure. The experimentally

obtained deformation profiles at maximum deformation and 0.5 of maximum from Figure 9 are included in both plots with

black and labeled ”Exp”.

To sum up the comparison of the structural response, the PBM simulations ended with approximately

10% larger displacements than the experiments, and the SALE simulations with approximately 10% lower585

displacements than the experimental findings. The leakage observed in the SALE simulations is assumed

to be part of the reason for the underestimation of the deformation response. At about 0.3 ms after the

detonation, right after the second pressure peak at the center of the plate, some of the HE material started

to flow through the center of the target plate in the SALE simulations. Leakage occurred only for the shell

elements and the tube did not experience leakage in any of the simulations. It is also noted that no leakage590

occurred in the pendulum simulations, even though the contact formulation was identical to the one for

the target plates. This motivated one simulation of test FP 20 using solid elements for the target plate, to

investigate whether the leakage issue was related to the element formulation. This did not solve the leakage

problem, which seems to be related to the small thickness of the target plate. This is however not confirmed,

and require further numerical investigation. Such investigations are considered beyond the scope of this595

work.

30



4.5.2. Fracture resistance

The numerically predicted fracture resistance in the different models reflects the findings of the global

deformation response in Section 4.5.1. Hence, the SALE approach underpredicts the dynamic response for

the FP geometry. Interestingly, the SALE simulations failed to predict fracture for the C and B geometries.600

The PBM approach overpredicted the dynamic response to such an extent that it was able to predict fracture

for both the C 20 and B 20 tests. The numerically obtained damage fields from C 20 PBM, B 20 PBM and

B 20 SALE are given in Figure 20. The field plot is represented as the CL-damage parameter from Eq. (4),

and the images were sampled at the instant of maximum displacement.

The C 20 PBM simulation in Figure 20 (a) ended in several small cracks arrested around the pre-formed605

circular hole. The largest cracks were found in the B 20 PBM simulation, where four significant cracks

occurred pointing towards the plate diagonals. The material between the arrested cracks was also deformed

outward as in the experiments after the crack propagation was arrested. This is however not illustrated in

Figure 20, as the images were sampled at the initial maximum displacement. Even though the PBM approach

overestimated the dynamic response, and most likely the impulse transfer from the detonation, the length of610

the arrested cracks in the C and B geometries were underestimated compared to the experiments. This could

indicate that the discretization of the target plates with 0.8 mm shell elements is too coarse to represent the

experimentally observed fracture patterns. Based on the findings by Elveli et al. [19], this was however as

expected for the B geometry. The B 20 SALE model, shown in Figure 20 (c), applied a discretization too

coarse to describe the fracture response, combined with an FSI algorithm leading to an underestimation of615

the impulse transfer between from the explosive. This resulted in an evolution of damage of approximately

half of the critical value to initiate fracture around the ballistic hole after blast loading. As the charge

mass was reduced to 10 g, none of the numerical simulations resulted in crack initiation. For the PBM

Figure 20: Numerically obtained damage fields and arrested cracks for (a) C 20 PBM, (b) B 20 PBM and (c) B 20 SALE. The

identity of each simulation is given in the sub-caption. All three field maps were sampled right after the instant of maximum

displacement.
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simulations, the reduced fracture resistance in the B geometry compared to the C geometry was captured.

Although the discretization of the target plate was too coarse to give a satisfactory representation of the620

ballistic impact event, cracks were initiated at the most damaged locations from the ballistic impact holes.

The numerical models generally resulted in an overestimation of the fracture resistance compared to the

experimental findings.

The findings in this work confirm the trade-off between computational (CPU) time and accuracy in the

numerical modelling of combined ballistic impact and blast loading. That is, simulations of ballistic impact625

require a very fine discretization of the target plate to obtain reliable predictions, while blast simulations

need to use a much coarser mesh to run within a reasonable computational time. This is challenging when

modelling the combined effect of fragment impact and blast loading on plated structures, especially if a

realistic fracture mode from the ballistic impact and a feasible CPU cost during the blast loading phase of

the simulation are important.630

4.6. Discussion on the performance of the SALE and PBM approaches in blast simulations

Based on the predictive capabilities of the PBM and SALE approaches, some important differences need

to be discussed. Both the PBM and SALE models resulted in structural deformations with an approximate

deviation of 10% relative to the experimental findings, meaning that the predictive capabilities are in the

same order of magnitude. However, the PBM models overestimated the structural response, leading to635

conservative estimates of the fracture resistance during blast loading. On the contrary, the SALE simulations

underestimated the experimental observations in terms of deformation response, resulting in non-conservative

estimates of the fracture resistance.

Concerning the CPU cost, the two numerical approaches performed similar when running on the same

amount of CPUs. It was however possible to run the PBM simulations on more CPUs than the SALE640

simulations without causing numerical issues during the massively parallel processing (MPP) domain de-

composition in the initialization of the models. Hence, the PBM simulations may further reduce the total

simulation time by increasing the number of CPUs. All PBM simulations presented in this study included

both the modeling of the explosive charge and the surrounding air. The number of particles representing the

explosive charge was responsible for less than 4% of the total amount of particles in the model. This means645

that most of the CPU efforts were occupied to describe the surrounding air particles. The importance in the

modelling of the surrounding air is very case dependent, and the comparison of CPU costs between SALE

and PBM may vary significantly for other applications.

Compared to the SALE approach, the PBM approach involves a more user-friendly procedure in the

establishing the numerical model. The PBM in LS-DYNA requires less input, with only a few keywords650

governing the blast loading domain. There are no need for any additional EOS for the particle domain.

However, a too coarse description in the number of particles, or a too large time-step definition generally
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leads to an overestimation of the blast load and more conservative estimates of the structural response. On

the contrary, a coarse mesh of the fluid domain in a SALE simulation distributes the shock across a larger

area, leading to an underestimation of both the propagation of the shock and the pressure amplifications655

during interaction with its surroundings. The great advantage of a well-defined SALE model is the detailed

description of the entire loading event, including both the pressure build-up and the effects of interactions

with surrounding structures. The SALE models are superior compared to the simpler PBM approach for

a more detailed understanding of the different mechanisms governing the fluid-structure interaction (FSI)

during a confined detonation.660

As both approaches have their strengths and weaknesses, it is challenging to generalize and favor one

approach above the other. The advantages of the two modelling approaches come down to the problem at

hand, and the desired output and requirements from the numerical simulations.

5. Concluding remarks

This work presents an experimental and numerical investigation on the effect of more realistic pre-formed665

defects on the blast resistance of thin steel plates subjected to partially confined detonations, assuming that

the fragment impacts before the blast wave. First, the plates were perforated by 7.62 mm APM2 projectiles

in a ballistic impact. Then, the perforated plates were subjected to blast loading resulting from partially

confined detonations. The blast resistance of the plates with perforations from the ballistic impact (B)

was compared to that of target plates containing idealized pre-cut circular (C) holes. The confined airblast670

loading was generated by detonating spherical charges of C-4 inside a 200-mm-radius and 1-m-long circular

steel tube. The explosive charges were positioned at a distance of one tube radius from the target plates,

while the opposite end of the tube was kept open. The loading was evaluated experimentally by a set of

additional blast tests on a 199 kg pendulum with pressure sensors mounted on its blast-exposed surface.

Numerical simulations were used to gain more insight into the pressure build-up and FSI inside the partially675

confined tube. Different numerical approaches were compared with respect to the representation of the

loading resulting from the partially confined detonations. The main conclusions from the study are as

follows.

• The experimental setup succeeded in creating reliable measurements for both the pressure histories

and the resulting dynamic response. For pressure sensors mounted to the confined tube, excessive680

oscillations were observed. However, the measurements from the pressure sensors mounted on the

blast-exposed surface of the pendulum resulted in very good measurements. Deformation fields of the

thin steel plates were successfully obtained using 3D-DIC for almost all blast tests. Some challenges

were however encountered for experiments where the visual fireball saturated some of the images from

the high-speed camera recordings.685
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• The proposed setup with the explosive charge located one tube radius away from the target plates

gave a loading history consisting of three main phases. First, the incoming shock front impacted the

target plate and the confined tube simultaneously. Here, the pressure histories on the blast-exposed

surface of the target plate followed a similar behavior as for unconfined detonations. Second, the

shock propagation along the blast-exposed area of the target plate reached the confinement wall. The690

reflected pressure at the boundary was amplified to more than twice the magnitude of the initial peak

reflected pressure at the center of the plate during the first phase. The third and last phase of the blast

loading event occurred as the reflections along the circular confinement wall reached the center axis of

the confined tube. This resulted in a strong focusing effect of pressure with a significant pressure peak

located in a small area around the center of the plate. The SALE simulations showed that the highest695

interaction forces between the blast load and the target plate occurred during the second phase of the

loading event.

• The deformation distribution across the blast-exposed area of the target plates took the shape of a

global dome with a superimposed local dome around the center of the plate. If no significant fracture

occurred, all three plate geometries showed similar deformation fields. Hence, the global deformations700

seems to be unaffected by the plate geometry.

• The three plate geometries showed distinct differences in terms of fracture resistance during blast

loading. The target plates without any pre-formed defects resulted in large plastic deformations

without any signs of fracture for both charge masses. The target plates with pre-cut circular holes (C)

experienced vertical arrested cracks for the largest charge mass, whereas the target plates containing705

initial ballistic impact holes (B) experienced multiple arrested cracks for both charge masses. The B

geometry experienced both larger and more arrested cracks than the C geometry. For the largest charge

mass, the largest measured crack lengths were almost twice as large in the tests with the B geometry

compared to those with the C geometry. For the B geometry, all arrested cracks were initiated at the

initial petalling cracks from the ballistic impact holes. Lastly, it was noted that none of the arrested710

cracks extended outside the superimposed local dome in the center of the plate.

• Compared to the previous studies using a shock tube environment (see Ref. [19]), the trends in global

deformation and fracture resistance were the same when evaluating the target plates with idealized pre-

cut circular holes, ballistic impact holes, and plates without defects. The change in loading environment

did not change the overall conclusions from the shock tube tests in terms of plate response. That is, the715

target plates with ballistic impact holes failed at lower blast intensities than the plates with idealized

pre-cut circular holes. Moreover, the petalling cracks initiated the crack propagation during blast

loading.
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• The SALE simulations showed good agreement with the experimental findings for the measured reflec-

ted pressure histories in the pendulum experiments. Numerical simulations were used in an attempt720

to obtain a better understanding of the partially confined blast loading event. These models enabled

the use of several pressure sensors to monitor pressure histories at given points on the target plates,

as well as the corresponding visualization of the spatial distrubution of the pressure fields. However,

some difficulties were encountered for the simulations of the thin deformable steel plates, where leak-

age occurred during the third phase of the blast loading event. This was also assumed to be one725

of the contributors to the slight underprediction of the dynamic response for the SALE simulations.

Compared to the experimental findings, the PBM simulations overestimated the dynamic response

by approximately 10%, while the SALE simulations underestimated the deformations with a similar

magnitude.

• The numerical models of the target plates can be used to gain more insight into the combined effect730

of ballistic impact and blast loading in partially confined detonations. Compared to previous studies

in Ref. [19], this study therefore extends the validity of the models to also include load environments

of localised, non-uniform pressure distributions and confined detonations.
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Appendix A. Advection method850

The advection method represented by METH=3 has also been applied in studies on confined blast loading

[20]. This method replaces the higher-order variations of state variables within each element in METH=2,

to a constant value. This leads to a first order accuracy. Generally, it is not possible to conserve both

the kinetic energy and the momentum during advection. METH=3 is formulated through the donor cell

method, which expected to be more dissipative than the Van Leer method. To improve the conservation855

of energy, METH=3 additionally stores the loss of kinetic energy as increased internal energy during the

advection step [53]. However, both methods apply the same algorithm for the re-mapping of node-specific

variables.

The numerical pressure measurements at a selection of pressure sensors are plotted together with the

corresponding FSI force and mid-point displacements for the comparison of the two alternative advection860

methods described in Section 4.4.1 are presented in Figure A.1. Only the 20 g detonation was considered.

From the pressure measurements in Figure A.1 (a), it is seen that the incoming pressure is fairly similar for

the two methods. The initial pressure peaks are somewhat smaller for METH=3, while the second pressure

peaks after the interaction effects are slightly larger. A slight time-shift is also observed between the two

methods, where the pressure peak from the interactions with the confinement occur earlier for METH=3865

than for METH=-2. The corresponding FSI force and midpoint displacements are increased from METH=-2

to METH=3.

(a) (b) (c)

Figure A.1: Comparison of two alternative advection methods, METH=-2, and METH=3, for the ALE domain. The pressure

histories at a selection of pressure sensors are given in (a), the corresponding FSI force in (b), and the resulting midpoint

displacements in (c). It is noted that the reference model for the numerical work in this study applied METH=-2. The two

simulations represents the 20 g detonation.

The obtained pressure fields for the two advection methods are compared in Figure A.2. Here, the two

models are aligned next to each other at six selected times during the blast simulations. For the initial shock
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propagation, it is seen that METH=3 gives a thicker shock front than METH=-2, while a slightly higher870

pressure is seen for METH=-2. Generally, it seems that METH=3 gives a slightly larger volume with high

pressures than METH=-2. However, the effects of changing the advection methot was not studied in any

further detail than what presented in Figures A.1 and A.2.

(a) (b) (c)

(d) (e) (f)

Figure A.2: Comparison of the pressure field for the two advection methods. The two models are compared at six given times

which are labeled for each subfigure. The two simulations represents the 20 g detonation.
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