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ABSTRACT
For decades the focus of civil protection has been on civil defence shelters to withstand the threat
of warfare and protecting civilians. In latter years, the general focus has often shifted towards the
protection of specific targets that host functions important to society. Direct attacks on the civil
population also post a more common threat today than a few years ago.

Numerical modelling of dynamic events has been more common in recent years and is to a large
extent treated as an available complement to physical testing. Even so, the tools and techniques
to evaluate structures with the help of numerical models are in many respects unexplored. Since
some phenomena are not fully understood, it is difficult to determine the needed properties of
these numerical models.

The overall aim of the research presented in this thesis is to contribute to the knowledge
of concrete structures subjected to extreme dynamic impulse actions. The scientific approach
consisted of a combination of literature reviews, theoretical modelling, numerical analyses, and
experimental investigations, including experimental design.

Spalling in concrete structures was studied with a numerical model to show how spalling
damage can develop gradually during non-monotonic loading and un-loading of the material and
not by instantaneous fracture when the tensile strength is reached as described in the literature.
The study also shows that the constitutive model for tensile fracture of concrete has a decisive
influence on the results and position of spalling cracks.

The response of reinforced concrete structures subjected to blast loads was investigated. Nu-
merical models were used to evaluate the numerical response of a simply supported reinforced
concrete beam and a one-way supported slab with combined damage and plasticity constitutive
model for concrete, CDPM2. The numerical analyses indicate that fracture energy during tensile
fracture and how this value is chosen have a larger effect on the deformations of the structures
than whether or not the strain-rate dependency of the material properties are taken into account.

Presented in this thesis is an experimental methodology to evaluate the bending response of
reinforced plain and fibre concrete beams due to a drop weight impact. The minimum requirements
for documented material parameters and the structural response for reinforced concrete structures
have been defined when an experimental study aims to support calibration and validation of
numerical models. This methodology was used to study the influence of adding steel fibres to the
concrete mix in reinforced concrete beams. It was shown that the initial crack patterns, at impact,
influenced the final crack pattern at the maximum deformation of the beams. These crack patterns
were shown to be similar between the different concrete mixes with or without fibres.
Keywords: Reinforced concrete structures, Dynamic response, Numerical analysis, Experimental
methodology, Drop weight test, Digital Image Correlation, High Speed Photography
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Part I
Extended Summary

1 Introduction

1.1 Background
For decades civil protection has been focusing on civil defence shelters to withstand the threat
of warfare and protect civilians. In latter years, the general focus has often shifted towards the
protection of specific targets that host important functions to society, MSB (2017) and Lindgren
(2014). Direct attacks on the civil population, such as terrorist attacks, also post a more common
threat today than a few years ago. Due to the rather rapid shift of area of interest, the general
engineering community lacks much of the knowledge and tools to design and evaluate structures
with respect to dynamic events with very fast transient and high magnitude peak loads, MSB
(2014).

Because of limitations in knowledge and in order to restrict the extent of load cases studied
most structural analysis approaches have been developed with different simplifications and ap-
proximations. When it comes to the response of concrete structures to highly dynamic events,
loads due to explosions M. Johansson and Laine (2012a) and general responses of statically loaded
concrete structures are relatively well-known. However, despite decades of research within the
area, many phenomena involved in the dynamic response of reinforced concrete structures are not
yet fully understood.

Numerical modelling of dynamic events has been more common in recent years and is to a
large extent treated as an available complement to physical testing Nyström and Gylltoft (2009).
Even so, the tools and techniques to evaluate structures with numerical models are in many respects
unexplored. Since certain phenomena, such as material response Schuler et al. (2006), Solomos
et al. (2013), and G. Ulzurrun and Zanuy (2017), and structural response, only been briefly studied,
it becomes difficult to determine the necessary properties to put together these numerical models
Ekström et al. (2016) and Leppänen (2004).

When dealing with numerical modelling, experimental results of structural and material
behaviour are essential for the comparison of model response or to derive the load to apply to
the modelled structure, Tilert et al. (2007). A numerical model must always be calibrated against
known results. Depending on the complexity of the numerical model, the number of data points
and sets of data needed might vary from data sets of deformations of structures to detailed data of
deformation shapes, crack patterns and support reaction forces over time.

During the past two and a half decades a research programme, including multiple PhD projects,
has been carried out at the Division of Structural Engineering - Chalmers University of Technology,
starting with Plos and Gylltoft (1994). The first PhD project dealt with the reinforcement arrange-
ment of concrete frame corners and blast loads towards safety shelters with such reinforcement,
M. Johansson (2000). The continuing PhD project studied fragment impact on concrete structures.
In this project Finite Element Analyses were carried out and were compared to experiments during
which steel fragments penetrated plain concrete, Leppänen (2004).
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This study was followed up by a third PhD project which studied projectile penetration into
plain and fibre concrete and synergies from both blast and fragment impact on reinforced concrete
beams. In these studies, limitations in available material models were identified by Nyström and
Gylltoft (2009) and Nyström and Gylltoft (2011). Consequently, a new constitutive model was
developed based on the combined damage and plasticity theory, the Concrete Damage Plasticity
Model (CDPM2), Grassl et al. (2013). During the initial phase of this PhD project the constitutive
model proposed was evaluated at a material response level for dynamic load conditions, Nyström
(2013).

1.2 Research aim and objectives
The overall aim of the research presented in this thesis is to contribute to the knowledge of concrete
structures subjected to extreme dynamic impulse actions. Based on our improved understanding,
design methods that can increase the safety, both for new structures and for strengthening existing
structures, can be developed. In order to reach this aim, it is necessary to be able to model and
analyse the structural response at a high degree of accuracy and efficiency. The following objectives
have been defined:

• Evaluate numerical approaches based on a combined damage and plasticity model to describe
the constitutive laws of concrete materials.

• Evaluate the influence of constitutive laws on the response of brittle materials, such as plain
concrete, subjected to impulse loading with regard to spalling.

• To evaluate the previously developed constitutive model based on the combined damage
and plasticity (CDPM2) for the analysis of reinforced concrete structures and identify needs
for further improvements.

• To identify the demands on experimental results for the validation and calibration of numer-
ical models and design an experimental method that meets these demands.

• Design and carry out experiments to achieve results that can form a basis for the validation
and calibration of numerical models. The experiments should support the development
of models for both plain and fibre concrete structures, with and without conventional
reinforcement

• To collect data, both deformations and crack propagation, which can be followed throughout
the response from the impact.

• Evaluate reinforced and un-reinforced fibre and plain concrete structures with regard to
crack propagation and deformation subjected to extreme dynamic impulse actions.

1.3 Scientific approach and methodology
The scientific approach consisted of a combination of literature reviews, theoretical modelling,
numerical analyses, and experimental investigations, including experimental design. At the
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start of the study, the intention was to investigate the performance of the previously developed
and implemented constitutive model for concrete Grassl et al. (2013) and Nyström (2013) for
the numerical analysis of structures, using experiments from literature. The analysis method
should then be adopted to perform studies of structural response. However, the incompleteness
of the models and the lack of sufficient experimental results for validation of numerical models
called for a changing direction using enhanced scientific methods. Consequently, simplified
numerical modelling was used to study the structural response and an experimental methodology
was developed that might provide experimental results suited for supporting the development and
validation of numerical models.

Literature reviews were carried out for the dynamic impulse loading of concrete structures in
general. Further, different types of responses and type of fractures of concrete structures from
these type of load conditions were reviewed. This was followed by a review of the literature based
on the constitutive models used for modelling of the structural response, material fracture and the
possible applicability for CDPM2.

The evolution of spalling damage in concrete structures was identified as a phenomenon that
needed further understanding in order to address suitable material choices and strengthening
techniques for concrete structures, especially the material and structural response after damage
initiation. The combination of a theoretical modelling approach and simplified numerical approach
was adopted. To increase the understanding of the development of fractures for different constitutive
models, a damage, a plasticity and a combined damage and plasticity model were studied.

Numerical models are intended to provide an approximation of real behaviour and, thus,
support the knowledge creation of underlying phenomena. Numerical models can be motivated by
relatively low costs compared to experiments. They also provide the opportunity of studying the
course of events for any given sequence in time and responses which can be difficult to measure
during experiments. By studying structural responses numerically, it is also possible to extract
results that may become important in order to identify different properties of a real structure or
specimen in an experiment.

The numerical studies that were carried out and are presented in this thesis are in general based
on constitutive models in which concrete is represented by a combination of damage and plasticity,
Jirásek (2010). The choice to represent concrete during highly dynamic events through the use
of a damage-plasticity model is a continuation of previous research at Chalmers University of
Technology, Nyström (2013), and the University of Glasgow, Grassl et al. (2013), and has been
shown to successfully describe the loading and unloading of concrete with large confinement
effects and the propagation of shock waves, Nyström (2013). Reinforced concrete structures were
studied in numerical models and compared to experiments carried out by other researchers.

A problem identified by the initial numerical studies was that experimental studies often
did not provide enough data to evaluate of numerical models. Consequently, a literature review
of experimental studies evaluated the suitability of different experiments for the calibration and
validation of numerical models. The aim was to find studies with sufficient measurements to enable
a comparison of the response of the numerical models to a real structural response. Furthermore,
the experimental studies needed to provide detailed material characteristics in order to have
sufficient input data for the numerical models.

Since no such suitable experiments were found, an additional literature review was made to
provide a basis for the design of an experimental programme with the explicit objective to support
the calibration and validation of numerical models. The experimental programme should provide
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the input data and results necessary for the development of advanced numerical models. The
programme should be designed to provide data throughout the response from the onset of the load
to the final part of the structural response. To achieve this, the opportunity presented by Digital
Image Correlation (DIC) and High Speed Photography (HSP) were studied.

A previous experiment presented by Ågårdh et al. (1997) influenced the initial experiment
configuration. A drop weight impact rig was designed to generate object impacts. The influence
of steel fibres in the concrete mix was studied by evaluating deformation and crack patterns for
reinforced and unreinforced plain and fibre concrete beams. An important feature was to be able
to follow the structural response from the moment of impact until the maximum deformation of
structure occurred.

1.4 Scope and limitations
Each study presented in this thesis facilitates knowledge of the response of concrete structures
subjected to extreme dynamic impulse actions. Four main studies are presented. Each study adds
to this bank of knowledge. The thesis focuses on plain and reinforced concrete. The progress
of the research project has not allowed for the individual studies to fully build upon each other.
Instead, each study adds to the overall aim of the PhD project and research programme.

The scope and limitation of each study are listed below:
• The first study investigates the development of spalling damage in a concrete wall. Descrip-

tions of spalling phenomena in the literature, e.g. Mcvay (1988), Meyers (1994), and Bažant
and Belytschko (1985), describe how the spalling damage is initiated but do not describe
how this damage develops and propagates in a structure. Based on the early conclusions of
this study, a different hypothesis was formulated for how spalling fractures develop gradually
rather than instantaneously. To show this, a 1D numerical model was developed. The study
also investigated the influence of different material responses of the concrete modelled
during non-monotonic loading and unloading. Three constitutive models were used to
show the importance to describe the failure of the concrete material correctly. However,
experimental data that can be used to verify the hypothesis have not been found.

• The second study investigates the performance of the CDPM2 material model, Grassl et al.
(2013) and Nyström (2013), a combined damage and plasticity model for reinforced concrete
structures. A numerical study of experiments designed and performed by other researchers
was carried out. The study investigated previously identified limitations of material response
and how they affect the structural response in a numerical model. The previously identified
limitations were shown not to affect the response of a reinforced concrete structure. It was,
however, shown that the ability to modify the compression softening response is needed as
an additional feature of the model implementations in commercial softwares.

• The third study presents an experimental methodology to study the beam bending response
due to a single drop weight impact. The method states the minimum amount of material
characteristics needed in order to be able to calibrate and validate a numerical model.
Deformation measurements were carried out using Digital Image Correlation of High Speed
Photography. These measurements can be used to derive deformations and velocities over the
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beam surface, as well as identifying crack patterns and determining crack widths throughout
the loading process. The proposed methodology can, however, only evaluate the beam
response due to object impacts, not the response due to blast loads and fragment impacts.

• The final study uses the experimental methodology to investigate the effect of adding steel
fibres to a concrete mix used for reinforced concrete beams. The initial bending response
and how the initial crack pattern influences the final crack pattern are studied for reinforced
and un-reinforced plain and fibre concrete beams.

1.5 Original features
The original features of the research presented are summarized as follows:

• The spalling damage of concrete is studied using a numerical approach. The study shows
how concrete fractures develop over time instead of forming as a fully developed crack
instantaneously, as stated by theories in the literature. Since fractures during concrete
spalling do not necessarily develop instantaneously, different constitutive models of concrete
can yield varying results depending on how cracking, during non-monotonic loading and
unloading of the material, develops.

• The thesis presents an evaluation of CDPM2 for the structural response of reinforced
concrete structures. The evaluation presents how previously identified limitations regarding
local material response affect a numerical model of a reinforced concrete structure. It also
identifies additional suggestions for improvements needed in terms of numerical modelling.

• A new experimental methodology is presented to study the beam bending response due to a
single drop weight impact. The methodology includes the minimum amount of material
characteristics necessary in order to use an experiment to calibrate and validate a numerical
model. It also introduces detailed measurements of the deformation field in the beams
tested by using High Speed Photography and Digital Image Correlation. Using this method,
deformations, velocities, crack patterns and crack propagation can be followed throughout
the beam bending response from the point of impact to the final stage during the maximum
deformation of the beams. To the author’s knowledge, DIC with HSP has not been previously
used to study the crack propagation response of reinforced concrete structures subjected to
impulse loading.

• The new experimental methodology is used to study the effects of adding steel fibres
to the concrete mix of reinforced beams. The development of cracks is studied directly
after impact to assess how the initial crack patterns influence the final crack pattern at
maximum deformation. Un-reinforced beamswere also tested to determine how conventional
reinforcement affects the initial crack pattern at impact from an object for plain and fibre
concrete. The repeatability of the experimental methodology is also evaluated by conducting
two test series with specimens cast at different sites and time intervals.

, Architecture and Civil Engineering 5
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2 Loads due to blast and impact

2.1 Overview
Loads are usually divided into static loads, quasi static-loads and dynamic loads based on the time
duration of an action. However, dynamic loads span over a range of time intervals. Different time
frames yield different types of response, Gebbeken et al. (2001), both for the material response
and the overall structural response. Thus, different demands for analytical routines and material
representation are created.

Dynamic response can occur within different time frames. For example, when oscillation
occurs in a structure, the time duration can be seconds or parts of seconds. During this time frame,
the deformation of the structure changes; thus, the internal and external forces for the structure
change. If a moving object hits a structure, the response will depend on both the velocity and the
material properties of the two bodies, Leppänen (2012). When a high velocity impact between
a minor object and e.g. a beam occurs, such as a fragment impact, local effects in the form of
damage around the zone of impact will develop within a much shorter time interval than the global
bending deformation of the beam, Leppänen (2005) and Nyström and Gylltoft (2009).

When the type of loading condition is classified based on time intervals, a common measure
used is the strain-rate caused at different martial points in the structure. By measuring the change
in strains per time unit, it is possible to separate long from short time intervals. In Figure 2.1,
different engineering applications with regard to strain-rates are shown. The picture is taken from
Nyström (2013) and is based on a variety of publications: Bischoff and Perry (1991), Field et al.
(2004), Gebbeken and Ruppert (2000), Ramesh (2008), and Zukas (2004).

In this thesis, responses of concrete structures due to blast waves from the detonation of
explosives or the simulation of such events are studied. These responses corresponds to the ”blast
and impact” region in Figure 2.1. Furthermore, experiments of beam bending responses due
to object impact have been conducted. Strain-rates were not explicitly measured. However, by
estimating the strain-rates from the measurements of crack propagation, the strain-rates in the
experiments correspond to an intermediate strain-rate or higher, according to the definitions in
Figure 2.1.

Figure 2.1: Strain-rates and associated problem aspects taken from Nyström (2013)
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2.2 Blast wave in air
When a highly explosive substance detonates in the open air, a sudden release of energy and
combustion gases occurs Krauthammer (2008). An explosion can be characterised as a sudden
volumetric expansion of matter due to a physical or chemical change of state. The change of state
results in a sudden release of potential energy to mechanical work. For a detonation of an explosive
substance, the expansion of gases creates an overpressure which generates mechanical work when
the surrounding air is forced away. The highly compressed air surrounding the detonation creates
a blast wave that propagates from the epicentre of the explosion with super sonic speed. Directly
behind the front of the blast wave is a region where pressure, temperature, density and particle
velocity are distinctly higher than in the surrounding air. When the blast wave moves away, these
properties rather rapidly return to their original states Cormie et al. (2009). For a fully developed
blast wave, the pressure rises more or less instantaneously from the normal atmospheric pressure
to peak pressure. The time for the pressure to rise is therefore generally considered to be a singular
jump in time. The pressure then decreases exponentially until an under-pressure is reached that
completes the cycle to the original atmospheric pressure; see Figure 2.2. In structural analyses and
evaluations, the blast wave is usually simplified and only the overpressure is included. Thus, no
negative pressure is applied to the structure. Furthermore, the exponential pressure decrease after
the shock wave has reached the structure and may, depending on application, also be simplified to
a linear decrease, M. Johansson and Laine (2012a).

Figure 2.2: Principal pressure-time relation for a blast wave in air

2.3 Impact of fragments
The detonation of a general purpose bomb will not only create a blast wave but will also send away
fragments, Leppänen (2004). The detonation of explosives will rip the casing of the bomb into
minor pieces creating a cluster of fragments, Janzon (1978). The fragments will represent mass
and velocity and can add a substantial load to a structure. A blast wave and cluster of fragments
can reach a structure at different time intervals because of differences in speed and how speed
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retards over distance, Nyström and Gylltoft (2009). Even though the actual impulse of a cluster
of fragments might be distinctly smaller than from a blast wave, the damage to the surface of a
structure can be substantial, Forsén and Nordström (1992). Furthermore, the damage to the surface
may lead to loss of capacity and stiffness influencing the overall structural response. A study of
the combination of fragments and blast wave showed a synergy effect, Nyström (2008). It was
established that the combination of fragments and blast wave created a larger deformation than if
deformations due to fragments alone were added to the deformation due to the blast wave.

An important difference between the stress response in a structure due to a blast load and a
cluster of fragments is that the stress towards the surface of the structure is more or less independent
of the properties of the structure for a blast wave, Cormie et al. (2009). For the cluster of fragments,
the material properties of the fragments and the material properties of the structure will affect
the stress wave that will propagate through the structure upon impact, Goldsmith (1960). The
velocity of the fragments will be important for the magnitude of the stress wave but the stiffness of
the fragments, as well as the stiffness of the material in the structure, will also influence both the
magnitude and duration of the stress wave, Leppänen (2004) and Leppänen (2012). The effect
of the material properties of fragments can be indirectly studied by looking at the response of
flyer plate impact tests, Grady (1996), Gebbeken et al. (2006), and Riedel et al. (2008), where the
material properties of the materials involved are used to calculate the material states.

2.4 Object impact
Another load condition that can be defined as an extreme dynamic impulse action is impact from
objects. Compared to fragment impacts, an object impact can be larger but have a significantly
lower velocity. Similar to loads due to fragment impact, the stresses from an object impact will
depend upon the properties of both the object impacting the structure and the material of the
structure M. Johansson and Laine (2012b). If a hard object strikes a structure with a hard surface
material, a shorter duration of the load created will develop compared to an impact between a
softer object and a softer surface material in the structure. Furthermore, the intensity of the load
will be higher between a hard object and a hard surface. The velocity will also affect the intensity
of the load. Both the mass and velocity contribute to the energy applied to the structure, but with
a given energy level, a higher velocity will result in a higher load intensity.
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3 Fracture due to blast and impact

3.1 Overview
A structure that experiences loading due to an explosion undergoes, in general, different reactions
at various stages of the loading and unloading. The most obvious differences are related to local
and global response, see Figure 3.1. However, for dynamic loading, another important factor is the
stress of the structure during different time intervals. Global failures can generally be determined
based on the total energy or load applied to the structure compared to the ability of the structure to
absorb externally applied energy, M. Johansson and Laine (2012b).

Figure 3.1: Local and global response of a structure, structural member and of an entire structure

Other fractures are determined by stresses caused by the shift in applied load over time, �load�t ,
Meyers (1994). Thus, the total intensity of the load is not necessarily critical for initiating a failure
process. If a certain load condition becomes critical for a specific fracture, the corresponding time
interval when that fracture occurs has to be examined. The time frame for a local failure, such as
spalling or scabbing, is shorter than for a global failure, such as a flexural or shear failure.

In the case of dynamic load conditions, different failures compared to static load conditions can
occur in a structure. In the following section(s), the general conditions and related time intervals
for different dynamic failures are presented. Dynamic failures are named differently in various
part of literature, e.g. Werner et al. (2013), Leppänen (2004) or Nyström (2013). Here, the names
of the fractures correspond to U.S. Army Corps of Engineers et al. (2008).

3.2 Spalling
When a wall or a slab is subjected to a highly intense blast wave or a high-speed object, such as a
fragment or projectile, a compression wave may occur inside the structure. When a compression
wave reaches the free edge on the back side of the structure, a stress reflection occurs. Due to
the state of equilibrium this reflection can also be seen as a release wave; see Paper A. When a
release wave starts to propagate back towards the loaded side of the structure, the stress state at the
boundary will be zero. However, if the compression stress further into the structure has decreased
due to the characteristic of the applied load, the release wave can create stress states made up of
tensile stresses. If these tensile stresses are large enough they can result in a crack initiation in the
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structure, Mcvay (1988) and Meyers (1994). When the applied load is intense enough, fragments
of the structure can spall off on the back side of the structure not directly subjected to the load.

In a brittle material, such as concrete, spalling may occur more easily due to the large difference
between compression and tensile capacity. In Paper A, spalling in concrete subjected to a shock
wave blast was studied for a simplified one-dimensional specimen. It was shown that for certain
cases of spalling, the cracks can develop during multiple cycles of stress waves rather than instantly
as soon as the tensile strength is reached, which is generally argued by Mcvay (1988), Meyers
(1994), and Leppänen (2012). If this type of response is aimed at describing by numerical models,
the constitutive laws describing the concrete become important with regard to non-monotonic
crack propagation.

3.3 Scabbing
Spalling is generally associated with close-in detonation or clusters of fragments. A close-in
detonation or fragment impact may create pressures strong enough to cause crushing and cratering
on the loaded side of the concrete. When the pressure propagates further into the structure, the
pressure confinement effects increase, but the pressure will disperse when the wave propagates.
Thus, the extension and depth of the cratering is usually limited, Yamaguchi et al. (2011).

3.4 Flexural and shear failures
The flexural response of a reinforced concrete structure subjected to dynamic loading is similar
to the flexural response of a statically loaded structure. Failure modes either include crushing of
the concrete in compression or yielding and eventually rupture of the reinforcement in tension.
Furthermore, different anchorage failures and support slipping may occur. Shear failure can occur
in a manner similar to statically loaded structures, G. S. Ulzurrun and Zanuy (2017). However, for
very intense loads, shear failure may occur during earlier stages of the evolution of deflections.
When the load is first applied, a beam or a slab may obtain a distributed velocity before the
support forces develop. The internal forces in the structure do not occur until the support forces
appear. Thus, bending moments and shear forces emerge from the supports and propagate from
there, Andersson and Karlsson (2012). Highly intense loads can therefore result in stresses on the
structure closer to the supports compared to subjecting the same structure to static loads. This
type of shear failure is called direct shear, Krauthammer (2008) and is a failure that may appear
when stresses in the structure are great enough during the early part of the structural response.

In Papers C and D, the difference between static bending response and dynamic bending
response due to object impact is exemplified. In static loading of reinforced concrete beams, cracks
are initiated at the bottom of the beams and then propagate and grow in crack width when the
applied load is increased. In dynamic drop weight impact tests, a crack pattern formed during the
initial phase of response directly after impacting the top side of the beam. The final crack pattern
where cracks grow from the bottom side of the beams are influenced by the initial crack patterns
and starts to develop at a later stage of the overall response.

Also shown in Papers C and D is the combination of bending response and shear response
during the crack propagation. When a bending crack starts to propagate, the bending stiffness
of the cross-section is reduced. When the bending stiffness is reduced, sectional moments are
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reduced. The shear stiffness is less influenced by bending cracks compared to the bending stiffness.
Thus, shear stresses can be more dominant in a cross-section after an initial bending crack has
formed. Therefore, a crack that starts out as a bending crack can turn and change direction as seen
in the crack patterns in Papers C and D.

3.5 Punch-through
When an object has enough mass and velocity, local deformation can be induced that creates
stresses in the structure immediately at impact yielding a local punch-through failure Q. M. Li et al.
(2005). Similar to an ordinary shear failure or a direct shear failure close to a support, the failure
appears where large forces are concentrated to a local area. For an impact towards a concrete
structure, this concentration can lead to a punch-through failure in the concrete shaped like a cone.
In the study performed in Papers C and D, this type of damage appeared during the initial phase
of the impact event.
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4 Numerical analyses of failure in concrete struc-
tures

When amaterial like concrete is to bemodelled through numerical analyses, a number of approaches
to describe material fracture are possible including discrete crack models, non-local crack models
and smeared crack models, Jirásek (2010). Any chosen approach has advantages and disadvantages.
The work performed for this thesis has been based on a smeared crack approach where the properties
of the inelastic deformations of concrete are smeared out over a band width. The material model
studied in detail in this thesis was developed during a previous PhD project by Nyström (2013).

4.1 Essential properties of concrete constitutive models
Depending on the aim of a structural model and loading condition, the demands on the material
models utilized vary. When the response of, for instance, concrete is studied during static conditions,
various aspects need to be considered. Different stress states will place different demands on
the complexity of the material model. If a material model is simplified, it also becomes more
limited in general applicability. In dynamic response, there are aspects of material response that
are unique to or of greater importance than to static conditions. One of the unique properties only
implicitly considered in dynamics is how the material strength depends on the rate of the stress
applied, generally measured as the strain-rate, �"�t . Other features less common in static evaluation
include non-linear compaction under hydrostatic compression and residual strength after extensive
material damage, Gabet (2006). These final two properties are more likely to occur in fast dynamic
events because of inertia effects creating local confinements during brief time intervals. There
are many different approaches to describe these responses with the help of a constitutive model,
such as the Winfrith Concrete Model, Broadhouse and Neilson (1987), the RHT Concrete Model,
Riedel (2000), or the Karagozian & Case (K&C) Concrete Model, Magallanes et al. (2010), which
are commonly used. In a project preceding this thesis, a combined damage and plasticity model
was developed in order to describe these properties, Nyström (2013) and Grassl et al. (2013).
The evaluation of properties is presented in Nyström (2013) and in Figure 4.1 in which the most
important features of a material model describing concrete are placed at the base of the pyramid
and in decreasing importance towards the top. In the work presented here, this model was evaluated
with respect to its ability to describe the structural response of reinforced concrete structures in
finite element analyses.

In Nyström (2013), strain-rate dependency of strength, post-peak softening, non-linear com-
paction curve for high pressures and residual strength in confined compression were concluded
to be the most important features of the concrete response to dynamic loads. Post-peak soften-
ing is a material property which is not unique to dynamic conditions. For multi-axial loading,
pressure-sensitive strength is also considered to be a general property of concrete.

Strain-rate dependent strength, however, is an effect which only impacts the material properties
during dynamic conditions. The dynamic tensile strength has been shown to be as high as eight
times the tensile strength of a static load condition, Malvar and Ross (1998). In compression, the
dynamic strength observed is about 2,5 times the static strength, Bischoff and Perry (1991).

Residual strength in confined compression and the non-linear compaction curve for high
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Figure 4.1: Assessment of properties during development of material model, from Nyström (2013)

confinement pressure, Williams et al. (2006), are aspects of the response which occur during
both dynamic and static conditions. However, high confinement pressures are difficult to create
and maintain during static conditions since the confinement requires externally applied loads.
For dynamics, the confinement can be created due to inertia effects in the material where a high
pressure is confined by the surrounding material, D. Johansson and Villegas (2010).

4.2 Constitutive models for concrete fracture in tension
Concrete, with its varying different properties depending on the stress state, needs rather complex
constitutive laws to capture the response for an arbitrary stress state. In many applications, the
focus lies on the ability to capture a specific response, which allows for reducing the complexity
of the material model.

If a concrete specimen is loaded in monotonic tension under static conditions, the tensile stress
will reach a peak value from which the stress gradually decreases with increasing deformation,
leading to the formation of a crack. This material softening during crack formation develops more
or less exponentially but in most applications, it is considered sufficient to use a bi-linear softening
law, Gylltoft (1983), or even a linear softening law.

In Paper A, spalling in a concrete wall subjected to a close-by explosion is studied. In this
paper, the tensile response of the concrete is modelled according to three different constitutive
laws, a plasticity model, a damage model and a combined damage and plasticity model. All of
them use linear softening when cracks are developed in the concrete.

Consequently, for a crack forming under monotonically increasing tensile deformation, it will
yield the same structural response. However, for more complex loading situations with varying
stress conditions in the initiated crack, the different constitutive models will result in different
structural responses. In a plasticity model, the elastic response upon unloading will be based on
the original stiffness of the material, whereas for a damage model the stiffness will be reduced.
This means that the final structural response may differ if, for example, a non-monotonic response
takes place, as shown in Paper A. Since the concrete undergoes multiple stages of compression
and tension, see Figure 4.2, the response during the transition will affect the result.
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(c) Damage-Plasticity
Figure 4.2: Stress-strain relation for cyclic tensile and compressive loading of concrete for (a) a
plasticity model (b) a damage model (c) a damage-plasticity model

4.3 Evaluation of CDPM2
One of the aims of this study has been to evaluate and confirm the potential areas of development
for the new CDPM2 material model when used in dynamic models and identify possible areas
of improvement. In Nyström (2013), the following features were suggested as potential areas of
improvement:

• Increased material stiffness after non-linear compaction
• Avoiding overestimated fracture energy due to double strain-rate dependency
• Reduction of the strain-rate dependency for compressive strength for modelling with solid

elements at high strain-rates
The aim was to study these features in Paper B to investigate their relevance for analysis of

structural members of reinforced concrete. Furthermore, additional potential areas of improvement
of the material model was to be identified. The conclusions of the study is summarised in the
following sub-sections.

4.3.1 Increased material stiffness after non-linear compaction
The constitutive laws for CDPM2 do not affect the material stiffness after volumetric compaction,
i.e., when the concrete is compressed in such way that the pore system collapses and a more solid
material is created. This feature of the concrete material is relevant when a structure is hit by a
high speed projectile or fragment. It was shown in Nyström (2013) that CDPM2 had a too low
stiffness for hydrostatic pressures of 2 GPa and higher. In Paper B, structures subjected to blast
loads resulted in flexural deflections was studied and for that type of response, such high pressures
were not reached. These results indicate that for reinforced concrete structures subjected to blast
loads, which are not close by detonations, the increased stiffness due to compaction is unimportant
to the structural response.
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4.3.2 Avoiding of overestimated fracture energy due to double strain-rate
dependency

The constitutive laws that treat tensile strength and strain softening branch in tension results in
an increased tensile strength for high strain-rates, but also an equally increase of the maximum
crack opening, see Nyström (2013) and Paper B. Since both the strength and strain that represent
the crack opening are increased, the dynamic increase factor for the fracture energy, DIFGF , isequal to the dynamic increase factor of the strength squared, DIF 2

fct
. The available studies of how

the strain-rate influences the fracture energy are limited but indicate that the dynamic increase
factor for fracture energy is proportional to the rate effect on the tensile strength, Schuler et al.
(2006), Weerheijm and Van Doormaal (2007), and G. Ulzurrun and Zanuy (2017). In Weerheijm
and Van Doormaal (2007), it is also concluded that the maximum crack opening remain constant.
The study in Paper B shows that a variation of input values for fracture energy results in a large
variation of deflection for beams and plates. Therefore, an overestimation of the strain-rate effect
for fracture energy can be expected to result in an underestimation of deformation similar to that
seen in Paper B. This represents an improvement of the material model that is expected to improve
the performance when used to analyse reinforced concrete structures for their bending response.

4.3.3 Reduction of strain-rate dependency in compression for solid elements
The strain-rate dependency of the material strength is, in CDPM2, treated by using a magnification
factor for concrete strength based on the strain-rate of the total strain, Nyström (2013). For tension,
the rate factor is based on the expression proposed by Malvar and Ross (1998) and for compression,
the expression proposed in fib Model Code for Concrete Structures 2010 (2013) is used. However,
in Nyström (2013), it was shown that the expression proposed in fib Model Code for Concrete
Structures 2010 (2013), combined with 3D continuum elements, resulted in an overestimation
of the rate effects for the compression strength. Paper B studied the flexural response of a beam
and a plate with or without the strain-rate effect turned on for CDPM2. It was shown that the
strain-rate effect has a significant influence on the deflection of the structure. However, how much
of that effect that that is attributed to the overestimation of compression strength and how much
that derives from the overestimation of the fracture energy could not be determined in the study.

4.3.4 Strain softening for compression failure
In the study reported in Paper B, the strain softening for compression failure was also identified to
be important for the analysis of the structural response of reinforced concrete structures subjected
to blast loads. Concrete failure in uniaxial compression is reached after softening, Karsan and
Jirsan (1969). In a smeared crack approach, the localisation zone where the inelastic deformation
takes place needs to be defined in order to obtain a correct stress-strain relation, Jirásek (2010).
The implementation of CDPM2 defines a stress-strain relation based on a pre-specified element
size and ductility measure, Grassl et al. (2013). In Paper B, problems with convergence occurred
for the slab analyses. It was believed to be due to the description of the softening in compression.
To treat this, elastic elements were used on the concrete surface by the supports and at the top
of the slab where the plastic hinge occurred. However, the results of the study indicate that an
implementation, where the stress-strain relation is based on the actual element sizes, is desirable.
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5 Experiments for support of numerical models

5.1 Requirements for numerical modelling
From the work performed for Paper B, it was concluded that many experimental studies are not
aimed at providing data for calibration of numerical models. The objective was to evaluate CDPM2
on a structural level. This was approached by finite element analyses of reinforced concrete beams
and a slab. The structures studied were selected from the literature, Thiagarajan and Johnson
(2014), Thiagarajan et al. (2015), and Schwer (2013) and Magnusson and Hansson (2005).

When the model calibration in Paper B was carried out, it became obvious that additional
data were needed for a proper evaluation of the performance of the numerical model. Different
modelling techniques yielded varying results in deformation over time but more importantly, it
was possible to influence the deformation shape and fracture modes by varying input parameters
that are not directly associated with the stiffness of the structure, such as element mesh density.
Based on the data from the experiments, the ability to evaluate the performance of the models
compared to experimental results became limited.

In addition, detailed material properties of the concrete necessary for advanced numerical
models are, in general, not presented in experimental studies. The reinforcement is, in many cases,
only presented in terms of yield strength or classification. When it comes to data collection of
performed experiments, limitations of data points are the most common problems in calibrating
numerical models. Common measurements of, for example, bending response of beams and slabs
may include; mid-span deformation over time, reaction forces over time and final damage of the
structure, such as crack patterns or spalled of concrete.

The data that were identified as minimum requirements to carry out a numerical model calibra-
tion or validation are listed below:

• Detailed material characteristics of the tested structure.
• Detailed measurements of the applied load, such as velocity, mass or pressure as a function

of time in addition to consistent loads between different tested specimens.
• Measurements of deformations over time for multiple points of the specimens tested.
• Characterisation of damage and/or fracture and how they have been developing.

5.2 Development of experimental programme
Given the knowledge gathered during the literature review, evaluation of experiments in literature
and performing the study presented in Paper B, the design of an experimental programme was
started. Many studies with drop weight impact investigate concrete material properties. One of the
main aim of the experimental series became to supply input data and results that can be compared
to numerical models of reinforced concrete structures where high strain-rates are created in the
concrete. Ågårdh et al. (1997), Fujikake et al. (2009), Tachibana et al. (2010), and Kishi et al.
(2002) presents studies that were evaluated and influenced the design of the experiment set-up
presented in Paper C. Crack propagations and deformations of the tested structure were in mind
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when designing the experiments and planning the data measurements. Independence to perform
the experiments was considered important. Measurements from the experiments had to offer
flexibility regarding which structural points that could later be evaluated, both for deformation
measurements and crack identification.

A probable cause for the limited data from a model verification point of view presented in the
experimental studies are the amount of work it takes to gather, process and evaluate large amounts
of measurements. Since additional measured deformation points were considered beneficial for
the experimental study, the technique to monitor deformations was chosen with this in mind. Thus,
the load conditions were not restricted to blast loads. One of the conclusions from Paper B was
that as long as we are relying on the experimental studies of others for our numerical modelling,
we will always be restricted with regard to the response, amount and type of data extracted from
experiments. Therefore, the load conditions selected for the experimental study have been affected
by the capacity of our existing research lab.

5.3 Experimental set-up
A drop weight rig was designed that allowed for a drop weight velocity of up to 10 m∕s from a
guided free fall. The drop weight used in the experimental programme had a mass of 10 kg but the
guiding tube design could allow a drop weight with a mass of up to approximately 20 kg without
any further configurations. The beams tested had a span length of 1.0 m and a cross-section area
of 100x100 mm2. The experiment set-up is illustrated in Figure 5.1 and described in detail in
Paper C.

Figure 5.1: Experimental set-up and DIC measured area in experimental programme presented in
Papers C and D.

A drop weight with a velocity governed by gravity due to free fall was considered more reliable
than an impact with the velocity controlled by hydraulic or air pressure. Boundary conditions had
to be readily definable in a numerical model. In order to not introduce support conditions that
might need to be adjusted and calibrated in a numerical model, steel rollers were chosen to achieve
reliable simply supported conditions. Furthermore, attempts to constrain a horizontal motion of
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the beams and constrains for upwards translation of the beam supports were avoided. All these
actions were taken in order to limit the potential source of errors in future numerical models.

5.4 Measurement techniques
The focus of the experimental measurements were on deformations of the beams and crack patterns.
It was important to be able to follow the development of these results over time during the impact
response. The beam response with respect to deformations during drop weight impact tests has
previously been proven successful using Digital Image Correlation in Isaac et al. (2017). The
technique has also proved capable of measuring crack propagation and crack widths by Gencturk
et al. (2014) and Destrebecq et al. (2011). Therefore, DIC of High Speed Photography sequence
were used to evaluate deformations, crack patterns and crack widths.

The DIC was carried out using GOM Correlate, GOM (2016). The beam specimens were
prepared by first painting them with a white non-reflective paint. A black paint was applied by a
natural sponge to receive a random pattern that the DIC software could identify by analysing the
grey scale of a certain pixel in an image. GOM Correlate defines a grey value in eight bits and can
therefore obtain 28 = 256 possible values for each pixel. In the experimental studies, image areas
were evaluated via facets.

In their original state, facets are square areas in the image. Size and distance can be adjusted in
the software. By using a random pattern over the measured area, a facet can be identified between
different images, see Figure 5.2. The quality of the pattern and distortion will influence the results
and a facet pattern with three to four contrast points has been proven ideal according to GOM
(2016) manual. The pore size and pore distribution of the sponge used to apply the black paint and
create the patterns of the beams were therefore based on the targeted number of beam measurement
points.

Figure 5.2: Two facets of a specimen pattern tracked between two different images.

The high speed cameras used in the two experimental series in Papers C and D allowed an
image resolution of 1024x768 for the chosen frame rate. The picture space of the beams were 130
and 120 pixels, respectively. Each facet was defined as 15x15 pixels which means that each facet
collected data from approximately 12,5x12,5 mm. Furthermore, a 5 pixel distance between each
facet centre was used so that each facet would overlap the neighbouring facet with regard to the
pixels used to identify the grey scale patterns between images. The 12,5x12,5 mm facet size was
the baseline for the painted pattern on the beam surface.
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5.5 Evaluation of experimental series
The two experimental series carried out are presented in Papers C and D. Paper C presents the
methodology and evaluates the repeatability between tested specimens and accuracy of the DIC
measurements. In Paper D, the results from the two independent test series are evaluated. The
deformations of the different beams types, initial and final crack patterns and differences between
statically loaded beams and those subjected to drop weight impact are evaluated. Below, the
conclusions of the results in Papers C and D, respectively are listed:

• The drop weight velocity as well as the behaviour of the tested beams could be determined
and monitored throughout the impact response history.

• The concrete and reinforcement were characterised through material tests in order for the
experimental method to support the future development and evaluation of numerical models.

• The DIC set-up, using a camera frame rate of 5,000 fps, subset size of 15x15 pixels and
image resolution of 1,024x175 pixels covering half of the tested beam, showed an adequate
level of detail to be able to identify and quantify the required results throughout the impact,
including impact velocity of the drop weight, deformations, crack patterns, number of cracks
and crack widths.

• The frame rate used enabled an evaluation of the deformation field of the impact and the
following response of the beams. However, it was not enough to fully identify relative time
origin and order of the different cracks at impact.

• The accuracy of the crack widths extracted from the DIC analyses was verified by microscope
measurements of the final crack widths for three major cracks in four different beams. High
conformity could be seen for the final crack widths and it was therefore concluded that there
was a similar conformity during the impact response.

• The repeatability of the experiments was found to be satisfactory and fulfilled the expec-
tations with respect to; the crack pattern, including the number of cracks, in the different
stages of crack development; the maximum mid-span deformations; and the drop weight
velocity.

• The positions of the cracks were determined during the initial phase of the response during
impact when the drop weight struck the beams.

• Regarding the final crack pattern, only small variations between the reinforced fibre concrete
and the plain concrete beams, respectively, were observed.

• For the experimental results to support the use and development of numerical material mod-
els, the following parameters have been identified and collected as a base set of information:

– Material characteristics for concrete including modulus of elasticity, compression and
tension strength, as well as fracture energy and tensile response upon cracking.

– Material characteristics for reinforcement, including modulus of elasticity, yield and
ultimate strength, in addition to strain at ultimate strength.
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– Clear geometry and reinforcement configuration for test specimens, including boundary
and loading conditions.

– Loading velocity of the drop weight.
– Deformation as a function of time in different parts of the tested specimens.
– Crack pattern and crack widths in the specimens and preferably their development as
a function of time.

– A sufficient number of test specimens, both for material tests (minimum three speci-
mens per test) and impact tests, in order to quantify the distribution of the results.

The conclusions in Paper D are summarized as follow:
• The mid-span deformation of the reinforced fibre concrete beams was smaller compared

to the reinforced plain concrete beams, showing a higher energy absorption of the fibre
concrete beams.

• The standard deviation of the mid-span deformation was smaller for the reinforced fibre
concrete beams than for the reinforced plain concrete beams. Thus, a more homogeneous
population emerged with fibre concrete.

• The difference in the initial cracking behaviour of the beams was minor between plain and
fibre concrete, as well as between beams with or without conventional reinforcement.

• When comparing plain and fibre concrete beams, the difference was minor in the number of
cracks on the top side of the beams during the initial phase of the impact response.

• The final number of cracks on the bottom side of the reinforced beams was increased with
fibre concrete compared to plain concrete.

• As expected, the static load carrying capacity of the reinforced fibre concrete beams was
higher than for the reinforced plain concrete beams.

• The mean crack distance in the statically tested beams was lower for the reinforced fibre
concrete beams than for the reinforced plain concrete beams and corresponded to the
increased number of cracks in the drop weight tests.

• The repeatability of the drop weight impact tests was high, both within the individual test
series and between the two test series.
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6 Conclusions

6.1 General conclusions
The studies presented in this thesis increase the knowledge base within four different areas of
concrete structures subjected to extreme dynamic impulse actions. Reinforced concrete structures
of both plain and fibre concrete have been evaluated for extreme dynamic impulse loading. Both
numerical studies and experimental studies have been presented. Furthermore, a methodology
of how to carry out experimental studies in order to receive necessary input data and results for
calibration and verification of numerical models have been presented.

Four studies are included in this theses, the first in Paper A, where spalling in a concrete
specimen due to a blast wave was studied. The assumption made in previous research that
the damage due to tensile stress from the release wave develops instantaneously within a time
singularity was shown to be inaccurate. During the development of the fracture, i.e. the crack
propagation, the release wave continued to propagate past the point of first crack initiation. For
a case in which a blast wave hits a concrete wall, the length of the blast wave is typically much
longer than the thickness of the wall. For such a case, it was shown that the crack did not form
until multiple compression and release waves had passed. It was also shown that the choice of
constitutive model to describe the tensile fracture, using plasticity or damage theory, affected the
response and propagation of the blast wave. It was therefore concluded that to be able to describe
spalling in numerical analysis, for some case of spalling, the choice of constitutive model for
concrete tensile fracture can be crucial.

In the second study presented in Paper B, the performance of the new material model, CDPM2,
based on combined damage and plasticity, was investigated for blast loaded beam and slab speci-
mens. Some of the limitations presented in Nyström (2013) and how these limitations affected
the response of beams and slabs were investigated. It was concluded that the strain-rate depen-
dency of strength and fracture energy of the concrete affected the response of the structures. It
was also shown that the chosen fracture energy had a larger influence on the deflection of the
structures than if strain-rate dependent strength was included or not for the concrete. Thus, it was
concluded that the strain-rate dependency of the fracture energy must be described correctly. The
available research with regard to strain-rate dependency for the fracture energy, Weerheijm and
Van Doormaal (2007) and Schuler et al. (2006), suggested a lower increase of fracture energy
due to increased strain-rates compared to tensile strength. Thus, the constitutive laws in CDPM2
should be adjusted to better fit available data.

The research presented in Paper C, includes the experimental design, evaluation of the experi-
mental methodology and accuracy of the DIC measurements. In Paper C, it shows that DIC can
be used to evaluate the impact response of concrete beam structures. Previous researchers, Isaac
et al. (2017), have shown that deformations of beams can be evaluated throughout the bending
response. In Paper C, it was shown that beams subjected to drop weight impacts can be studied
at a much more detailed level than just over-all beam deflections. Crack patterns could also be
identified provided that the pattern evaluated by DIC has a sufficient level of detail.

In Paper D, an additional experimental series was carried out. Smaller modifications were
applied to the experimental preparation. A different High Speed Camera was used with a higher
frame rate to be able to determine when different cracks occurred in relation to each other. In
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addition to the reinforced plain and fibre concrete beams, un-reinforced plain and fibre concrete
beams were included. The experimental series have been evaluated with respect to repeatability
within each series and between independently performed series. Furthermore, the series are
evaluated based on the potential for using the results for the calibration of advanced numerical
models.

6.2 Suggestions for future research
For the calibration and validation of numerical models, it was concluded that more extensive data
are needed than commonly presented in experimental studies. Paper C presents an experimental
methodology to carry out and monitor dynamic drop weight tests of reinforced plain and fibre con-
crete beams. The material data needed in order to use the results to calibrate and validate numerical
models are presented. The experimental set-up and measurement of deformations presented in
Paper C allow for the collection of data that were identified as minimal after evaluating the study
performed in Paper B in order to calibrate and validate numerical models. The experimental data
collected can, thus, be used for proper calibration and validation similar to those performed in
Paper B.

The results in Paper D have been collected from a study in which two different concrete mixes
were used. In order to evaluate different concrete mixes, more diverse experimental studies are
needed. In the studies presented in Paper D, only normal strength concrete was used. Steel fibres
were added to a plain concrete mix. To better represent the type of fibre concrete normally used in
construction, studies of high strength and intermediate strength concrete should also be carried
out.

Another important feature to investigate concerns the economical aspect of the material choice.
In Papers C and D, fibres were added which increased the total amount of steel used in each
beam. The cost efficiency of this approach was not evaluated and the studies in this thesis were not
designed to yield data on this matter. To study the efficiency of fibres, conventional reinforcement
can be decreased for the fibre concrete beams with the same amount as the added fibres. A similar
approach would be to increase the conventional reinforcement for plain concrete.

In Paper A, the phenomena leading to spalling of concrete due to extreme dynamic loads were
investigated. The conclusions of that study have not been confirmed by any experimental study. To
do this, experiments in which a fracture occurs during a very brief time interval must be designed.
An applied load should aim to gradually develop a spalling crack, either by gradually decreasing
pressure or by minor repeated impacts from an object.
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