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RESUMEN
Los muros de fábrica de ladrillo son uno de los elementos constructivos más
extendidos en la edificación en todo el mundo ya que ofrecen una opción económica
y satisfacen muchos requisitos de los edificios. Sin embargo, debido a la constitución
frágil de estos elementos, pueden representar un peligro cuando se produce una
explosión. Los daños en los muros de fábrica son una de las principales causas de
lesiones y víctimas debido a los fragmentos que generan y que son lanzados a gran
velocidad durante una explosión.
Con el aumento de la amenaza terrorista en las últimas décadas y la evolución en el
“modus operandi” de los atentados, cualquier edificio de uso civil puede convertirse
en un objetivo. Por lo tanto, es esencial la búsqueda de soluciones que mejoren la
resistencia de los muros de fábrica de ladrillo y, por lo tanto, la seguridad de sus
ocupantes.
Este estudio se centra en la búsqueda de soluciones de protección para los muros de
fábrica de ladrillo y en analizar su idoneidad para aumentar la protección de los
muros frente a las cargas explosivas. Para ello, se seleccionan inicialmente tres
soluciones de protección diferentes. El trabajo incluye el ensayo a escala real de 24
muros de ladrillo reforzados y no reforzados que aportan valiosos datos
experimentales.
El análisis de las soluciones de refuerzo se realiza mediante una evaluación del daño
que incluye datos cualitativos y cuantitativos. Esta evaluación permite clasificar las
soluciones de protección y comprobar la mejora de cada una de ellas en comparación
con las demás y con el muro sin refuerzo.
Además, se desarrolla la modelización numérica de los muros de fábrica de ladrillo
y se demuestra que, mediante un enfoque de micro modelización detallada, a pesar
de la complejidad del problema, dado el comportamiento frágil del material de base
y el tipo de carga, es posible construir un modelo numérico que proporcione una
buena aproximación al comportamiento observado de la estructura, y que pueda
utilizarse para explorar situaciones para las que no se han realizado ensayos.
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ABSTRACT
Brick masonry walls are one the most extended constructive elements used in
building throughout the world. These constructive elements are widely used because
they offer a cost-effective option and satisfy many buildings requirements. However,
due to the brittle composition of these elements, they may represent a hazard when
an explosion occurs. Damage to masonry walls is one of the main causes of injuries
and casualties due to the high-speed debris launched during a blast event.
With the rise of the terrorist threat in recent decades and the evolution in the way
attacks are carried out, any civilian building can become a target. Therefore, the
search for solutions that improve the strength of masonry walls and hence, the safety
of their occupants is essential.
This study is focused on the search for protective solutions for brick masonry walls
and analyse their suitability to increase the protection of the walls against blast
loading. For this purpose, three different protective solutions are initially selected.
The work includes the full-scale testing of 24 reinforced and non-reinforced brick
masonry walls which contribute valuable experimental data.
The analysis of the reinforcement solutions is carried out by means of a damage
assessment including qualitative and quantitative data. This evaluation allows to
rank the protective solutions and to check the improvement of each one compared to
the others and to the unreinforced wall.
In addition, numerical modelling of the masonry walls is developed and proves that,
using a detailed micro-model approach, despite the complexity of the problem, given
the brittle behaviour of the basic material and the type of loading, it is possible to
build a numerical model which provides a good approximation to the observed
behaviour of the structure, and which can be used to explore situations for which no
testing has been performed.
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Chapter 1.
INTRODUCTION

In recent years, terrorist threats have become an ubiquitous concern. Civilian
buildings such as schools, theatres, and hospitals have sometimes been targeted.
Unintentional or intentional explosions constitute a great hazard for structures and
their occupants. As it is not possible to eliminate the threat, studies on improving
safety inside buildings have increased in the last decades to mitigate blast loads
effects. Current research focuses on reinforcement solutions to prevent the collapse
of structures. The reinforcement is achieved by increasing the strength of materials
(in the process of designing and planning a new structure) or by using retrofit
techniques (to strengthen existing structures) (Draganić et al 2019; Goswami and
Adhikary 2019).
In latest years, the study of the behaviour of masonry walls subjected to blast loads
has increased (Badshah et al., 2017; D’Altri et al., 2019; Gagnet et al., 2017; Lantz
et al., 2016). This is due to the hazard represented by this kind of constructive
elements as their brittle composition leads them to generate high speed debris after
an explosion event. In these scenarios, the resistance of masonry walls can become
as important as ensuring the structural integrity of buildings. Masonry walls intended
as inner partitions are considered non-structural elements and hence, are not
considered in the calculation of the structure’s resistance (Mehrabi et al., 1996).
However, even the resistance of non-structural walls can be decisive in whether or
1
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not the structure collapses since force redistribution can lead to their taking over the
vertical load from other collapsed structural members; in addition, when the structure
does not collapse, damage to masonry walls can be a main cause of injuries and
casualties due to debris hazard.
Many studies have been carried out in the last years to improve the strength of new
walls as well as existing ones. It is desirable that retrofitting procedures for such
elements should be fast and easy to apply, even by non-specialized teams of workers,
causing minimum disturbance to the occupancy (ElGawady et al. 2004). Masonry
walls consist of units and mortar and their geometries, properties and bonding can
vary forming different masonry assemblages. Thus, masonry is classified as a
heterogeneous anisotropic material, making the analysis, understanding and
prediction of structural behaviour particularly complex.
This research has been conducted under the PICAEX project (Protection of Critical
Infrastructures Against Explosions) and funded by the Centre for Industrial
Technological Development (CDTI) from the Spanish Ministry of Science and
Innovation. The companies involved in the project as well as the roles of each one
are described in Figure 1.1.

Figure 1.1. Participants in the PICAEX project and roles of each partner.
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1.1.

Objective

The aim of this work is the evaluation of different prospective protective solutions to
improve the response of brick masonry walls against explosions. Within the context
of the project, it is carried out the full-scale testing of 24 fibre-reinforced and
unreinforced masonry walls addressing the hot topic of the protection of masonry
walls against blast loading. After each test, damage has been assessed through several
parameters in order to establish damage levels. In addition, numerical simulation of
the specimens tested is developed. Such tested tools, which can be improved as new
experimental data emerges, are essential for the design of fibre reinforced solutions
for specific problems and for their practical implementation.
The most significant novelties in the work would be the following:
•

The use of protective solutions initially designed for other purposes such as
seismic protection.

•

The design of the experimental tests with the aim of achieving an intermediate
level of damage. Most studies are based on the total collapse or not of the
tested specimen and few evaluate the level of damage. An intermediate level
of damage allows to assess and classify the improvement obtained due to the
protective solutions applied.

•

Quantitative damage assessment data, as most studies are based on qualitative
data.

•

The development of numerical models which provides a good approximation
of the observed behaviour of the structure, and which can be used to explore
situations for which no testing has been performed.

1.2.

Background

Bricks are one of the oldest building materials used throughout the world. An
enduring element of architectural construction, brick has been a material of choice
since as early as 7000 BC. Through the centuries, bricks have built ancient empires
in Turkey, Egypt, Rome and Greece. Faced brick came to define the Georgian era,
with thousands of red brick facades still lining the streets of cities such as London,
Edinburgh and Dublin (Figure 1.2).
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In America, however, it was already known to the American Indians of the preHispanic civilisations. In dry regions they built houses of sun-dried adobe bricks. The
great pyramids of the Olmecs, Mayas and other peoples were built with bricks
covered with stone.
With the initiation of the industrial revolution and the development of technology,
bricks were incorporated into manufacturing facilities in order to be produced in
larger quantities to meet the growing demand.
But it was in Spain where, due to Muslim influence, the use of bricks was most
widespread, especially in Castilla, Aragón and Andalucía. The Muslims left in Spain
great works made with ceramic pieces, which gave impetus to new constructions by
the cultures that succeeded them. They absorbed the knowledge of the first when it
came to treating clays to obtain the different materials with which to build and
maintained to this day manufacturing processes that made it cheaper, and therefore
its growth was increasing in the peninsula.

Figure 1.2. Different examples of buildings constructions in clay brick, from the Rome empire to nowadays.

Traditionally, bricks have been used in architecture to fulfil a double function:
structural and aesthetic. While they act as an effective and resistant modular solution
in building structures, their faces can be exposed to constitute their architectural
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appearance, generating facades rich in texture and colour, thanks to the iron present
in the clay they are composed of.
At present, there are products that allow the attractive appearance of bricks to be
merged with other structural systems, separating their functions and providing the
necessary freedom of design so that the facades can adapt creatively in favour of the
conditions of each project and the requirements of its users.
Today, architects and builders have a variety of options when it comes to specifying
their cladding materials, having to balance their design vision with the user's
requirements. In addition to the aesthetics and character of the chosen product, it is
always important to verify its durability, low maintenance and long-term
sustainability. The brick, widely used throughout the world, is not only recyclable
and highly resistant to threats such as fire, wind and moisture, but also presents great
ease of use, low cost, and high versatility in terms of sizes, shapes, colours and
textures.
It is expected that buildings will protect their occupants against events such as heat,
cold, snow, ice, wind and rain. However, buildings are not usually designed to resist
extreme events. If the hazard is foreseeable, protection should be taken against it. But
when the hazard becomes so remote, as in case of explosions, the risk is not
considered in the design.
People are vulnerable to explosions through several damage mechanism such as
impact from flying debris, building collapse, translation impact, burns and
irreversible lung damage, for example. There are many guidelines of safety
management in the process industry which provide estimation of the probability of
death from information about explosion strength (CCPS 2012; CIA 1998; API RP
752 2003). Each of these, offers guidance on how to determine probability of death
from overpressure and/or impulse results from explosion models. These methods are
known as vulnerability models. Occupant vulnerability is defined in the (API RP 752,
2003) as “the proportion of buildings occupants that could potentially suffer a
permanent disability or fatality if a potential event were to occur”. However, this
vulnerability will depend on the type of building (Table 1.1) as the level of protection
is directly related with the strength of the materials used in the construction of the
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building. For each building type there is a correlation between overpressure and
vulnerability as shown in Figure 1.3.
Table 1.1. Classification of building types (API RP 752, 2003).

Type

Description

B1

Wood, temporary buildings, trailers

B2

Steel frame with metal siding

B3

Brick/un-reinforced masonry (load bearing wall)

B4

Steel or concrete frame with masonry fill or cladding

B5

Reinforced concrete or reinforced masonry shear wall building

It can be seen in Figure 1.3 for an unreinforced brick masonry wall (type B3) that the
probability of fatalities reaches 60% only at 100 mbar of overpressure reaching 100%
at less than 300 mbar. The higher percentage of fatalities than in other type of
constructions is due to the composite nature of masonry that generates high speed
debris under a blast event.

Figure 1.3. Overpressure versus vulnerability (CCPS, 2012).
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Considering the combination of the number of brick buildings throughout the world
and the risk that brick walls represent to their occupants in case of an explosion event,
the search for materials that improve the safety of this type of building element is
necessary and justified.

1.3.

Brick masonry walls

Masonry is an assemblage of masonry units laid in a specified pattern and joined
together with mortar (Figure 1.4). A masonry unit is intended as a performed
component for use in masonry construction and the mortar is the mixture of one or
more inorganic binders, aggregates and water, and sometimes additions and/or
admixtures, for bedding, jointing and pointing of masonry (EN 1996-1-1, 2005).
The masonry bond is the disposition of units in masonry in a regular pattern to
achieve common action and it will determine largely its mechanical behaviour in
response to the actuating forces.

Figure 1.4. Nomenclature of masonry.

Considering the behaviour of brick masonry walls, they can be classified as an
anisotropic, heterogeneous and discontinuous material. Brickwork masonry walls
present several particularities that differentiate them from other types of
constructions and that directly or indirectly affect their mechanical behaviour:
•

The variety of masonry walls depending on the material used and geometry
of the units, the type of joint and the binder material.

•

As a composite material, its behaviour is influenced by the properties of the
constitutive elements which for instance, have very different mechanical
properties.

•

A very low tensile strength.
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•

The anisotropy of the assembly due to the head and bed joints provides a
different structural behaviour in different directions.

•

The structural response of the system is very influenced by the workmanship.

The external state of stresses is defined by the forces (M, N, V) on each face and by
the angle they form with the direction of the bed joints. The behaviour of the masonry
has been shown to be strongly dependent on this angle, firstly, because the values of
the resistances are different, and secondly, because they are associated with different
modes of rupture. The resulting stress state in the masonry under the above stress is
defined either by its principal stresses and the angle they form with respect to the
plane of the bed joint θ, (Figure 1.5a), or by the normal and transverse stresses
(𝜎𝑛 , 𝜎𝑝 , 𝜏) in the directions of the bed and head joints (Figure 1.5b).

Figure 1.5. Definition of the biaxial stress state in masonry.

1.3.1.

Brick-mortar interface

The masonry is a heterogeneous material in which three components can be
considered: the units, the mortar and the interface between them. The latter can be
treated as another component, since it has its own properties and exhibits a behaviour
that affects the behaviour of the masonry and, therefore, must be studied specifically.
The nature of the bond between the pieces and the mortar, i.e., the adhesion between
both elements, is the factor that characterises the interface. This bonding mechanism,
of a physical and chemical nature (mainly the first), is affected by several factors,
among which the most important are the moisture content in the units at the time of
laying and the suction rate of the units.
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Shear strength
The correct characterisation of the shear response of joints and masonry units
requires the evaluation of the state of shear and normal (pre-compression) stresses in
the joints. There are several ways of defining the shear criterion. The most common
is the Mohr-Coulomb frictional model:

f v = c + 

(1-1)

where 𝑓𝑣 is the sliding resistance of the bed joint, 𝑐 is a value of the cohesion, 𝜇 is the
coefficient of friction at the interface and 𝜎 is the normal stress at the bed joint.
Several authors have obtained characteristic values for the parameters necessary to
determine the shear strength of the brick-mortar interface from the results obtained
in laboratory tests.

1.3.2.

Failure mechanisms

The failure criteria come from the observation and interpretation of the results of the
test campaigns carried out to date. Numerical modelling studies have also been
carried out to study the fatigue of the masonry under in-plane biaxial stresses. From
these studies it is concluded that the influence of the relative angle between the bed
joints and the principal stresses is fundamental.
When the orientation of the stresses coincides with the arrangement of the head and
bed joints (𝜃 = 0), it is observed that the value at failure of 𝜎1 , when 𝜎2 is zero
(uniaxial compression perpendicular to the bed joint), is much greater, of the order
of double the value of the resistance to uniaxial compression parallel to the bed joint
(𝜎2 when 𝜎1 is zero). It is also found that the value of the biaxial compressive strength
is of the order of 1.25 times the value of the uniaxial compression for all values of 𝜃.
When 𝜃 ≠ 0 , the values obtained for the uniaxial compressive strength suffer a
significant drop.
There are numerous models that attempt to characterise the failure criterion for
brickwork. Of all of them, the model proposed by Mann and Muller (1982) is of
particular interest, in which two fundamental hypotheses are adopted:
•

Infinite stiffness of the pieces with respect to the mortar.

•

The head joints are unable of transmitting tangential stresses.
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From the consideration of these two hypotheses, the stress state in the piece and joint
is the result of adding two independent states. One comes from carrying out an elastic
and isotropic analysis of the masonry under axial stresses, resulting in a state of
uniform normal stresses. The second, from the calculation of shear stresses and the
redistribution of the normal stresses in unit and joint under shear stresses within the
approach of rigid parts embedded in a deformable matrix. Under this stress state, the
three possible failure mechanisms are as follows (Figure 1.6):
•

Joint failure: in the first section of the Figure 1.6. For small values of the
normal stress, the rupture is produced by frictional failure in the bed joints,
giving rise to a staircase cracking (bed and head joints) without brick rupture.

•

Rupture by generation of tensile-shear states in the units: in this case (Section
II), failure is reached when the maximum principal stress reaches the tensile
stress of the piece.

•

Compression failure of the brickwork: finally, in the final section, failure is
represented when the maximum normal stress (the average due to the axial
stress and the increase due to the shear stress) reaches the compressive
strength of the masonry.

Figure 1.6. Rupture envelope in 𝜏 − 𝜎 axes according to Mann and Müller model.
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The out-of-plane behaviour of the masonry is at a less advanced stage of knowledge
than the in-plane behaviour. In terms of bending in the principal directions (uniaxial
rupture mechanism), a distinction is made between bending parallel to the bed joints
and bending perpendicular to the bed joints (Figure 1.7).

Figure 1.7. Out-of-plane bending: a) parallel to the bed joints; b) perpendicular to the bed joints.

In the first case (Figure 1.7a), the failure occurs in the bed joints due to the poor
bonding between the unit and mortar; in the second case (Figure 1.7b), two different
cracking mechanisms occur depending on the relative strength of the units and bed
joints. If the strength of the units is greater, the rupture is produced by jagged cracking
along the length of the head and bed joints; if not, the rupture is produced by a mixed
mechanism, passing almost directly through the units and joints.
The presence of an in-plane axial force increases the out-of-plane bending capacity,
if the failure mode is that produced by a combination of tension and shear in the head
and bed joints (due to an increase in resistance in the frictional model proposed in
the bed joints) and not that produced by compression in the masonry.

1.3.3.

Mechanical properties of masonry

Specific weight
The specific weight of the masonry is given by the weight of the components
pondered by their respective proportions in volume. In the case of brick masonry, the
proportion of mortar is relatively lower than that of brick, but it is also true that the
specific weight of clay bricks is very close to that of mortar, so that the error made in
identifying the specific weight of the masonry with that of the brick is acceptable.
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Compressive strength
The characteristic compressive strength of masonry, 𝑓𝑘 , shall be determined from
results of tests on masonry specimen. The results of the tests should be expressed as
a table or in terms of the following equation:

f k = K  fb  f m

(1-2)

where 𝑓𝑘 is the characteristic compressive strength of the masonry in N/mm2, 𝐾, 𝛼, 𝛽
are constants, 𝑓𝑏 is the normalised mean compressive strength of the units, in the
direction of the applied action effect, in N/mm2 and 𝑓𝑚 is the compressive strength
of the mortar in N/mm2. This expression is limited to mortar with a compressive
strength not higher than 20 N/mm2 and not exceeding 2𝑓𝑏 .
Shear strength
The characteristic shear strength of masonry, 𝑓𝑣𝑘 , using general purpose mortar or
thin layer mortar in beds of thickness 0.5 mm to 3.0 mm, but not greater than 0.065
𝑓𝑏 or 𝑓𝑣𝑙𝑡 may be taken from the equation:

fvk = fvko + 0.4 d

(1-3)

where 𝑓𝑣𝑘𝑜 is the characteristic initial shear strength, under zero compressive stress;
𝑓𝑣𝑙𝑡 is a limit to the value of 𝑓𝑣𝑘 ; 𝜎𝑑 is the design compressive stress perpendicular to
the shear in the member at the level under consideration, using the appropriate load
combination based on the average vertical stress over the compressed part of the wall
that is providing shear resistance; and 𝑓𝑏 is the normalised compressive strength of
masonry units for the direction of application of the load.
Flexural strength
In relation to out-of-plane bending, the following situations should be considered:
flexural strength having a plane of failure parallel to the bed joints, 𝑓𝑥𝑘1 ; flexural
strength having a plane of failure perpendicular to the bed joints, 𝑓𝑥𝑘2 (see Figure
1.8).
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Figure 1.8. Planes of failure of masonry in bending: a) parallel to the bed joints, fxk1; b) perpendicular to bed joints, fxk2. (DBSE-F, 2019).

The characteristic flexural strength of masonry may be determined by tests, or it may
be established from an evaluation of test data based on the flexural strengths of
masonry obtained from appropriate combinations of units and mortar. The value of
the flexural strength depends fundamentally on two factors: the bond between mortar
and bricks and the bonding with respect to the direction of bending. The flexural
strength perpendicular to the bed joints is several times higher than the flexural
strength parallel to the bed joints.
Deformation properties of masonry
The stress-strain relationship of masonry can be represented as shown in Figure 1.9.

Figure 1.9. The stress-strain relationship for masonry (DB-SE-F, 2019).
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The short-term secant modulus of elasticity, E, shall be determined by tests. In the
absence of a value determined by tests, it can be calculated for using in structural
analysis as 𝐾𝐸 𝑓𝑘 , being the recommended value for 𝐾𝐸 equal to 1000. For
serviceability limit state calculations, the E value can be multiplied by a factor of 0.6.
The shear modulus, G, may be taken as 40% of the elastic modulus, E.

1.4.

Composite materials

A composite material is a material system consisting of two or more phases on a
macroscopic scale, whose mechanical behaviour and properties are designed to be
superior to those of the constituent materials when acting independently. One of the
phases is usually discontinuous, often referred to as a fibre which is a rigid material,
and another weak continuous phase which is called a matrix.
•

Reinforcement: It provides the mechanical strength, rigidity and hardness that
are decisive in obtaining the mechanical properties of the final material.

•

Matrix: Its function is to transmit the stresses applied to it to the
reinforcement, protecting it and acting as a binder. It gives the necessary or
required shape to the final material.

The properties of a composite material depend on the properties of the elements,
geometry, and phase distribution. One of the most important parameters is the
volume or weight fraction of reinforcement in the composite. The distribution of the
reinforcement determines the homogeneity or uniformity of the material system. The
geometry and orientation of the fibres affects the anisotropy of the system. The
composite material can be classified according to their type of reinforcement and
matrix. The most common are summarized in Table 1.2.
Table 1.2. Types of reinforcements and matrices that make up composite materials.

Reinforcement

Matrix

Ceramic (silicon carbide, alumina)

Inorganic (cement, plaster)

Metallic

Thermosetting (epoxy, vinylester, polyester, phenolic)

Organic (aramid, polyethylene)

Thermoplastics (polypropylene, polycarbonate, acetate)

Inorganic (carbon, glass, boron)
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Some of the properties that can be improved by forming a composite material are
strength, stiffness, corrosion resistance, fatigue life, temperature-dependent
behaviour, thermal insulation, thermal conductivity, etc. Naturally, not all these
properties are improved at the same time. The objective is to create a material that
has only the characteristics needed to perform the designed task (Jones, 1998). As an
example, Figure 1.10 shows the stress-strain relationship for a composite material
and its components separately.

Figure 1.10. Stress-strain relationship of a composite material and its components separately (Jones, 1998).

1.4.1.

Fibre Reinforcement Polymer (FRP)

FRP composites are composite materials consisting of a large number of fibres in
continuous or discontinuous form embedded in a matrix or polymer resin. The fibres
are responsible for the strength properties that the material will acquire while the
matrix is responsible for wrapping the fibres, binding them together and transmitting
the stresses between them. It is also responsible for protecting them from mechanical
and/or environmental damage (such as abrasion or corrosion) and for giving the
material its geometry. The matrix of this type of composite must be chemically and
thermally stable with the fibres to ensure the stability of the product over time.
The mechanical properties in a specific direction of the material will depend on the
percentage of fibres by volume in that direction (Figure 1.11). Generally, the fibre

15

Chapter 1. Introduction

volume fraction in such composites is around 50-70 % in the case of sheets and 2535 % in the case of fabrics.

Figure 1.11. Relationship between the mechanical properties and the fibre-volume fraction (Jones, 1998).

1.5.

Blast-wave phenomena

When a detonation occurs, a large release of energy into the atmosphere results in a
rapidly time-varying pressure (shock wave). The shock wave propagates radially,
from the origin of the detonation in all directions with supersonic velocity. The shape
and magnitude of the shock wave depends on the amount of energy and the distance
from the point of detonation.
The shock wave is usually characterised as an instantaneous rise in pressure (see
Figure 1.12), from the reference pressure p0 (atmospheric pressure) to a maximum
value of overpressure pso. This maximum value decays exponentially until the
reference pressure is reached, this time lapse is known as the positive phase to. This
is followed by a negative pressure wave, which lasts no longer than the positive phase
and is characterised by a minimum pressure value pso-.
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Figure 1.12. Typical pressure-time profile for blast wave.

1.5.1.

Blast wave interactions

The means by which the energy in a blast wave is transferred to a structure is through
pressure energy, which is omnidirectional (Cormie et al. 2019). Thus, an infinitely
small object, which has no effect on the blast wave, will be subjected to the pressure–
time history shown in Figure 1.12. This is the incident, or side-on, pressure.
When a blast wave encounters a solid surface (or other medium denser than air), it
will reflect from it and, depending on its geometry and size, diffract around it. Figure
1.13 shows the different states of the shock wave when interacting with a structure,
from the arrival of the shock front until the structure is completely enveloped in a
pressure field. In the reflection of the blast wave, energy is transferred between the
blast wave and the object. The simplest case is an infinitely large rigid perfectly
reflecting plane on which the blast wave impinges normally. The incident blast wave
is reflected from the building, producing a region of further compression of the air
local to the structure. On a molecular level, the surface applies an external force to
each air molecule which is sufficient to give it equal momentum in the opposite
direction. By Newton’s third law, the air applies the same external force to the
surface. It is due to this change of momentum that the pressure is locally increased
above the incident pressure which would occur at the same location. This is termed
the reflected pressure.
17
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Figure 1.13. Diffraction states of the shock wave when interacting with a structure; the dotted line represents the shock front.

The pressure reached is a function of the overpressure of the incident shock wave and
the angle of incidence of the shock front and the surface of the structure. The reflected
pressure can be two (weak shock) to eight times (intense shock) higher than the
incident pressure, as illustrated in Figure 1.14.
During the positive phase (and a short time thereafter), the structure will be subject
to dynamic pressure (drag), q, due to the wind moving behind the shock wave. The
drag load persists longer than the diffraction load.

Figure 1.14. Reflected pressure.
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1.5.2.

Interaction with structures

The loading due to the interaction of the shock wave on a structure is a function of
the characteristics of the incident shock wave (e.g., maximum overpressure, dynamic
pressure and duration) and the geometrical characteristics of the structure (e.g.,
dimensions, shape and orientation).
When the shock wave reaches the front face of a structure (Figure 1.15), reflection
occurs, which can be two to eight times greater than the incidence overpressure. The
shock wave covers the side, top and rear faces (see Figure 1.15) and the structure is
enveloped in a high-pressure field which decays over time to atmospheric pressure.
The reflected pressure acting on the front face of the structure is higher compared to
the pressure exerted on the side, top and rear faces. The reflected pressure cannot be
maintained and decays rapidly to the stagnation pressure, ps, which is the sum of the
time-varying incident and dynamic drag pressures.
The pressure on the other faces reaches the incident overpressure when the shock
front reaches them. Then a period of low pressure occurs which is caused by the
formation of a vortex at the front edge of the structure. When the vortex ends, the
pressure returns to the incidence pressure which decays over time.

Figure 1.15. Shock wave moving along the side and top faces of the structure.

The air flow causes a decrease in the load on the side and top faces because the drag
pressure has a negative value. When the shock wave reaches the rear face of the
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structure (see Figure 1.16), it diffracts around the edges and travels down the rear of
the structure.

Figure 1.16. Shockwave moving along the rear face of the structure.

The total load on a given face of the structure is equal to the algebraic sum of the
incident overpressure, p(t) and the drag pressure. The drag pressure is related to the
dynamic pressure, q(t), by the following expression:

pd (t ) = Cd q(t ) pd (t ) = Cd q(t )

(1-4)

where Cd, is the drag coefficient. The value of Cd depends on the orientation of the
face with respect to the shock front and can be negative or positive.

1.6.

Finite Element Method (FEM)

The finite element method in engineering was initially developed on a physical basis
for the analysis of problems in structural mechanics. However, this technique is also
applied equally well to the solution of many other problems such as fluid mechanics,
heat transfer, etc (Bathe, 2006). The finite element method is used to solve physical
problems in engineering. The physical problem usually involves an actual structure
or structural element subjected to certain loads. The idealization of the physical
problem to a mathematical model requires certain assumptions that together lead to
differential equations governing the mathematical model. The finite element (FE)
analysis solves this mathematical model. Figure 1.17 summarizes the process of finite
element analysis.
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Figure 1.17. The process of finite element analysis (adapted from Bathe, 2006).

The analysis of an engineering scheme requires the idealization of the system into a
form that can be solved, the formulation of the mathematical model, the solution of
this model, and the interpretation of the results. As the FE solution technique is a
numerical procedure, it is necessary to assess the solution accuracy. If the accuracy
criteria are not met, the numerical solution must be repeated with refined solution
parameters such as finer meshes, until a sufficient accuracy is reached.
The Finite Element Method (FEM) or Finite Element Analysis (FEA) enables
dividing the system into small sections, called elements, and analysing each section.
The corners of the elements are called nodes. The degrees of freedom, which are the
number of independent movements possible, are represented by the nodes. Once the
relevant types of elements are defined, the corresponding material and geometrical
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properties associated with the elements are defined along with the proper boundary
conditions.
FEM involves three stages:
1) Conversion of mathematical equations into forms suitable for digital
computation. This step is the pre-processing, in which the basic geometry is
created. In addition, the relevant loads, boundary conditions and material
properties are defined. A pre-processor generates an FE file for further processing.
2) Analysis, where the associated equations are solved, and results are generated.
The output file from the pre-processor is used as an input to the finite element
solver. The solver also generates a series of output files for interpretation of the
results.
3) Post-processing is the stage where the results are transferred into a form that is
easy to interpret, generally graphs and tables.

1.6.1.

Implicit and Explicit integration scheme

The range of problems in which the time dimension must be considered is quite
broad. One example is the dynamic behaviour of structures.
The terms implicit and explicit refer to time integration algorithms. Implicit scheme
finds the solution by solving an equation involving both the current state of the
system and the later one, whereas Explicit method calculate the state of a system at
a later time from the current time (Figure 1.18).

Figure 1.18. Example of a time-dependent function.
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In the example above (Figure 1.18), the function at the state y(tn+1) is calculated as:

y (tn+1 ) = y (tn ) + t  y '

(1-5)

where the value y(tn) is known, y(tn+1) is unknown, and the step is the increment of
time t multiply by the derivative of the function y. For the implicit method, the
derivative used in the calculation is that from the unknown time step:

y (tn+1 ) = y (tn ) + t  y '(tn +1 )

(1-6)

where the derivative of the equation is unknown and then the solution of the time
step cannot be directly found with this method. In many cases, this equation is
nonlinear, so it is needed to use numerical methods such as Newton’s method
iteration to solve it. In a dynamic implicit simulation these steps are termed time
steps, and in a static simulation they are load steps. Multiple steps are used to divide
the nonlinear behaviour into manageable pieces, to obtain results at intermediate
stages during the simulation. In each step, an equilibrium geometry is sought which
balances dynamic, internal and external forces in the model. Convergence of this
iterative process is obtained when norms of displacement and/or energy fall below
user-prescribed tolerances. Within each implicit iteration there is a line search
performed for enhancing robustness of the procedure.
On the other hand, in the explicit method, the derivative used in the calculation is
that from the known time step:

y (tn+1 ) = y(tn ) + t  y '(tn )

(1-7)

where the function y(tn+1) is immediately calculated. In the explicit approach, internal
and external forces are summed at each node point, and a nodal acceleration is
computed by dividing by nodal mass. The solution is advanced by integrating this
acceleration in time. The maximum time step size is limited by the CourantFriedrichs-Lewy (CFL) condition, so that the stress wave cannot travel further than
the smallest element characteristic length in a single time step, producing an
algorithm which typically requires many relatively inexpensive time steps.

h
t  f   
 c  min
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where h is the characteristic length of a finite element, c is the wave speed in the
material an f is the safety factor.
Main differences between the two methods are reflected in Table 1.3.
Table 1.3. Differences between Implicit and Explicit integration schemes.

Implicit

Explicit

Stability

Unconditionally stable

Depends on the time-step size

Time-step size

Large

Very small

For nonlinear problem

Needs iterations

Does not need iterations

Solving speed for one step

Slow

Fast

In the implicit method, a global stiffness matrix is computed, inverted, and applied
to the nodal out-of-balance force to obtain a displacement increment. The advantage
of this approach is that time step size may be selected by the user. The disadvantage
is the large numerical effort required to form, store, and factorize the stiffness matrix.
Implicit simulations therefore typically involve a relatively small number of
expensive time steps. While explicit analysis is well suited to dynamic simulations
such as impact and crash, it can become prohibitively expensive to conduct long
duration or static analyses as does the implicit (Figure 1.19). Since the simulations
carried out in this work involve a very fast phenomenon such as the blast, the explicit
integration scheme is used in the numerical modelling developed.

Figure 1.19. Applications for implicit and explicit methods depending on the analysis duration.
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Chapter 2.
METHODOLOGY FRAMEWORK

The main objective of this thesis is to analyse different reinforcement solutions for
brick masonry walls and to define their suitability for the protection of different kinds
of critical infrastructures subjected to an explosive event. To achieve this objective,
this chapter provides an overview of the process followed (Figure 2.1) by putting into
context the methodology used in the three main parts of the work carried out.
The first step of the PICAEX project was to look for and select different protective
solutions, initially designed for other purposes such as seismic protection, as a
prospective protective solution for masonry walls against a blast event. For these
solutions, it was required that they could be applied both in new or existing buildings,
with an acceptable cost and with a simple way of application. Once the three
potential solutions were selected, the work is divided in three different parts but all
of them interconnected. The study will be separated into:
•

Experimental tests

•

Damage assessment

•

Numerical modelling
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Figure 2.1. Flowchart of the process followed in the analysis.

2.1.

Experimental tests

An essential and very valuable part of this work is the experimental tests campaigns
carried out, all of them at full scale, as it is very difficult to implement this kind of
tests due to the reduced number of facilities available to carry them out. Because of
this problem, experiments are sometimes not performed at full scale. It was found
that Chen et al. (2014) and Koutas and Bournas (2019) conducted different blast
testing experiments but scaled to 0.5. This may be a problem depending on the
parameters analysed since scale effect may affect the results, mainly the failure
patterns. With this consideration, Johns and Clubley (2019) investigated the scaling
of masonry structures in a blast environment. Working at full scale is therefore of
great importance for the reliable extrapolation of test results to real structures. While
there are many papers on retrofitting of structures, only a reduced number deal with
full-scale blast tests on brick masonry walls. In addition, published studies often omit
some of the information necessary for the reproduction of trials and essential for their
analysis and comparison with other experiments (Varma et al., 1997). Many of the
research, like those carried out by Muszynski and Purcell (2003); Baylot et al. (2005);
Davidson et al. (2005) are based on concrete masonry units (CMU) walls. This kind
of masonry walls are built with concrete blocks and their properties are totally
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different from those of clay brick masonry walls. Therefore, these experiments cannot
be used as a reference either. In other cases, the experiments are carried out in
laboratories using a shock tube and not blast loading (Larcher et al., 2013; Mayrhofer,
2002; Michaloudis & Gebbeken, 2019). Some authors (Keys & Clubley, 2017;
Schneider et al., 2020; Shi et al., 2016) focus their investigations on fragment
distribution of unreinforced walls, but these studies are totally dependent on the
dimensions, boundary conditions and workmanship of the walls.
Field tests are necessary to validate and demonstrate the effectiveness of the
protective solutions due to the complexity of the explosive phenomenon. For the
same reason, some repetitiveness is required as results may vary even with the same
test conditions. On the other hand, the complicated nature of the problem (the short
duration of the phenomena along with the destructive result of testing) and the high
cost of the experiments make this task extremely difficult. With these considerations,
the experimental tests are divided in two different phases:
•

First phase: with a larger quantity of tests, due to the high number of
unknown variables. This phase is a calibration phase, as it will serve to make
the initial analysis and will allow to discriminate scenarios and focus the
second phase.

•

Second phase: is intended to validate the solutions selected. After the analysis
of the results of the first campaign, there is a re-design of the experiment based
on these results. With the new settings, a test phase consisting of fewer tests
than the first phase is carried out.

Good experimental design will contribute to obtaining as much information as
possible. There are two main factors to be considered for the successful of the
experimental tests:
•

The scale effect. Failure patterns are very influenced by the size of the
specimen. Working at full scale is therefore of great importance for the
reliable extrapolation of test results to real structures.

•

The level of damage. When a structure collapses, little information can be
extracted after the explosion. The same happens when damage is minimum.
Therefore, a “medium” or “intermediate” level of damage is considered to
be the best option to analyse blast effects on brick masonry walls.
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All the details of the experimental tests, as well as the results and data obtained will
be described in Chapter 3 and Chapter 4.

2.2.

Damage assessment

A blast event can weaken the materials which are used within the structure, but these
potential damages are often evaluated only with visual observations. Considerable
work has been conducted to develop non-destructive methods (NDTs), due to its
advantages. NDTs can provide reproducible measures of material quality in a
specimen (or even a structure) without causing an extra damage to the element or the
structure from which it is taken (Malhotra & Carino, 2010), in a very short period of
time while maintaining moderate cost (Leshchinsky, 1991). Unfortunately, most of
the NDTs are designed for concrete. In addition, results generated by these NDTs
must be limited to the concrete analysed because the correlation between measured
properties and strength depends on parameters such as aggregate type or moisture.
Most studies have been performed on laboratory scale samples (not in real one),
evaluating only the variation of resistance at some control points. It is not common
to evaluate the spatial variability of the material resistance due to its complexity
(Nguyen et al., 2015). There are different NDTs commonly used for concrete
evaluation, some of them ruled by well-known standards, such as impact-echo
method, acoustic sounding, penetration resistant method or surface hardness
methods (Lee et al. 2003; Scott et al. 2003; Colombo and Felicetti 2007). From all of
them, surface hardness methods are used to determine the superficial concrete
resistance based on the rebound principle with many different implementations like
the testing pistol, the pendulum hammer, the spring hammer, and the rebound
hammer (Boundy & Hondros, 1964; Hannachi & Guetteche, 2014) and can be also
used on other surface like brick or mortar (Brozovsky, 2014).
The first part of the analysis is based on a damage assessment. The objective is to
classify the brick masonry walls after the explosion combining qualitative and
quantitative data extracted from the field tests. This classification will be used to
stablish the level of improvement obtained with the different reinforcement solutions.
There is no standard damage assessment in the literature, but many studies aimed at
providing a damage classification have been carried out in the last decades (Ahmad
et al., 2014; Badshah et al., 2020; Varma et al., 1997; Wei & Stewart, 2010). These
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classifications use to range from moderate damage to collapse. The main factors used
for the assessment are based on cracks patterns, debris and deflections. These
parameters will be used in the damage analysis developed here as well as a
methodology based on the rebound principle to evaluate surface damage on the brick
walls tested. The analysis and damage assessment are included in Chapter 5.

2.3.

Numerical modelling

Numerical modelling has been widely used to develop and test analytical models.
Some novel numerical models are capable of simulating damage in quasi-brittle
materials. Some of these methods are the phase field method (Wu 2017), cracking
elements method (Sun, 2019), cracking particle methods (Ai & Augarde, 2018) and
peridynamics (Amani et al., 2016). However, when the objective is the study of
highly dynamic phenomena such as blast loading, the Finite Element Method (FEM)
seems to be one of the most employed to approach.
Some authors (Chaimoon and Attard 2007; Wu and Hao 2007; Su et al. 2008)
developed numerical models of brick masonry walls based on theoretical
assumptions or analytical models but without performing field tests. Due to the
heterogenous composition of masonry, the uncertainties are considerable and hence,
results should not be validated without corresponding experiments. Other researchers
based their numerical modelling on published experimental tests (Aghdamy et al.,
2013; Wei & Stewart, 2010) due to the high cost and complexity of this type of
experiments, or based on a single trial (Alsayed et al., 2016; Sielicki & Łodygowski,
2019). In these scenarios, comparisons can only be made with the available data
which in some cases are deficient. A sufficiently reliable numerical model should be
compared with different experimental tests scenarios to demonstrate its validity. As
the numerical modelling of brick masonry walls can become highly complex, some
researchers adopted simplified approaches based on the homogenisation of the
components (Wang et al. 2009; Wei and Hao 2009). These approaches are not
realistic at all as they cannot capture the failure pattern correctly.
A finite element (FE) model using LS-DYNA (Livermore Software Technology
Corporation (LSTC), 2018) has been used in this study. The description of the model,
mesh details and materials used in the numerical modelling are included in Chapter
6. For the development of the models, the following aspects are studied:
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•

Symmetry conditions.

•

Modelling of boundary restrictions.

•

Mesh size sensitivity analysis.

•

Characterization of the blast loads.

•

Material models.

Finally, a comparison between the numerical model and experimental results is
undertaken. A numerical model which provides a good approximation to the
observed behaviour of the structure can be used to explore situations for which no
testing has been performed. Therefore, to develop a numerical model suitable for
reproducing the result of a test is of great importance as it could be used as a
prediction tool for other blast scenarios saving time and resources.
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Chapter 3.
FIELD TESTS

This chapter describes the experimental tests carried out in this thesis, including the
design of the experiments, construction and materials used as well as equipment used
for monitoring the field tests. PICAEX project comprises two field test campaigns. A
series of brickwork masonry walls were tested in different trials. The first test
campaign consisted of four tests and was carried out in 2018 and the second
campaign consisted of two more tests and was carried out in 2019.

3.1.

Location and testing site

The tests were carried out at the National Institute of Aerospace Technology
SDGST-INTA. The National Institute of Aerospace Technology (INTA) is the
Public Research Organization (OPI) under the Ministry of Defence specialized in
research and technological development in the fields of aeronautics, space,
hydrodynamics, security and defence. Specifically, the Sub-Directorate General of
Land Systems (SDGST), located on the "La Marañosa" campus, is responsible for
managing resources and executing scientific and technical research programs and
projects, as well as providing technological services in the field of defence and
security technologies and land systems.
Tests were conducted in the "Barranco del Toro" (Figure 3.1), a test area belonging
to the Effects Ballistics Department, which has everything necessary for this type of
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test. This test area of the Marañosa Institute of Technology is equipped with the
following infrastructure:
•

A bunker at a safe distance for the location of the gunner at the time of
detonation.

•

Protected buried niches for equipment and signal conditioners.

•

Lateral spaces for storage and construction of elements.

•

Protective room for the high-speed camera.

•

A reinforced concrete slab foundation to place specimens for testing.

Figure 3.1. Images of the testing site “Barranco del Toro”.

In addition to these facilities, there is a shed near to the testing site (Figure 3.2) which
can be used for construction and storage the specimens to be tested protecting them
from the weather conditions.

3.2.

Design of the experiment

For the design of the first campaign of experiments the following factors were
considered:
•

Literature review of existing studies based on field tests.

•

Optimisation of the facilities where the tests will be carried out.

•

Previous experience in similar trials.
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•

The number of retrofitting solutions to be tested.

•

The repetitiveness of the experiment.

Figure 3.2. Location of the shed.

Based on these criteria, each trial was designed for four walls to be tested at the same
time (see Figure 3.3). In each test, there was one unreinforced wall and three different
protective solutions, so that the behaviour of the different specimens could be directly
compared with respect to the same blast scenario. In all cases the walls were placed
at five meters from the explosive charge.
The same set up and instrumentation were used for all tests. The reinforcement
position, however, changed depending on the test. For tests one (T1) and three (T3)
reinforcing layers were placed on the outer face (i.e., the face directly exposed to the
explosive charge) while for tests two (T2) and four (T4) they were placed on the inner
face. Four steel reaction frames were built to support the walls during the tests. All
the walls were simply supported at the bottom on an existing foundation slab and
supported at the top along a steel beam (for this, a UPN profile placed on the top of
the wall was spot-welded to the transversal beam of the reaction frame), simulating
the normal support conditions of a brick wall in a typical building.
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Figure 3.3. Test set up.

The same design of experiment was used for the second campaign of tests. However,
after analysing the results derived from these first trials, some changes were
introduced in the specimens for the second campaign, and they will be explained in
the Chapter 4.

3.3.

Constructive data

To ensure the same conditions of strength for all panels, they were built around a
month before, inside a shed located near to the testing area (Figure 3.2) and
transported to the trial site for testing. After studying all the possibilities related to the
construction, using the shed was the best option for several reasons:
•

To protect the walls from the weather conditions.

•

To reduce occupancy costs.

•

To install heating devices to be able to apply the reinforcing products.

To build the brick panels directly in the test site meant to expose the walls to the
weather conditions during at least 28 days (which is the necessary time for mortar to
achieve its strength). Furthermore, the testing site would be occupied during at least
four months (one month per test), increasing the costs notably. The shed used for the
construction was situated 200 meters from the test site (see Figure 3.2). To avoid
damage during the transport, four steel plates were welded to each wall and cut off
once the walls were located at the testing site and before the test. Walls were
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transported four by four on a crane truck especially prepared for the task. Figure 3.4
shows some pictures from the transportation operation.

Figure 3.4. a) Loading the panels on the truck; b) Truck arriving to the test site; c) Placing the panels for testing.

UPN profiles were placed at the top and bottom section to enable transportation and
were also used, as mentioned above, to fix the panel to the reaction frame. Once on
the testing site and before each trial, the panels were examined to check that they had
not been damaged during transportation from the fabrication shed to the test site.

3.3.1.

Design of constructive elements

For the first campaign, 16 walls were built at full scale. Regarding the limitations
imposed by the fabrication shed, transport, logistics, etc, the walls were defined as
follows:
•

Dimensions of 2.5 m height and 2.5 m width.

•

Thickness of 0.24 m.

•

Perforated clay brick.

•

‘English’ bond type.

•

A finish mortar layer in both faces of the wall.

Each panel was built using clay masonry units with a mass of 1.4 kg, with dimensions
of 237 mm x 105 mm x 68 mm and a minimum compressive strength of 10 N/mm2.
The bricks were joined using a standard mortar for ordinary use, with a compressive
strength calculated on the basis of the cement-to-sand ratio (1:8) of approximately 2.5
N/mm2. The mortar joints were around 10 mm thick. Figure 3.5 shows the walls
built inside the shed. Four steel plates were welded on each wall only for transport
and cut off once the walls were placed on the test site and before the tests.
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Figure 3.5. a) Picture of the walls inside the shed; b) Main dimensions of the walls (dimensions in millimetres).

3.3.2.

Reinforcement solutions

The three different solutions (all provided by MAPEI) used to retrofit the brick walls
were:
•

Fibre Reinforced Mortar (FRM): is a two-component ready-mixed highductility fibre-reinforced natural hydraulic lime (NHL) and eco-pozzolan
mortar, particularly recommended for levelling off the surface of stone, bricks
and tuff, and for the structural strengthening of facing walls, including when
extra strengthening mesh is not applied.

•

Carbon Fibre Mesh + Epoxy resin (CFRP): High-strength carbon fibre mesh
with a thixotropic epoxy adhesive for impregnating fabrics using the “dry
system”. It is a special fabric with a square mesh made of high-strength carbon
fibres which, thanks to its special weave, when applied on masonry structures
makes up for their lack of tensile strength and increases their overall ductility
so that stresses are distributed more evenly.

•

Glass Fibre Sheet + Adhesive (GFRP): Bi-directional, primed, glass fibre
reinforcing sheet in combination with a one-component, ready-to-use, water
and polyurethane-based adhesive for reinforcing masonry elements to
improve the distribution of stresses induced by dynamic loads.

Figure 3.6 shows a detail of the three retrofit solutions tested. Each protective
solution was applied in four different walls. The main nominal properties of these
materials are summarized in Table 3.1.
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Table 3.1. Main characteristics of the reinforcement solutions.

FRM

CFRP
Carbon

Resin

fibre

GFRP
Glass

Adhesive

fibre

Density (kg/m )

1900

1830

1300

-

1100

Weight (g/m )

-

≥170*

-

286

-

Tensile strength (MPa)

0.15

5000

20

>1620

5.25

Modulus of elasticity (GPa)

8

252

2

42

0.55

Elongation at failure (%)

-

2

1

4

1.2

3

2

*Fibres only

Figure 3.6. Reinforcement solutions: a) FRM; b) CFRP; c) GFRP.

3.4.

Steel reaction frame

Four steel reaction structures were built to support the walls during the tests. This
structure is responsible for transmitting the loads to the foundations. The structure
had two bracing planes, responsible for transmitting the charges due to detonation to
the existing foundation slab. Each bracing plane consisted of a triangular structure
made up of three metal profiles that are basically subject to axial stress. Furthermore,
there was a horizontal steel profile for providing continuous support to the brick wall,
thus simulating the real support conditions of the facade walls with the slabs. Figure
3.7 shows the details of the structure.
The frames were anchored on the testing site by means of anchorage bars to ensure
the transmission of loads to the foundation slab.
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Figure 3.7. a) Lateral view of the reaction frame; b) Isometric view of the structure.

3.5.

Determination of the explosive charge

The explosive used for the tests was a Dynamite (gelatine type). This is a civilian-use
explosive composed primarily of nitroglycerin/nitroglycol and designed for
applications requiring high-energy explosives such as geophysic works, underground
excavation, demolition works or rock blasting. It is specially designed for use in heat
and/or humidity conditions. It is also water resistant and sensitive to detonator.
The charge shape was almost cylindrical and was initiated in the centre with a
conventional detonator. The explosive mass was located in all tests at a standoff
distance of five meters from the walls (see Figure 3.3), varying the scaled distance
and the height of the charge (i.e. the distance from the centre of the charge to the
floor). In all cases the charge was placed on an expanded polystyrene cubic support,
because if it was placed directly on the ground, part of the energy of the explosive
would be invested in creating a crater and transmitted to the ground transformed into
seismic waves. On the other hand, the height of the charge was selected in each test
regarding the height of the triple point, as structures with a lower height than the
triple point are subjected to an approximately plane wave (i.e. a uniform pressure
applied to the wall).
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3.5.1.

Scaled distance

Blast wave scaling laws were developed to compare charges and were derived by
Hopkinson and Cranz (Esparza, 1986) independently. The most common practice of
explosion scaling is based on ‘cube root’ scaling. The scaled distance concept is based
on the idea that two explosive charges with similar geometry, but different size
produce similar shock waves at the same scaled distance, defined as:

Z=

R
W

1

(3-1)
3

where R is the distance from the explosion (standoff distance) and W is the charge
weight.
To define the optimal scaled distance for the tests, a literature review was carried out
considering similar works (i.e. brick masonry walls subjected to blast loads). The
objective was to achieve an intermediate level of damage on the walls tested. When
a structure collapses, little information can be extracted after the explosion. The same
happens when damage is minimum. Therefore, a “medium” or “intermediate” level
of damage was considered to be the best option to analyse blast effects on brick
masonry walls. Furthermore, with a medium damage, differences between the
protective solutions applied on the walls might be detected. Although there are
numerous studies based on tests with masonry walls, many of them are carried out
with concrete blocks or concrete masonry units (CMU) which are not comparable
with clay brick masonry walls due to the differences in the material properties. In
addition, only the tests carried out at full scale were considered. For all these studies,
a classification into damage levels was stablished as shown in Table 3.2.
Table 3.2. Damage classification.

Damage levels
A

Total collapse of the wall

B

Severe damage. Major cracks and dislocation. Irreparable damage.

C

Medium damage. Noticeable cracks along the joints. Reparable damage.

D

No damage. Superficial damage such as hair line cracks along the joints.
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For the studies considered, the results are summarized in Table 3.3. where only the
non-reinforced walls are compared.
Table 3.3. Results of the test from the literature review.

Wei & Stewart, 2010

Ahmad et al., 2014

Chen et al., 2014

Wang et al., 2016

Wall

Standoff

WTNT

Scaled

Damage

Thickness

distance

(kg)

distance

level

(mm)

(m)

230

4.00

21.50

1.44

C

230

7.00

49.50

1.91

C

230

6.00

43.20

1.71

B

230

5.50

50.60

1.49

A

230

5.50

51.40

1.48

A

230

5.50

50.80

1.49

A

355

4.50

43.20

1.28

B

355

5.00

43.20

1.42

D

355

7.00

22.40

2.48

D

355

5.50

22.40

1.95

D

355

4.00

23.40

1.40

C

355

3.75

49.50

1.02

A

355

4.5

43.20

1.28

B

355

3.75

50.60

1.01

A

355

6.00

23.30

2.10

C

355

3.75

50.50

1.01

A

355

3.75

49.50

1.02

A

380

3.00

2.40

2.24

D

380

3.50

3.60

2.28

D

380

3.50

4.80

2.07

C

380

4.00

6.00

2.20

C

380

3.50

7.20

1.81

B

380

3.50

8.40

1.72

A

200

5.85

0.20

10.00

D

200

5.85

0.20

10.00

D

200

5.85

3.90

3.72

D

200

5.85

34.20

1.80

C

200

5.85

21.20

2.11

B

200

5.85

30.00

1.88

A

240

1.00

2.00

0.79

A

40

Z (m/kg1/3)
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It was found that Wei and Stewart (2010) based their study in the tests conducted by
Varma et al. (1997) where 27 unreinforced bricks masonry walls were constructed
with three different thickness. In this case, only the walls of 230 and 355 mm thick
were considered for being the most similar to the walls tested here. Another study
used for comparison was the one performed by Ahmad et al. (2014) where six
different walls were tested with different explosive charges. Chen et al. (2014)
conducted six different tests with four walls, one of them unreinforced and the other
three reinforced with different solutions. Finally, Wang et al. (2016) conducted six
different tests, four of them with clay brick and the other two with concrete blocks,
but all of them built at full scale. The reinforcement used for some walls was polyurea
composite material and one of them was non-reinforced as a control wall.
As can be seen in Table 3.3 there are several cases with damage level “B” or “C”
which correspond with an intermediate level of damage. The desired scaled distance
would be between these two levels. In case of level “C”, the scaled distances range
from 2.20 to 1.40 m/kg1/3 while for level “B” range from 2.11 to 1.28 m/kg1/3. Scale
distances are overlapping at both damage levels as these categories are very
influenced by the thickness of the walls, the standoff distance and the boundary
conditions. It can be observed for example in the experiment of Wei & Stewart that
there is a wall of 355 mm thick, a scaled distance of 1.40 m/kg1/3 and damage “C”
and other wall of 230 mm thick, a scaled distance of 1.49 m/kg1/3 and damage “A”.
For these reasons, the most similar cases were regarded for the final selection. It was
determined that an unreinforced brick wall like those tested here, could collapse
when the scaled distance was around 1.8 – 1.9 m/kg1/3 so the scaled distance initially
selected for the tests was 1.91 m/kg1/3. Since the standoff distance was 5 m, the
weight of TNT equivalent of the charge can be calculated as:
WTNT

R
= 
Z

3

(3-2)

Thus, the charge of TNT equivalent selected was approximately 18 kg. As the
damage obtained was not enough for comparison purposes, the charge was
progressively increased (and therefore reducing the scaled distance) in the subsequent
tests to increase the damage on the walls.
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3.5.2.

TNT equivalent

The blast effects of any explosive are commonly characterized by comparing them
with the effects of a standard explosive like TNT. The concept of TNT equivalent
offers the advantage of providing in a value, an identification of a given blast wave
in terms of a standard explosive, whose blast effects have been widely documented.
The TNT equivalent can be defined as a comparison between the mass of explosive
other than TNT obtaining the same yield (same values of a property) as an equivalent
weight of TNT, as:

ETNT =

WTNT
WEXP

(3-3)

TNT equivalency can be assessed by trials or theory. In this project, the TNT
equivalent used for initially selecting the amount of explosive charge was obtained in
previous field studies of the research group (López et al., 2015). It was calculated
based on the peak pressure registered compared with the Unified Facility Criteria
(UFC 3-340-02) curve for a surface explosion. The TNT equivalent used initially as
reference was 0.87. After the first trial campaign, the TNT equivalent was
recalculated considering the side-on pressure registered in the four tests. The results
of pressure and the calculation of the final TNT equivalent are described in Chapter
4.

3.6.

Instrumentation

All the tests were monitored with pressure gauges, accelerometers, a high-speed
camera and a laser scanner. Figure 3.8 shows an overview of the location of the
different instrumentation used in the trials. All the information extracted from the
field test such as pressure, acceleration or displacement were used to assess the
damage on the walls as well as to check and compare with the data extracted from
the numerical modelling. Furthermore, data were used to characterize the explosion
and to recalculate the TNT equivalent.
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Figure 3.8. Detail of the test instrumentation.

3.6.1.

Pressure gauges

Pressure sensors register the pressure-time history of the blast wave. If the sensor
surface is positioned parallel to the advance of the generated shock wave, the incident
or side-on pressure is measured. On the other hand, if the sensor surface is positioned
perpendicular to the advance of the shock wave, the measurement will correspond to
the reflected pressure.
For the tests analysed, three pressure transducers were located on the ground at the
same distance from the charge than the walls (Figure 3.8) and with the sensor surface
parallel to the advanced direction of the shockwave registering then the side-on
pressure. A fourth sensor was added for the second campaign of tests. Pressure
gauges were high frequency with ablative protection and a 5000 psi (34.5 MPa) range.
As can be seen in Figure 3.9, pressure transducers were mounted inside metal bowls
designed to bury the sensors and protect them from explosion.
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Figure 3.9. a) Metal bowls for placing the pressure gauges; b) Pressure sensor connector detail; c) Pressure sensor mounted
inside the bowl; d) Pressure gauge levelled with the surface just before the trial.

3.6.2.

Accelerometers

An accelerometer is a device that measures the vibration or acceleration of the
movement of a structure. The force generated by the vibration or change in
movement (acceleration) causes the mass to "compress" the piezoelectric material,
generating an electric charge that is proportional to the force applied on it.
Accelerometers were located at mid-height on the back side of the walls (see Figure
3.10), one on each wall (A1 to A4). They were placed 0.1 m from the edge of the panel
instead of the centre to avoid damage in case of collapse. Accelerometers were shock,
ceramic-shear, with a 5000 g range.
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Figure 3.10. a) Location of the accelerometer on the wall; b) Detail of the accelerometer; c) Accelerometer connected before the
trial.

3.6.3.

Data acquisition system

The pressure transducers and accelerometers were connected to a rugged and
portable data acquisition system. The MREL DataTrap II system was used for data
acquisition (Figure 3.11). This system has up to eight recording channels, with a
sampling rate in each channel of 10 MHz with a resolution of 14 bits. It is a portable
and very robust equipment prepared to work outdoors, in dust, rain and a wide range
of temperatures. In addition, the connected sensors need a signal conditioner and
power supply system.

Figure 3.11. a) Data acquisition system; b) Signal conditioner.
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The signal conditioner (see Figure 3.11 b) is necessary for the correct use of the data
acquisition system, as it amplifies and treats the recorded signals (i.e. it converts one
type of electrical signal from the sensors into another type of signal that is easier to
read). This treatment is beneficial for the subsequent study of the recorded signals.
Furthermore, signal conditioner is the equipment that provides the necessary power
to the sensors.

3.6.4.

High-Speed Camera

A high-speed camera was used to record all the tests. Since an explosive event is a
very short duration phenomenon, the images obtained with the high-speed camera
(Figure 3.12) provide very valuable information about the event.

Figure 3.12. Image sequence with high-speed camera from Test T3.

Different parameters can be analysed such as:
•

The shock front velocity.

•

Study of the different reflections of the shock wave.

•

Dimensions of the fireball and its duration.

•

Evolution of the damage: cracks development, fragment distribution, etc.
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3.6.5.

Laser scanner

In addition to all the instrumentation for monitoring the tests, a high-definition Laser
scanner was used to evaluate displacements on the walls. The ScanStation P30 / P40
laser (Figure 3.13) from Leica Geosystems was used. This type of laser scanner
provides high quality 3D and HDR images with an extremely fast scanning speed of
1 million points per second and distances of up to 270 m. This tool is resistant to
harsh climatic conditions, such as temperature ranges from -20°C to 50°C and
resistant to dust and rain.

Figure 3.13. Laser scanner used during the tests.

The laser scanner registered a 3D geometry of the walls before and after the tests and
displacements were obtained by comparison of both point clouds.
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Chapter 4.
TESTS RESULTS

This chapter provides an overview of the results of the tests carried out including the
most relevant data that will be used in the subsequent analysis. As mentioned in
Chapter 3 the tests were developed in two different campaigns, comprising four and
two tests respectively, but all of them with the same set up.
Each test consisted of four brick walls that were placed at five meters from the
explosive charge, supported against steel reaction frames designed for this purpose
(Figure 4.1.a). The walls were supported only at the top by means of welding points
and at the bottom by their own weight, thus simulating the normal support conditions
of a wall inside a building. Details of the boundary conditions are shown in Figure
4.1.
Each test was monitored with (Figure 3.8):
•

Three pressure gauges placed on the ground at five meters from the charge
(for the second campaign, a fourth sensor was added).

•

Four accelerometers (one on each wall) at mid-height on the back part of the
walls.

•

A high-speed camera placed at a safe distance, near to the bunker.

•

A high-definition laser scanner.
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•

Two conventional cameras and one drone to get different visual information
of the tests.

Figure 4.1. a) Layout of the field test; b) Welding point on the top steel beam; c) The bottom part of the wall directly resting
on the foundation slab.

For the first campaign, charge size was increased progressively after the first trial
since the level of damage achieved was not the expected. After analysing the results
derived from this phase, for the second campaign some changes were introduced in
the specimens:
•

The fibre reinforced mortar was discarded for the second phase.

•

All the reinforcements were placed on the inner face of the walls.

•

The outer face of the walls was not covered with mortar.

•

The mortar used in the construction had a higher compressive strength (7.5
N/mm2).

Table 4.1 summarizes the main characteristics of the tests.
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Table 4.1. Main characteristics of the tests.

Test

Initial

Initial

Charge

Reinforcement

External

Recalculated

Calculated

#

Charge

Scaled

Height

position

mortar

Scaled

Charge

TNT

Distance

layer

Distance

TNT

(kg)

(m/kg1/3)

(m)

(m/kg1/3)

(kg)

T1

18.00

1.91

0.5

Outer

Yes

1.77

22.60

T2

25.00

1.71

0.7

Inner

Yes

1.58

31.40

T3

25.00

1.71

0.7

Outer

Yes

1.58

31.40

T4

38.00

1.49

0.7

Inner

Yes

1.14

84.40

M1

40.00

1.46

0.7

Inner

No

1.21

70.71

M2

40.00

1.46

0.7

Inner

No

1.21

70.71

Phase 1

Phase 2

4.1.

Test T1

The charge for the first test (T1) was 18 kg eq. TNT and it was located 0.5 m over the
floor. The reinforcing layers were placed on the outer face. In this case, damage was
minimum even in the unreinforced wall. Only some minor cracks appeared on both
faces of the panel (see Figure 4.2). There were no noticeable differences between the
non-reinforced and the reinforced walls. Crack patterns at exposed inner faces were
similar. Also, no debris was observed. It is possible as the initial charge was selected
based on the bibliography, where relevant data are sometimes omitted (mainly
related with the strength of materials and construction procedures).

Figure 4.2. Post-blast images for test T1.
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In addition, after the test it was found that the walls had moved at the base due to the
designed boundary conditions (see Figure 4.3). Since the walls were not supported
against the steel frame, it is likely that some of the energy of the explosion was
dissipated by the displacement of the walls and hence the damage was less than
expected.

Figure 4.3. a) Detail of the gap between wall and reaction frame before the test; b) Gap after the explosion.

Based on these results, two changes were implemented for the subsequent tests:
•

The scaled distance was reduced until 1.71 m/kg1/3, increasing the charge up
to 25 kg of TNT equivalent.

•

To prevent displacement at the base of the walls, wooden blocks were placed
in the gap between the wall and the reaction structure as shown in Figure 4.4.

Figure 4.4. Detail of the wooden blocks placed in the gap between the wall and the reaction frame.
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4.2.

Test T2

For the second test, the charge detonated was 25 kg of TNT equivalent placed at 0.7
m of height. The reinforcement solutions were implemented on the inner faces of the
walls. In T2 (see Figure 4.5) damage was higher than in T1 and differences among
the walls could be seen.

Figure 4.5. Post-blast images for test T2.

In this test, there was debris at the outer face of the four walls (although differing in
mass), but not at the inner face. In this case, the non-reinforced wall was the most
damaged specimen both at the inner and outer faces. Regarding the retrofitted panels,
there was a noticeable difference between them. For the GFRP wall, the result was
not as expected because of the protective sheet was not correctly glued to the panel
and partially peeled away during the explosion (Figure 4.6). It is possible that this
problem might be prevented by improving the boundary conditions of the panels.

Figure 4.6. Images sequence where can be seen the glass fibre sheet being peeled away by the explosion.
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The CFRP wall showed better behaviour at the outer face, when compared with the
other two protected specimens, showing only a few cracks. Shear cracks were visible
at the top and bottom of this specimen (Figure 4.7.a), which proved that the
reinforcement had been effective in avoiding bending failure but that, to improve the
capacity of the reinforced wall by postponing shear failure, a better anchorage of the
fibres would be necessary. Although apparently the FRM wall seemed not to be
seriously damaged, in fact, the panel was broken and displaced in two different zones
(Figure 4.7.b).

Figure 4.7. a) Shear cracks at the top and bottom part of the CFRP wall; b) Wall protected with FRM after test T2 and
details of the cracks.

Since in this test, the objective of a medium or intermediate level of damage was
achieved, the third trial was carried out with the same charge but with the protective
solution at the outer face of the walls. In this way, a comparison could be made
between the two tests in terms of the effectiveness of the reinforcement position.

4.3.

Test T3

As mentioned above, for the test T3 the charge fired was again 25 kg of TNT
equivalent at 0.7 m of height. This time, with the protective solutions laid out on the
outer faces, the results were different than those obtained in T2 test. Again, the
unreinforced wall resulted the most damaged (Figure 4.8) at the outer face, with some
debris but less than in test T2. However, regarding the inner faces of the panels, there
seems to be no clear difference so further analysis will be needed.
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Figure 4.8. Post-blast images for test T3.

One more time, the wall protected with the FRM seemed to be in good condition but
as in T2 the wall was broken and displaced as shown in Figure 4.9. For the GFRP
and CFRP panels, both showed good results without debris and slight deflections.

Figure 4.9. Details of the FRM wall broken near to the base.

4.4.

Test T4

After three trials, no wall had collapsed, so it was decided to reduce the scaled
distance again in order to take the unreinforced wall to the limit. With this aim, the
charge was increased for the T4 test up to 38 kg eq. TNT and placed at 0.7 m of
height. This time, no accelerometers were placed on the walls due to the risk of
collapse.
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The result of the trial was two walls collapsed (Figure 4.10): the unreinforced one, as
expected, and the CFRP wall, most likely, due to bond failure as the carbon fibre
separated from the brick surface. In addition, the steel profile of the upper part of this
wall was detached during the explosion.

Figure 4.10. Post-blast images for test T4.

The problem with the adhesive can possibly be attributed to the low temperatures
registered during application. Adhesives are not recommended to be applied if the
temperature falls below 5ºC. Although heating devices were installed during
application of adhesives, the CFRP wall of test T4 and the GFRP-reinforced wall of
test T2 were placed in a corner of the shed, and it is possible that they did not get
enough heat. Therefore, meshes were not correctly glued and peeled away during the
tests.
The GFRP wall did not collapse but showed rupture of the fibres (see Figure 4.11.a).
The FRM wall did not collapse but was severely cracked and deformed, so much so,
that the top UPN profile was completely bent upwards (see Figure 4.11.b). During
demolition of the walls, it was seen that the UPN still managed to hold on to the wall
by friction of the flange. This may explain why it did not fully collapse.
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Figure 4.11. Test T4: a) Rupture of glass fibres on GFRP specimen; b) Deformed shape of FRM wall with unseated UPN
profile at the top.

All the problems found in the first campaign were considered, analysed and solved
for the second campaign. For the application of the reinforcements, a better
anchorage was achieved by means of unidirectional high strength glass fibre cords
for transversal connections (Figure 4.12). In addition, the second phase was planned
once the winter had passed and the temperatures were more suitable for working with
adhesives. Moreover, only two of the three reinforcements were used for the second
campaign, the CFRP and the GFRP, since the results of the FRM were not good (it
will be explained in the Chapter 5).

Figure 4.12. a) Glass fibre cords; b) Inserting the cord inside the wall for anchoring; c) Impregnating cord with resin.

Once the tests were over and the data processed, the TNT equivalent was recalculated
based on the pressure registers obtained in the four tests. As it will be explained in
Section 4.7.2, the new equivalent used to select the charge for the second phase was
0.99. Considering this TNT equivalent, the charges and scaled distances used in the
first campaign are summarised in Table 4.2:
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Table 4.2. Charges of TNT and scaled distances after the phase 1.

4.5.

Test

Charge TNT

Scaled Distance

#

(kg)

(m/kg1/3)

T1

20.00

1.84

T2

33.50

1.55

T3

33.50

1.55

T4

45.00

1.41

Test M1

The second phase of field tests was carried out a year later than the first one. As
mentioned above, some changes were introduced for these two tests being the most
relevant the removal of the outer mortar layer, all the reinforcement placed on the
inner face of the walls, and the use of a mortar for joints with higher compressive
strength. On the other hand, the same set up and instrumentation were used for this
second campaign.
As in test T4 two of the four walls collapsed, for test M1, the charge selected was
slightly reduced with respect to the T4 test (see Table 4.2). In the test M1, 40 kg of
TNT equivalent were detonated placed at 0.7 m of height. In this test, one wall was
unreinforced, one reinforced with GFRP and two reinforced with CFRP, as the
reinforcement by FRM was discarded. The result of the trial is shown in Figure 4.13.

Figure 4.13. Result of the test M1.

The four walls collapsed because of a welding failure at the top support. Due to the
top support, a membrane thrust force can be developed under lateral loading known
as “arching action”. In absence of this support, the flexural strength decreased and
hence, the walls failed. Although this result did not allow to evaluate the damage, the
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pressure and acceleration registered will be used in the analysis. Furthermore, it can
be observed in Figure 4.14. how both glass and carbon fibre meshes remained in place
despite the fall of the walls as well as the mortar layer that served as a base for the
application of the reinforcements. It could happen because the bonding strength of
the mortar with the resin is higher than the bonding strength of the mortar with the
support (in this case the brick wall). This lack of adherence could in turn be due to
an excessive thickness of the mortar layer, a deficiency of cement in the mortar or a
dehydration of the mortar layer.

Figure 4.14. Post-blast images for test M1.

Finally, as mentioned above, this test demonstrates the relevance of axial stress in
determining the bending strength of the wall, since the reinforcements have not been
able to prevent collapse in the absence of this axial stress.

4.6.

Test M2

The second test of this campaign, M2, and the last one of the PICAEX project was
developed with the same charge than the M1 test, i.e., 40 kg of TNT equivalent at
0.7 m of height. This time, special care was taken to the welding of the top support
to prevent the problem happened in the previous test. The result of the test is shown
in Figure 4.15. In the test M2 there was one wall unreinforced, one protected with
CFRP and two walls protected with GFRP.
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Figure 4.15. Post-blast images for test M2.

As can be seen in Figure 4.15, the welding was performed correctly and no wall
collapsed. Some differences between the walls can be highlighted:
Firstly, the non-reinforced wall is the only one that had debris at the inner face. In
Figure 4.16 can be seen the fragment distribution achieving 2.20 m of distance. This
is important since one of the main objectives of this research is to reduce or prevent
the secondary fragments as many casualties are produced by debris from masonry
walls when the structure does not collapse.

Figure 4.16. Detail of debris at the inner face of the non-reinforced wall (M2 Test).

In addition, the broken pattern of the walls was different between the non-reinforced
and the reinforced walls. Furthermore, there were differences between the two

60

Chapter 4. Test results

reinforcements applied. In the case of the unreinforced wall, horizontal cracks could
be observed along the bed joints in the central part of the wall due to bending (Figure
4.17).

Figure 4.17. Horizontal cracks in the non-reinforced wall (M2 Test).

For the two GFRP walls tested in this trial, the failure pattern was similar although
with slight differences (Figure 4.18). In both cases there were a main horizontal crack
along the bed joint (painted pink) and numerous vertical cracks crossing bricks and
mortar joints. The vertical cracks appear because of the reinforcement in the tensile
face of the wall, as it tends to prevent bending. Cracks crossing units and joints appear
when the strength of both elements is similar. However, it can be observed in Figure
4.18, that the horizontal crack on the right wall is greater than that in the left one. It
happened because there was a fibre rupture in the GFRP and therefore the bending
of this wall was greater. As the flexure of the wall was greater, fewer vertical cracks
appeared, as opposed to the left wall.
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Figure 4.18. Detail of failure pattern of the walls reinforced with GFRP (M2 Test).

Considering the CFRP wall, could be appreciated a different broken pattern with
respect to the walls protected with GFRP. In this case, no horizontal crack appeared
but vertical cracks did. This means that the reinforcement was effective and prevented
the wall from bending. Furthermore, as an improvement in the anchorage of the
FRPs was introduced in this phase, shear failure was also avoided.

Figure 4.19. Detail of failure pattern of the wall reinforced with CFRP (M2 Test).
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4.7.

Signal processing

After the tests, all the signals registered with the pressure gauges and accelerometers
(Figure 4.20) were processed to characterize the explosion. It is needed to check if
the charge has been completely detonated as well as to verify if the charge fired
corresponds with the initially calculated. Accelerometers and pressure gauges were
all triggered with the detonator so the time zero corresponds to the detonation
initiation and the arrival time of the different signals can be used as a shock wave
parameter.

Figure 4.20. Location of the sensors and data acquisition system.

These results will be used as an input data for numerical modelling and for damage
assessment.

4.7.1.

Pressure results

The pressure signals were registered as pressure-time histories. Time zero
corresponds to the instant at which the detonation of the explosive charge is initiated.
The first wave recorded by the sensors corresponds to the incident peak overpressure.
This first wave is adjusted according to the modified Friedlander equation
(Friedlander, 1946; Rigby et al., 2014):
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p(t ) = ps (1 −

t −bt / td
)e
td

(4-1)

where b is the waveform parameter and controls the decay of the pressure-time curve.
An example of a signal recorded and the corresponding adjustment is shown in
Figure 4.21 from sensor P1 of T1 test. The pressure histories registered support the
fact that the explosive charge had a full detonation in all cases.
The different signal registers may in some cases present a high percentage of noise
that masks the signal itself. When this happens, it becomes necessary to filter the
signal in order to obtain an optimal peak value. The filtering applied is of the fourth
order Butterworth low pass type, and if the signal has an offset, it is also corrected
(see Chiquito et al. (2019) for details of the signal treatment).

Figure 4.21. Pressure-time history of pressure sensor P1 from the test T1 and the Friedlander fit.

Table 4.3 summarises all the shock wave parameters extracted from the pressure
transducers for all the tests. Since there were several pressure registers from the same
test, an overall view of the data obtained can help to detect anomalies on the results.
For the tests T2 and T3 as well as for Test M1 and M2, the results can be analysed
together as the same charge was detonated in these tests. Some of the signals were
not recorded correctly. It could probably happen due to an impact over the pressure
transducer support during the explosion, as they were placed directly on the ground.
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Table 4.3. Pressure results.

Test

Sensor

ta

td

Ps

Pa

Ia

(ms)

(ms)

(kPa)

(kPa)

(kPa.ms)

b

T1

P1

3.47

2.93

351

333

327

1.34

T1

P2

3.32

3.45

510

327

305

2.20

T1

P3

3.25

3.31

509

365

294

2.69

T2

P1

2.67

2.78

691

510

422

1.81

T2

P2

3.33

2.23

674

476

158

5.56

T2

P3

3.17

2.99

572

502

355

2.82

T3

P1

3.12

2.37

598

526

361

1.92

T3

P2

3.09

2.78

767

477

343

2.40

T3

P3

--

--

--

--

--

--

T4

P1

2.59

2.93

1422

1167

466

6.12

T4

P2

--

--

--

--

--

--

T4

P3

--

--

--

--

--

--

M1

P1

2.81

2.91

852

843

405

4.80

M1

P2

2.79

3.66

938

753

448

4.90

M1

P3

2.66

3.23

1041

884

398

5.99

M1

P4

--

--

--

--

--

--

M2

P1

2.61

0.66

1520

1415

258

2.09

M2

P2

2.63

0.95

1290

1166

351

1.57

M2

P3

2.60

3.23

810

630

474

2.89

M2

P4

3.09

3.43

1265

1101

524

6.01

where ta is the time of arrival, td is the positive phase duration, Ps is the incident peak
pressure, Pa is the incident peak pressure after Friedlander adjustment, Ia is the
impulse after Friedlander adjustment and b is the waveform coefficient of the
Friedlander equation. These parameters will be used to determine the real TNT
equivalence of the explosive. It can be observed in Table 4.3 that sensors P1 and P2
of the test M2 present a positive phase duration abnormally low (0.66 and 0.95 ms
respectively) compared with the rest of results. After an overall assessment of the
pressure values, it was decided not to use these two sensors for the estimation of the
TNT equivalence.

4.7.2.

Determination of the TNT equivalence

The explosive used for the tests was a Dynamite (gelatine type) known as Riodin
(trade name). This is the most powerful and highest density civil explosive. The most
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suitable method of assessing the TNT equivalence is experimentally by measuring
the different parameters (pressure, impulse, arrival time…) which characterise the
shock wave produced by the detonation of an explosive charge. Assessing the TNT
equivalent and deciding what is the most appropriate value in each application is a
complex issue involving the following variables:
•

Type of explosive.

•

Type of initiation and confinement.

•

Shape and position of the charge.

•

Parameter used for the equivalent evaluation: pressure, impulse, arrival time,
heat of explosion.

•

Range of the scaled distance used.

The variations of the TNT equivalent have been widely documented. Wharton et al.
(2000) obtained, for a particular commercial explosive, a variation on the TNT
equivalent with the scaled distance from 0.6 up to 1.4. Other works show differences
even higher depending on the variation of the scaled distance range. The variability
regarding the parameter used for the assessment were clearly evidenced by Jeremić
and Bajić (2006) studying high explosives for military use. In this work, differences
on the TNT equivalent range from 1.17 up to 2.07 when using the heat of explosion
instead of the pressure for calculation. The influence of the charge shape, according
to Simoens and Lefebvre (2015) can cause pressures to double by simply varying the
slenderness of a cylindrical load.
In this study, the initial TNT equivalent selected for the design of the experiment was
0.87. This value was obtained experimentally in a previous research project (ITSAFE
project) carried out by the research group (López et al., 2015), calculated with the
mean value based on the peak pressure from a total of 67 measurements.
After the first trial campaign, the TNT equivalent was recalculated with the pressure
values measured in the field test, resulting the new TNT equivalent 0.99. With this
data, the values of scaled distance and charge of TNT were corrected for the
subsequent analysis as shown in Table 4.4.
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In Figure 4.22 are shown the results of TNT equivalent based on the peak pressure
obtained in ITSAFE project along with those obtained in the present study with
respect to the scaled distance. It can be observed that as the scaled distance decreases,
the TNT equivalent increases.

Figure 4.22. TNT equivalent values based on pressure: ITSAFE and PICAEX project.

Focusing on the lower range of the scaled distance (i.e., less than 1.8m/kg1/3) (Figure
4.23) it can be appreciated that all the values of ITSAFE project falling in this range
are above 0.87. Therefore, a TNT equivalent of 0.99 make sense with this range of
scaled distance. However, for the second campaign of test (M1 and M2 tests) as well
as for test T4 (scaled distance less than 1.5 m/kg1/3), the pressures registered were
very high, making the TNT equivalent of 0.99 not suitable for these tests. For that
reason, it was decided to stablish two different TNT equivalents as a function of the
scaled distance:
•

For Z > 1.5 m/kg1/3 Eq. TNT = 0.99

•

For Z < 1.5 m/kg1/3 Eq. TNT = 1.75

These values will be used as an input data for the numerical modelling, as the
hydrocode transform the mass of TNT by the application of the empirical blast
loading function developed by Kingery and Bulmash (1984) and the pressure is
directly applied to the structure elements.
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Figure 4.23. TNT equivalent values based on pressure: ITSAFE and PICAEX project. Scale distance < 1.8 m/kg1/3.

To further test this criterion, the experimental values of pressure are represented as a
function of the TNT scaled distance (i.e., by applying the proposed TNT equivalents)
and compared with the data of the UFC 3-340-02 for a surface burst (Figure 4.24). It
can be checked that the pressure data globally approximate the incident pressure for
a surface explosion.

Figure 4.24. Comparison of the experimental pressures with respect to the UFC 3-340 (surface) using the TNT equivalent.

68

Chapter 4. Test results

Summarising, Table 4.4 shows all the values finally calculated of scaled distance as
well as the final charges of TNT used in the trials.
Table 4.4. Values of TNT charges and scaled distances of the tests.

Test

Initial

Initial

Charge

Scaled

Final

Final

#

Charge

Scaled

after

Distance after

Scaled

Charge

TNT

Distance

phase 1

phase 1

Distance

TNT

(kg)

(m/kg )

(kg)

(m/kg )

(m/kg1/3)

(kg)

T1

18.00

1.91

20.00

1.84

1.77

22.60

T2

25.00

1.71

33.50

1.55

1.58

31.40

T3

25.00

1.71

33.50

1.55

1.58

31.40

T4

38.00

1.49

45.00

1.41

1.14

84.40

M1

40.00

1.46

1.21

70.71

M2

40.00

1.46

1.21

70.71

1/3

1/3

Phase 1

Phase 2

4.7.3.

Accelerations

Accelerations were measured at mid-height on the inner face of each wall. In case of
acceleration, the registers are more complicated to analyse since there are many
factors that can influence on the result, such as the position and setting of the
accelerometer, the type of material and the mass balance. Therefore, scattered results
are expected. An example of signals recorded from test T3 are shown in Figure 4.25.

Figure 4.25. Acceleration signals from test T3.
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As well as in pressure registers, time zero corresponds with the initiation of the
detonation. In the T4 test no accelerometers were used due to the risk of collapse.
The same happened for tests M1 and M2 on the non-reinforced walls. In addition,
some of the acceleration signals were not registered correctly because of the cables
and sensors were ripped and launched during the explosion. The maximum positive
and negative acceleration (a+ and a-) along with the corresponding times (ta+ and ta-)
are reported in Table 4.5.
Table 4.5. Results of accelerations registered.

Test

Position

#

a+

ta+

a-

ta-

tr

(g)

(ms)

(g)

(ms)

(ms)

T1

A1

--

--

--

--

--

T1

A2

1015

4.40

-642

4.31

3.89

T1

A3

1357

4.10

-1376

4.21

3.75

T1

A4

--

--

--

--

--

T2

A1

--

--

--

--

--

T2

A2

1134

3.45

-301

3.86

3.24

T2

A3

743

3.45

-277

3.65

2.88

T2

A4

--

--

--

--

--

T3

A1

1245

3.69

-455

3.86

3.60

T3

A2

1297

3.33

-766

3.24

2.96

T3

A3

1527

3.74

-717

3.62

3.35

T3

A4

1735

3.64

-839

3.78

3.49

M1

A2

1650

3.42

-877

3.67

3.20

M1

A3

--

--

--

--

--

M1

A4

1295

3.42

-440

3.60

3.14

M2

A2

751

2.78

-314

2.67

2.58

M2

A3

2128

3.37

-530

3.59

3.24

M2

A4

1915

2.98

-715

3.20

2.76

The response time, tr, is also included in the Table 4.5. This is the time at which the
acceleration is initiated. Therefore, subtracting this value from the arrival time of the
pressure signal gives the response time of the structure to the shock wave. As in case
of the pressure, tests T2 and T3, as well as the tests M1 and M2, can be analysed
together since the same charge was detonated in these trials. For T1 test, the response
time is 0.47 ms while for T2 and T3 tests is 0.18 ms. As the load increases, the
response time decreases. However, for tests M1 and M2, the response time is 0.24
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ms, the charge in these cases being higher than in tests T2 and T3. This could be due
to the changes introduced in the materials for the second test campaign. Furthermore,
looking at Table 4.5, it can be seen how the maximum positive accelerations are in
some cases higher at lower loads. These differences might be attributed to the
stochastic character of the mortar, to differences in the mass balance, or even due to
a poor fixing of the accelerometer and would demonstrate that the accelerations can
be influenced by many factors and make their analysis very complex. In any case, the
accelerations can serve as an order of magnitude reference and will be used in the
subsequent analysis.
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Chapter 5.
DAMAGE ASSESSMENT

Wall damage assessment has been carried out combining visual observations and
analytical methods. The combination of both methods allows for the establishment
of a damage classification which ranges from moderate damage to collapse. Visual
observations provide information about the wall’s condition after the explosion such
as cracks, failure patterns, debris, etc. In addition, non-destructive methods (NDTs)
may be used to improve the damage assessment allowing the detection of internal
damage. The following parameters have been considered in the analysis:
•

Surface damage (damage based on the rebound hammer)

•

Damaged area

•

Crack lengths

•

Debris mass

•

Displacements

•

Failure patterns

After the evaluation of these parameters, the most meaningful will be used for the
final classification of the walls.
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5.1.

Surface damage

In this study, a methodology based on the rebound principle with a Schmidt hammer
has been used (López et al., 2019). A Schmidt hammer is a measuring tool generally
used to determine the compressive strength of both rock and concrete. The ASTM
C805 standard (ASTM C 805-02, 2002) allows its use to assess the in-place uniformity
of concrete, to delineate regions of deteriorated or poor-quality concrete or to
estimate in-place strength development. In this work, the objective is to find a
variation in the rebound number after a blast event and not a direct strength
correlation.
The method based on the rebound principle (EN 12504-2, 2013) consists of
measuring the rebound of a spring-driven hammer after its impact with a surface. In
this study, damage evaluation has been carried out using a Silver Schmidt hammer.
This kind of rebound hammer has the most advanced characteristics, thereby
significantly increasing the reliability of the results (Hannachi & Guetteche, 2014;
Malhotra & Carino, 2010). Its operation is based on a transmissive photo sensor that
measures the impact and the rebound velocity directly before and after the impact,
almost eliminating any influence of gravity. The model used is type L with an impact
energy of 0.735 Nm calibrated for a compressive strength range from 5 to 30 N/mm2.
This hammer type has been designed for use in low strength concretes, mortars or
bricks, giving better results when testing weak, porous and weathered materials
(Aydin, 2009). In fact, this hammer gives the rebound value known as Q, instead of
the classical R that can be affected by friction on several instrument parts such as the
guide rod or the drag pointer on the scale, by the influence of gravity during travel
and the relative velocity between the unit and the mechanical parts.
Rebound number was measured at 20 different locations (previously determined) on
each wall faces (Figure 5.1). Each measurement point was defined by a template
containing twelve points uniformly distributed inside a rectangle: six of these points
were used for evaluation before (Bi) and six for evaluation after the explosion (Ai).
Once all the measurements have been collected, it is checked whether statistically
there are significant differences between before and after, and therefore there is a
decrease in the quality of the material.
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Figure 5.1. Evaluation template and measurement’s locations on the wall.

5.1.1.

Methodology validation

The methodology needs to be validated before applying it to this study to ensure the
reliability of the data. There are two main problems to be checked:
•

Validate the template created to take the measures ensuring that the 12 points
(Bi and Ai) come from the same population if no blast event happens. If so,
differences in the rebound index before and after the test can be considered
indicative of the level of damage.

•

Considering the ‘English’ bond of the brickwork (i.e., made up of alternating
courses of stretchers and headers) it is needed to check if there are differences
between taking the measures on the stretcher or the header faces of the bricks
and even if there are differences when taking a measure directly on the mortar
joint.

For these purposes, two walls were built with dimensions of 1 m width and 1 m height
and the same bond type and finish than the walls used for trials (Figure 5.2).
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Figure 5.2. Wall built for validation of the rebound methodology.

Sixteen different points were evaluated in these two walls, eight located on the long
side of the brick (stretcher face) and the other eight on the short side of the brick
(header face). In addition, a series of measurements on the mortar joints were taken.
Rebound numbers were measured at all locations and compared statistically using
the T-Student test. To validate the template, the following comparison were made:
•

On each brick, comparing Bi and Ai points.

•

Stretcher bricks against header bricks.

•

Bricks against mortar joints.

The results did not show a clear pattern when comparing some bricks with others,
giving good results in some cases and not in others. Many factors can influence the
results, mainly the surface finish. However, two conclusions could be drawn from
this evidence:
•

There is a clear difference between taking the measures on the bricks or mortar
joints, being the rebound values of the brick much higher.

•

On each brick individually, there is no significant differences between the Bi
and Ai measurements, ensuring that the 12 points come from the same
population.
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With these premises, it was decided to locate all the evaluation points on the stretcher
faces of the bricks as shown in Figure 5.1.

5.1.2.

Evaluation of the rebound number

As mentioned above, damage was evaluated at 20 points on each wall face (Figure
5.1) using the validated template. The Schmidt hammer gives the rebound value Q.
QB is the median of the six points evaluated before the blast test and QA is the median
for the points evaluated after the test. For the evaluation, the one tiled Wilcoxon
rank-sum test (Bergmann et al., 2000) has been applied to each location point. This
test is a nonparametric alternative to the two-sample t-test which is based solely on
the order in which the observations from the two samples fall. The Wilcoxon test is
still valid for data from any distribution whether normal or not and is much less
sensitive to outliers than the two-sample t-test. A p-value smaller than 0.05 shows
that there has been decrease in the rebound number after the explosion with a 95%
confidence level. For this purpose, damage d is defined as:
d = 1−
d = 0,

Q2
, if p  0.05
Q1

(5-1)

if p  0.05

where Q1 and Q2 are now the mean of the six values before and after the test,
respectively. Damage values range from 0 for a “no damage” point to 1 for a “total
damage” point. Note that the assignment of the damage value is based on the
comparison of the mean values instead of the medians, since in this case, the
information provided by the mean values is more reliable. This is because there are
points where only one or two measurements could be taken after the explosion. In
these cases, the median of the sample after QA would be 0 and therefore the damage
equal to 1 according to Equation (5-1). However, considering the mean values,
damage would be in this case around 0.8 - 0.9 which is more accurate. Damage 1 is
assigned when the point is located on a surface where there is no possible rebound
because of the incompetence of the material.

5.1.3.

Damage maps

Once the damage level at each location has been calculated, this value is assigned to
the midpoint coordinate of the template. For a better visualization of the damage on
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the walls, contour or damage maps are created by interpolation. To improve the
interpolation, some extra points have been added which are detected visually:
•

The four corners of the wall (only for drawing purposes)

•

Contours of area with total damage

To carry out the interpolation, a grid of 200 uniformly spaced points is created for
each specimen in each direction (horizontal and vertical). This grid has the same
dimensions as the panels and will be used later to obtain the surface damage index
(d200). The surface damage is calculated and plotted using Matlab software. The
interpolation is already implemented in Matlab software through the instruction
called “griddata”. The different interpolation algorithms offered by griddata are
shown in Table 5.1.
Table 5.1. Interpolation methods implemented through the instruction “griddata” in Matlab.

Method

Description

‘linear’

Triangulation-based linear interpolation (default) supporting 2-D and 3-D
interpolation.

‘nearest’

Triangulation-based nearest neighbour interpolation supporting 2-D and 3-D
interpolation.

‘natural’

Triangulation-based natural neighbour interpolation supporting 2-D and 3-D
interpolation. This method is an efficient trade-off between linear and cubic.

‘cubic’

Triangulation-based cubic interpolation supporting 2-D interpolation only.

‘v4’

Biharmonic spline interpolation (MATLAB® 4 griddata method) supporting
2-D interpolation only. Unlike the other methods, this interpolation is not
based on a triangulation.

After comparing the results, the ‘v4’ method offered the most accurate solution and
was finally used for the damage maps. This method of interpolation, which is based
on Green’s function, has become the mainstream method for its high precision,
simplicity and flexibility (Deng & Tang, 2011). Unlike the other methods, this
interpolation is not based on a triangulation, and it is defined as an interpolation of
bi-dimensional data irregularly spaced. Contour maps have been represented
showing the damage on the walls. As an example, Figure 5.3 and Figure 5.4 show
contour maps for the T2 and T4 tests.
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Figure 5.3. Damage maps for T2 test on the outer face and their comparison with the post-blast pictures.

Figure 5.4. Damage maps for T4 test on the outer face and their comparison with the post-blast pictures.

5.1.4.

Surface damage index (d200)

In order to obtain an index related to the surface damage of the walls, a surface
damage index has been calculated using the grid created for interpolation.
Prior to the calculation of the surface damage index, a convergence study was carried
out to determine the suitable value of the grid size. Damage values have been
calculated with grid dimensions of 50, 100, 200, 400, 800 and 1600 points for five
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different walls, varying between walls with a minimum surface damage value and
severely damaged walls. As can be seen in Figure 5.5, variations with the grid size
are minimum (less than 1%). Furthermore, from 200 points onwards the variation is
less than 0.2% so, this value was considered the most adequate for calculation and
hence the surface damage index was called d200.

Figure 5.5. Result of the convergence study for the non-reinforced wall of the test T2.

The surface damage index (d200) can be defined as the mean of the interpolated values
of these 40000 points.

5.2.

Damaged area and crack length

Another parameter related with the surface damage analysed is the relative damaged
area (dA), which can be defined as the ratio of the surface with total damage (damage
equal to 1) over the total surface of the specimen, based on data taken from pictures
and measured with Auto CAD (Figure 5.6).
Due to the design of the experiment, this parameter was only measured at the outer
face of the walls, as the steel frame support made it impossible to measure at the inner
face.
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Figure 5.6. Example of delimitation of the relative damaged area.

Cracks are always considered as a damage indicator since cracks usually appear when
the strength limits are exceeded. In this study, the crack length (LC) is measured,
which is the sum of the length of all cracks present on the outer face of the walls
(Figure 5.7). Cracks considered in this parameter are different from those included in
the relative damaged areas, as can be seen comparing Figure 5.6 and Figure 5.7.

Figure 5.7. Example of the crack length measurement.

5.3.

Debris mass

Because debris hazard is the main cause of casualties when the structure does not
collapse, it is of great importance to consider the mass of fragments (Md) as well as
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the distance to which they are projected. After each test, the resulting debris was
collected and weighed (Figure 5.8).

Figure 5.8. Debris mass collected from the non-reinforced wall of test T2 after the explosion.

5.4.

Displacements

To evaluate the displacements, a 3D laser scanner was used to measure the geometry
of the walls. During each test, 14 scans were made, seven before and seven after the
detonation, allowing to obtain a point cloud of the entire environment. Finally, a
transformation was performed so that both clouds were in the same coordinate
system. With these data, a geometric analysis will be performed.
The three-dimensional study is carried out using Leica Cyclone software and
3DReshaper Hexagon Group. In this study, the different point clouds on the
measured walls are analysed in comparison to the initial measurement. A best fit of
each element is made using the initial data and then, the displacement study of each
element is carried out.
For the graphical analysis according to the calculated displacements, the following
intervals in metres have been used: 0-0.005, 0.005-0.01, 0.01-0.015, 0.015-0.02, 0.020.025, 0.025-0.03, 0.03-0.035, 0.035-0.04, 0.04-0.045 and 0.045 – maximum. An
example of the result obtained is shown in Figure 5.9.
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Figure 5.9. Example of measured displacement obtained from the laser scanner.

After comparing both clouds of points, the following displacements of the walls have
been obtained:
•

Maximum displacement on each wall

•

Displacement at point “O” of coordinates (x=1.12; y=1.235)

•

Displacement along the x-axis at y=1.235 every 0.25 m.

•

Displacements along the y-axis at x=0; x=0.50; x=1.00; x=1.25; x=1.50;
x=2.00: x=2.50.

Note that all the coordinates are expressed in metres.
To compare the results of the tests it is proposed to evaluate the damage using the
following Displacement Damage Index Id:
n

Id =


i =1

2
pl ,i

n

(5-2)

where pl,i is the plastic displacement measured at point i, and n is the number of
points evaluated. This index provides an idea of the mean plastic displacement but
avoids the compensation between positive and negative plastic displacements. The
maximum displacement is also considered. However, this value is more sensitive to
local spalling and may not always be meaningful.
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5.5.

Failure patterns

The last parameter considered for the assessment consists of a characterization of the
failure pattern. For this purpose, the cracks at the side of the panels have been
evaluated distinguishing between three types of cracks (see Figure 5.10), and hence,
failure patterns.
•

Partial crack (C): cracks that do not cross the wall completely.

•

Passing cracks (PC): cracks that break through the wall completely.

•

Passing cracks with displacement (PCD): cracks that cross the wall with shear
displacement between crack faces.

Figure 5.10. Failure patterns: a) partial crack (C); b) passing crack (PC); c) passing crack with displacement (PCD).

Using the number of cracks and assigning a weight to each kind of crack, a failure
index (IF) has been developed:

I F = WC

NCi
N PCi
N PCDi
+ WPC
+ WPCD
Max  NC 
Max  N PC 
Max  N PCD 

(5-3)

where Wa is the weight assigned to each kind of crack; Nai is the number of cracks of
each type for each wall evaluated; Max{Na} is the maximum number of cracks
registered in the most cracked panel of each type and the subscript a is referred to the
type of crack (C, PC, or PCD). The different weights given in the IF formula are related
to the influence of the crack on the collapse of the wall. The proposed weight values
are: 5% for partial cracks (C), 30% for passing cracks (PC) and 65% for passing cracks
with displacement (PCD).
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5.6.

Result of the analysis

The different damage parameters defined above have been evaluated for each test.
All these parameters have then been related to the scaled distance. There are four
different scaled distances (see Table 5.2) and furthermore, two different positions of
the reinforcements on the walls (outer and inner face). Results of the M1 test will not
be used to assess the damage.
Table 5.2. Classification of the tests according to the scaled distances and reinforcement positions.

Scaled distance (m/kg1/3)
1.77

1.58

T1

T3

1.21

1.14

M2

T4

Reinforcement position
Outer
Inner

T2

This classification allows to evaluate:
•

Results with the reinforcement on the outer face varying the scaled distance
(T1 and T3 tests).

•

Results with the reinforcement on the inner face varying the scaled distance
(T2, M2 and T4 tests).

•

Results at the same scaled distance with different position of the reinforcement
(T2 and T3 tests).

5.6.1.

Surface damage

After collecting the rebound index and once the statistic is applied to the data, a
damage value is assigned to each of the 20 points measured on the wall. Considering
these values, an index called d20 is obtained, which is the mean of these 20 values.
This parameter, although it does not capture the actual state of the walls, serves to
make a comparison among them, since it has been taken based on the same points in
all cases. The d20 index is obtained for the outer and inner faces of the walls. In
addition, the surface damage index d200 has been calculated as explained above (see
Section 5.1.4) including the contours of area with total damage which are detected
visually. This parameter is also obtained for both faces of the walls. Table 5.3 shows
the values of the two parameters calculated. To identify the different protective
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solutions, walls are named by their acronyms and reinforcement position (subscript
o: outer face; subscript i: inner face), with NR standing for the non-reinforced wall.
Table 5.3. Values of the surface damage index.

Test

Z

Retrofit

(m/kg1/3)

d20 (%)

d20 (%)

d200 (%)

d200 (%)

outer

inner

outer

inner

T1

1.77

NR

1.04

0.00

1.34

0.00

T1

1.77

FRMO

1.80

0.55

2.28

0.79

T1

1.77

CFRPO

11.08

0.00

11.80

0.00

T1

1.77

GFRPO

2.48

0.00

3.12

0.00

T2

1.58

NR

11.47

3.90

35.99

4.42

T2

1.58

FRMi

21.41

0.00

40.71

0.00

T2

1.58

CFRPi

5.02

8.91

17.65

9.27

T2

1.58

GFRPi

26.59

4.58

39.78

4.65

T3

1.58

NR

27.85

2.43

28.93

2.63

T3

1.58

FRMO

10.80

0.68

14.48

4.09

T3

1.58

CFRPO

16.18

4.57

19.15

5.21

T3

1.58

GFRPO

6.87

1.56

8.11

1.62

T4

1.14

NR

100.00

100.00

100.00

100.00

T4

1.14

FRMi

61.14

7.82

86.32

8.54

T4

1.14

CFRPi

100.00

100.00

100.00

100.00

T4

1.14

GFRPi

43.60

13.48

50.73

14.64

M2

1.21

NR

12.43

15.89

13.10

31.92

M2

1.21

GFRPi

12.15

59.96

12.36

60.93

M2

1.21

CFRPi

20.79

67.66

21.70

69.40

M2

1.21

GFRPi

28.00

51.10

28.37

53.68

As can be seen in Table 5.3, the surface damage increases as scaled distance
decreases. In case of M2 test, this does not happen because the mortar used in the
construction of the walls had a higher compressive strength. Viewing the results, it
can be stated that a higher compressive strength of the mortar contributes to a better
response of the walls when an explosion occurs. A value of 100 % is assigned to the
collapsed walls.
Considering the d20 index, it serves as initial reference for comparison purposes, since
it shows the surface damage on the walls based on the same measurement points, but
it does not represent the real damage accurately. As the shock wave is not ideal,
neither is the pressure and impulse applied on the walls. In addition, the
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heterogeneous nature of masonry constructions made by brick and mortar, the bond
type and the reinforcement applied, make a different damage pattern on each wall.
For this reason, visual observations are of great importance in the evaluation. As an
example, Figure 5.11 shows the contour of a damaged area considered on the
calculation of the surface damage index d200. It can be seen how the area is located
just above of a measurement point which apparently shows no damage, hence the
uncertainty of d20.

Figure 5.11. Contour of damaged area added for the calculation of the surface damage index d200.

Differences between the two parameters (d20 and d200) can be appreciated in Table 5.3
being the surface damage index (d200) higher in all cases. This is a more realistic
parameter because it considers the whole surface of the walls (as it is based on the
interpolation of 40,000 points) and it is not localised. It can be seen that d200 at the
outer face increases up to a 20 % in case of T2 and T4 tests where the protective layer
was in the inner face. Furthermore, considering the non-reinforced wall in T2 and T3
tests (with the same scaled distance) surface damage would be expected to be similar
as both walls were in the same conditions. In this case, d20 values are 11.47 and 27.85
% for tests T2 and T3 respectively, while d200 are 35.99 and 28.93 %, which is a smaller
difference. Therefore, d200 can be used with more confidence as a damage indicator.
Figure 5.12 shows the surface damage index (d200) at the external face as a function
of the scaled distance. Values of d200 at the inner face are not as relevant as those at
the outer one, and hence, have not been represented here. Since there is a nonreinforced wall in each test, a reference curve can be established by fitting the points
corresponding to the non-reinforced walls (see Figure 5.12). The NR wall of the test
M2 has not been considered in this fitting as this wall had different properties than
the others. In fact, all the walls of that test (scaled distance of 1.21 m/kg1/3) are out
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of the trend followed by the walls of the first trial campaign, and they will be analysed
separately.

Figure 5.12. Surface damage (d200) at the external face of the walls as a function of the scaled distance.

Observing the different protective solutions with respect to the fitting, it can be seen
that as the scaled distance is reduced, the scatter increases. Examining the results for
T2 and T3 (see Figure 5.12 and Table 5.3), the protective solution placed on the outer
face seems to provide a better response. This is logical since the rebound test measures
local surface damage and having a protective layer placed on the most exposed
surface helps to reduce the local damage.
The solution based on glass fibre sheet (GFRP) provides good behaviour when
located on the outer face (T1 and T3), with a reduction of damage close to 20% in
T3. When the protection is located on the inner face, results are better for T4 with a
smaller scaled distance, reducing damage to 50% when compared with the collapse
of the non-reinforced wall (100%). However, in T2 the results are comparable to those
of the NR wall. This, however, is not relevant since it is due to an adherence problem
between the glass fibre sheet and the wall, as mentioned before (see Figure 4.6). It is
therefore a problem of the installation procedure which should be improved ensuring
adequate temperature conditions.
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For the carbon fibre mesh solution (CFRP) the results show similar improvement
with respect to the non-reinforced specimen both when the retrofit is placed on the
outer or the inner face of the panel. Although in T2 and T3 (with the same scaled
distance) there is an improvement of the wall response, in T4 the wall collapsed
probably due to loss of bond as explained before. Because of this circumstance, it was
not possible to demonstrate that the good trend shown by this solution will be
maintained for higher loads.
It was shown that fibre reinforced mortar (FRM) is not a good reinforcement solution
against a blast event. The good results apparently obtained with parameter d200 during
T1 and T3 are not reliable. In fact, in those tests, they were the most damaged walls
with important cracks fully crossing the wall depth. This fact was not reflected at the
surface because of the material layer thickness (15 mm). As the rebound methodology
only explores the superficial layer, the actual damage to the wall is not correctly
evaluated with this parameter. For this kind of material, it is recommended to
combine this parameter with other damage criteria.
For the test M2, it can be observed (Table 5.3) that there are two walls more damaged
than the other two at the outer face. Furthermore, the two walls protected with the
GFRP solution show a good behaviour although with different surface damage
(12.36 and 28.37 %) which is a large difference considering that both walls were in
the same conditions. After studying all the data extracted in that test, it was found
that there was an error with the charge position. In an image captured by a drone
(Figure 5.13) can be appreciated how the charge was slightly displaced to the left side
of the support. This displacement of the charge would correspond with a difference
of around a 9 % in the reflected pressured applied to the walls, being 4518 kPa for the
walls located at 5.10 m from the charge and 5075 kPa for the walls located at 4.90 m.
This difference in pressure would explain the lesser damage on the walls placed at
the right side of the image.
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Figure 5.13. Detail of the charge location in test M2.

Regarding the inner face of the walls in this test, values of surface damage index (d200)
were higher in the reinforced walls than in the non-reinforced one. This is because
the glass and carbon FRPs together with the mortar layer were separated from the
wall during the explosion. Figure 5.14 shows the debonding of one of the GFRP
walls of this test. Since the rebound methodology considers the superficial layer, these
values are consistent as the superficial layer is seriously damaged.

Figure 5.14. Detail of debonding of the GFRP wall in test M2.
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5.6.2.

Damaged area and crack length

These both parameters which are related with the surface damage, were measured at
the outer face of the walls after the first trial campaign. Table 5.4 summarised all the
values registered. The relative damaged area could not be compared in all cases
because when the reinforcement was placed on the outer face of the panel (T1 and
T3) there was no relative area of damage to measure. For this reason, this parameter
cannot be used as a damage indicator for the analysis.
Table 5.4. Values of the damaged area and crack lengths measured.

Test

Z (m/kg1/3)

Retrofit

dA (%)

LC (m)

T1

1.77

NR

--

11.62

T1

1.77

FRMO

--

4.32

T1

1.77

CFRPO

--

--

T1

1.77

GFRPO

--

0.78

T2

1.58

NR

6.96

13.10

T2

1.58

FRMi

3.65

8.32

T2

1.58

CFRPi

1.68

6.63

T2

1.58

GFRPi

5.71

9.83

T3

1.58

NR

0.92

5.92

T3

1.58

FRMO

--

7.37

T3

1.58

CFRPO

--

--

T3

1.58

GFRPO

--

3.86

T4

1.14

NR

--

--

T4

1.14

FRMi

12.63

15.61

T4

1.14

CFRPi

--

--

T4

1.14

GFRPi

14.06

20.76

As can be seen in Table 5.4, crack length shows no correlation with the scaled
distance. This is attributed to the composite nature of masonry construction and the
surface finish in mortar. This can lead to crack localization in some specimens,
which, although it can provide a smaller crack length, can also be indicative of more
severe damage (with higher displacements and crack depths) than that of a more
distributed cracking pattern. Also, this parameter cannot be evaluated in faces
covered by a carbon fibre or glass fibre mesh. As crack length did not provide
meaningful results (i.e., an increase in value with decreasing scaled distance) had to
be discarded as significant indicator of damage and will not be further considered.
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As neither of the two parameters will be used in the damage assessment, they were
not measured in the second phase of testing.

5.6.3.

Debris mass

Debris mass only appeared at the outer face of the walls, excepting when collapse
occurred, so this parameter is not relevant, since there would be no projection that
could affect the people behind the wall. Although in the second phase there was
fragment mass in the unreinforced wall of the test M2, this parameter is not
comparable in all cases to establish a classification.

5.6.4.

Displacements

Table 5.5 and Figure 5.15 show the results obtained in terms of the Displacement
Damage Index (Id). This index has been represented for all the tests. Support
displacements were significant in the first test, in which the base of wall moved due
to the blast, until it was retained by the ground frame profiles (see Figure 4.3). For
the rest of the tests, wooden elements were introduced between the bottom of the
wall and the supporting frame (see Figure 4.4) to avoid this type of behaviour which
would contribute to dissipate energy. For this reason, it is thought that the damage
measured in the first test may be underestimated and equivocal differences between
specimens may arise due to different initial spacing between wall and ground profiles.

Figure 5.15. Displacement Damage Index (Id) as a function of the scaled distance.
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As the Displacement Damage Index considers the displacement on the whole wall,
results of the first test are not reliable. In addition, the collapsed walls in test T4 do
not have an index and therefore a fitting curve for the non-reinforced walls cannot be
established.
Table 5.5. Values of Displacement Damage Index and Maximum Displacements.

Test

Z (m/kg1/3)

Retrofit

Id (mm)

Dmax (mm)

Dmax (%)

T1

1.77

NR

6.47

22.72

9.47

T1

1.77

FRMO

7.43

13.63

5.68

T1

1.77

CFRPO

7.37

24.20

10.08

T1

1.77

GFRPO

8.89

15.07

6.28

T2

1.58

NR

10.15

51.99

21.66

T2

1.58

FRMi

19.35

68.85

28.69

T2

1.58

CFRPi

9.23

44.36

18.48

T2

1.58

GFRPi

6.5

34.74

14.48

T3

1.58

NR

5.63

19.12

7.97

T3

1.58

FRMO

14.51

31.37

13.07

T3

1.58

CFRPO

11.94

22.48

9.37

T3

1.58

GFRPO

10.41

19.03

7.93

T4

1.14

NR

--

>240.00

100.00

T4

1.14

FRMi

49.76

166.63

69.43

T4

1.14

CFRPi

--

>240.00

100.00

T4

1.14

GFRPi

32.56

101.40

42.25

M2

1.21

NR

6.18

26.10

10.88

M2

1.21

GFRPi

8.57

36.91

15.38

M2

1.21

CFRPi

14.87

67.80

28.25

M2

1.21

GFRPi

10.83

43.62

18.18

The unreinforced specimen in T3 test shows an anomaly as it was barely damaged.
Disregarding this fact, which can only be attributed to a directional behaviour of the
pressure wave, the results show that the behaviour is better when the reinforcement
is placed at the inner face of the wall for CFRP and GFRP panels. It can be seen in
Figure 5.15 that in T2, CFRP and GFRP show less displacement than in T3, both
tests being subjected to the same charge. The fact that the FRM wall has a worse
performance in T2 when the reinforcement is placed on the inner face, than in T3, is
an indication that this type of reinforcement is not effective. In both tests the plastic
displacement is clearly larger than for the other two reinforcement solutions. This
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parameter is very useful, since it provides consistent results also when the d200 index
did not (FRM panels). Displacements confirm the trend shown for the FRM and its
poor performance in enhancing resistance against a blast event.
The fact that for CFRP, the failure mode in T2 is shear, while the failure mode in T3
is flexure, corroborates that the CFRP is effective, when placed on the tensile face,
since flexure would be expected to be a weaker failure mode than shear for the
structural set-up used in the tests and should appear at a lower load level. To try to
avoid shear failure, and thereby increase the resistance of the CFRP wall with inner
reinforcement, a mechanical anchorage of the FRP mesh was provided at the ends
of the wall for the second phase of the tests.
For displacements, the Unified Facilities Criteria (UFC 3-340-02), establishes the
maximum deflection limits as a function of resistance with a maximum value of
deflection not exceeding the wall thickness. Taking this data as a reference, a value
of 100 % is assigned to the collapsed walls, corresponding to a maximum
displacement greater than the wall thickness, i.e., 240 mm. The rest of the
displacements are relativized with respect to this value as can be seen in Table 5.5.
Due to the surface finish of the walls, the displacements considered are in some cases
located on a hole or a detached material zone. For this reason, maximum
displacements are related not only to plastic deflections and must be analysed with
care. The maximum displacement of the walls considered has been calculated as the
maximum relative distance between two points of the wall, avoiding detached areas.
In addition to these parameters, displacements along vertical profiles were measured
(see Figure 5.16). These profiles were taken at coordinates x=0; x=0.50; x=1.00;
x=1.25; x=1.50; x=2.00: x=2.50 (coordinates in metres). This information provides
a good idea of the failure mode and the deflection suffered by the walls. After
analysing the data, it was concluded that the trend followed in the different profiles
were very similar and hence, only three of the seven profiles obtained have been
represented here. These vertical axes are the centre and the ends of each wall (i.e.
coordinates x=0; x=1.25 and x=2.50 m) considering displacements at different
heights y=0; y=0.50; y=1.25; y=2.00; y=2.50 (coordinates also in metres) for
comparison purposes.

94

Chapter 5. Damage assessment

Figure 5.16. Coordinates (m) where the vertical profiles have been measured.

The results of the T1 test are not drawn because of the problem explained above
related to the movement of the wall base as they would be unrealistic. For the T2 and
T3 tests, profiles are shown in Figure 5.17 and Figure 5.18 respectively. It can be
checked that the three profiles follow the same tendency for each wall. It can be also
appreciated that there are positive and negative displacements produced by the
bending mechanism. For this reason, the Displacement Damage Index (Id) has been
calculated as a root mean square.
It can be clearly seen that FRM walls have the largest displacements in both tests,
even higher than those achieving for the non-reinforced walls. For CFRP walls, the
different failure mode can be observed in these tests. In test T2 (Figure 5.17) a slight
displacement near to the bottom part of the wall is observed, suggesting a shear failure
while in test T3 (Figure 5.18) it can be appreciated a bending failure. In case of GFRP
walls, the protective sheet shows to be effective when placing it on the inner face of
the wall (test T2) avoiding displacements. However, in test T3 bending appears at the
centre part of the wall. In fact, in this test, both the GFRP and CFRP walls show a
very similar displacement, which would mean that the type of reinforcement is not
relevant in this case.
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Figure 5.17. Displacements along vertical axes at the centre and edges of the walls in T2 test.

Figure 5.18. Displacements along vertical axes at the centre and edges of the walls in test T3.
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For the test T4, where two of the four walls collapsed, the profiles of the other two
walls are represented in Figure 5.19. It can be seen how in T4 test the deflections are
more pronounced, since the charge fired in this test was 84.4 kg of TNT equivalent,
achieving -13 cm in case of the FRM wall. In fact, this wall would have collapsed but
for the profile of the upper part of the wall that held it up after the explosion.
Regarding the GFRP panel, it appears in a good condition, showing bending failure
but the reinforcement held the wall perfectly avoiding debris and the collapse.

Figure 5.19. Displacements along vertical axes at the centre and edges of the walls in test T4.

Finally, for the second phase of tests, the profiles from test M2 are shown in Figure
5.20. As mentioned above, in this test the charge was slightly displaced with respect
to the centre (see Figure 5.13) but regarding displacements this fact is less relevant
than for surface damage. Comparing the two walls protected with GFRP both seem
to be in a similar condition, with a deflection in the central part of the walls of around
2 cm. The wall protected with CFRP resulted in a higher displacement, mainly in the
bottom part of the wall and increasing from the left to the right side of the panel. This
means that the reinforcement was effective and prevented the wall from bending.
Furthermore, as an improvement in the anchorage of the FRPs was introduced in
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this phase, shear failure was also avoided. Considering the non-reinforced wall, it
shows less displacement than the reinforced walls, which is an anomaly and might
be attributed to the stochastic character and the variability in resistance of the mortar.
On the other hand, the non-reinforced wall is more damaged than those protected by
the FRPs.

Figure 5.20. Displacements along vertical axes at the centre and edges of the walls in test M2.

5.6.5.

Failure patterns

The last parameter considered in the damage assessment is the failure pattern of the
walls and it is based on the number of the different types of cracks that appear at the
panel sides distinguishing between partial cracks (C), passing cracks (PC) and passing
cracks with displacement (PCD). A failure index (IF) is calculated following the
equation (5-3). The different weights given in the IF formula are related to the
influence of the crack on the collapse of the wall. Table 5.6 shows the calculated
values of the failure index (IF) and the number of cracks of each type.
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Table 5.6. Values of Failure index (IF).

*

NC*

NPC*

NPCD*

NR

--

4

--

17.14

1.77

FRMO

3

2

--

10.24

T1

1.77

CFRPO

5

--

--

2.78

T1

1.77

GFRPO

9

--

--

5.00

T2

1.58

NR

--

7

1

46.25

T2

1.58

FRMi

--

2

3

57.32

T2

1.58

CFRPi

2

2

2

42.18

T2

1.58

GFRPi

4

--

--

2.22

T3

1.58

NR

3

5

--

23.10

T3

1.58

FRMO

--

3

2

45.36

T3

1.58

CFRPO

5

3

--

15.63

T3

1.58

GFRPO

2

2

--

9.68

T4

1.14

NR

--

--

--

100.00

T4

1.14

FRMi

2

2

4

74.68

T4

1.14

CFRPi

--

--

--

100.00

T4

1.14

GFRPi

2

3

2

46.47

M2

1.21

NR

5

1

--

7.06

M2

1.21

GFRPi

4

1

--

6.51

M2

1.21

CFRPi

5

1

--

7.06

M2

1.21

GFRPi

2

1

1

21.65

Test

Z (m/kg1/3)

Retrofit

T1

1.77

T1

IF (%)

Number of cracks of each type

Figure 5.21 shows the failure index as a function of the scaled distance. In general,
protective solutions improve the wall response with respect to the non-reinforced
reference. There are different degrees of improvement and some exceptions such as
FRM, which in T2 and T3 obtains a worse index than the NR wall. Examining the
results for the walls retrofitted with FRM, it cannot be considered a good material for
strengthening. Although in T4 the panel avoided the collapse, this happened due to
the UPN top profile which still managed to hold on to the wall by friction of the
flange, but the final state of the wall resulted seriously damaged.
As a reference, a fitting curve has been drawn in Figure 5.21 using the values of the
non-reinforced walls except for the NR wall in the M2 test for having different
mechanical properties from the others. Here, a value of 100% is also assigned to the
collapsed walls.
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Figure 5.21. Failure index as a function of the scaled distance.

For the walls with CFRP retrofit, the response is similar in T2 and T3, improving
with respect to the non-reinforced wall in the same order of magnitude. According to
this index, CFRP performs worse when placed on the inner face (T2). However, as
mentioned before, this is because the failure mode in this case is shear with some
displacement, while the failure mechanism that is being mobilized in T3 is bending
which is a weaker mechanism. The shift from bending failure to shear failure
indicates that CFRP, when placed on the inner face, is effective to improve bending
resistance, but also that the anchorage of the reinforcement has to be improved to
prevent shear failure that is observed in T2. In fact, it can be seen how in the M2 test,
there is no shear failure due to the improved anchorage and therefore the failure index
is very low even when other parameters performed worse (as in the case of
displacement).
Good behaviour of GFRP is observed in all cases, with better performance when the
reinforcement is placed on the inner face. A value of around 46% was obtained for
this index in T4 while two panels collapsed. Regarding the results in the test M2,
there is a difference between the two walls protected with glass fibre. It could be due
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to the problem with the charge position (see Figure 5.13), as happened with the
surface damage index. The wall with a higher failure index corresponds to the wall
that was nearer from the charge.

5.7.

Damage levels

After the analysis of the different parameters, the most meaningful have been
considered for the final classification of the walls. For the six parameters initially
evaluated, it has been demonstrated that not all of them are adequate to evaluate
damage on the walls and have been discarded as damage indicators. These
parameters are the damaged area, crack length and debris mass. On the other hand,
surface damage index (d200) as well as failure pattern index (IF) and displacements
provide good information about the final state of the walls. In case of displacements,
maximum displacements (Dmax) have been considered for the final assessment instead
of the displacement index (Id) since it is complicated to establish different damage
levels based on this indicator. Furthermore, there is not a value of the displacement
index for the collapsed walls. However, the maximum displacements measured as
the maximum deflection reached by the walls can be ranked for the evaluation.
To establish a damage classification for the brick walls, it is necessary to define
damage levels. As maximum displacements and failure index have a greater
influence on the structural level of the walls than the surface damage, different
percentages will be assigned for these parameters. Based on the experience in
previous trials and literature review (Ahmad et al., 2014; Varma et al., 1997; Wei &
Stewart, 2010) and considering the parameters finally selected, damage can be
assessed as follows:
•

Moderate damage: corresponding to small cracks and small loss of material;
when {Dmax, IF} < 20% and surface damage d200 < 30%.

•

Intermediate damage: corresponding to cracking along the wall, with some
debris but small deflections, resulting in a reusable element; when 20% <
{Dmax, IF} < 50% and 30% < d200 < 60%.

•

Severe

damage:

corresponding

to

large

cracks

including

relative

displacements between crack lips, debris and significant deflections of the
panels; when 50% < {Dmax, IF} < 100% and 60% < d200 < 100%.
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•

Collapse: corresponding to full collapse of the wall; when {d200, IF, Dmax} =
100%.

Figure 5.22 shows the classification of the walls according to the three parameters
analysed for all tests with the surface damage (d200) and the failure index (IF) in the
horizontal axes and the maximum displacements in the vertical axis. There is one
bar for each evaluated wall. For a better visualization, a colour scale is associated
with the maximum displacement. The final result of the analysis and the damage
level assigned to the walls are included in Table 5.7.

Figure 5.22. Classification of walls according to the established levels of damage.

Considering the GFRP panels, it is clearly observed in Figure 5.22 and Table 5.7 that
there is a reduction of damage with respect to the unreinforced panels more
pronounced in the walls of the first campaign. The reduction is of one damage level
for T3 and two damage levels for T4. In T2, the result was an intermediate level of
damage when looking at d200 but, based on the IF and Dmax, the level of damage would
be moderate. Furthermore, this was the test where the glass fibre sheet peeled away,
so the result would underestimate performance with an improved installation
procedure. Since there is only one classification, the most unfavourable case will be
considered, resulting in an intermediate damage in this test. For the test M2, where
there were two walls protected with GFRP, the wall placed nearest from the charge
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resulted in an intermediate level of damage while the one placed farthest resulted in
a moderate damage. Summarizing, for the GFRP walls analysed, three of them suffer
moderate damage and the other three intermediate damage.
Considering the results of the CFRP panels, the analysis is not straightforward
because of the failure in T4. In the other three tests of the first campaign (T1, T2 and
T3) their response was better than that of the unreinforced wall although only in T3
does it decrease the damage level (with the given percentage definition) with respect
to the non-reinforced wall. In case of test M2, the result was worse than the NR wall
in terms of displacement and surface damage (see Table 5.7). The results are two
walls with moderate damage, two walls with intermediate damage and one wall
collapsed.
Finally, the FRM panels resulted in one wall with moderate damage, one wall with
intermediate damage and two walls with severe damage. In tests T2 and T3, the
panels protected with FRM are more damaged than the non-reinforced walls in the
same tests. As can be seen along this chapter, the results from the FRM panels have
not been satisfactory.
Considering the reinforcement position, there seems to be no clear difference between
placing the reinforcement on the outer or the inner face. Depending on the parameter
observed and the kind of reinforcement, the results change. For GFRP, it can be seen
that the retrofit works better at the inner face referring to IF and Dmax. On the contrary,
regarding d200, the results are worse. However, this is because d200 measures only local
damage and having a surface protection improves local behaviour on the most
exposed face.
Viewing the results for CFRP and attending to the IF values, it seems to be worse
when the mesh is located at the inner face. This, however, is due to the fact that the
failure mode changes from flexure when the reinforcement is placed on the outer face
(T3) to shear when the reinforcement is placed on the inner face (T2). This fact
demonstrates that CFRP is effective in avoiding the weaker type of failure (flexure).
Because of the change in the failure mode, the comparison based on IF is not relevant
here. For d200 there is no significant difference between both faces while for
displacements there is improvement. Although Dmax is higher in T2 test, this is again
due to the failure mode (shear) but regarding the displacement index Id, which is more
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related to the overall response of the wall, it can be appreciated a reduction in this
test (see Table 5.5). The improvement in terms of Id and the change in the type of
failure indicate that the results improve when the reinforcement is located on the
inner face of the wall.
Table 5.7. Damage parameters and assessment.

d200 (%)

IF (%)

Test

Z (m/kg1/3)

Retrofit

Dmax (%)

Damage level

T1

1.77

NR

1.34

17.14

9.47

Moderate

T1

1.77

FRMO

2.28

10.24

5.68

Moderate

T1

1.77

CFRPO

11.80

2.78

10.08

Moderate

T1

1.77

GFRPO

3.12

5.00

6.28

Moderate

T2

1.58

NR

35.99

46.25

21.66

Intermediate

T2

1.58

FRMi

40.71

57.32

28.69

Severe

T2

1.58

CFRPi

17.65

42.18

18.48

Intermediate

T2

1.58

GFRPi

39.78

2.22

14.48

Intermediate

T3

1.58

NR

28.93

23.10

7.97

Intermediate

T3

1.58

FRMO

14.48

45.36

13.07

Intermediate

T3

1.58

CFRPO

19.15

15.63

9.37

Moderate

T3

1.58

GFRPO

8.11

9.68

7.93

Moderate

T4

1.14

NR

100.00

100.00

100.00

T4

1.14

FRMi

86.32

74.68

69.43

T4

1.14

CFRPi

100.00

100.00

100.00

T4

1.14

GFRPi

50.73

46.47

42.25

Intermediate

M2

1.21

NR

13.10

7.06

10.88

Moderate

M2

1.21

GFRPi

12.36

6.51

15.38

Moderate

M2

1.21

CFRPi

21.70

7.06

28.25

Intermediate

M2

1.21

GFRPi

28.37

21.65

18.18

Intermediate

Collapse
Severe
Collapse

A final comparison can be made taking into account the strength of mortar. The
Spanish Standard for structural safety on masonry structures stablishes a minimum
compressive strength for mortar in 1 N/mm2 for conventional brickwork masonry
walls. Based on this assumption, it would be expected to find a lot of masonry
structures with a compressive strength around 2.5 N/mm2, which was the kind of
mortar used for the first test campaign. On the other hand, the maximum
compressive strength for mortar stated in the Standard must not exceed 75 % of the
compressive strength of the brick used in the brickwork. As the bricks used in these
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tests had a compressive strength of 10 N/mm2, the mortar used for the second test
campaign had a compressive strength of 7.5 N/mm2. Considering the damage
parameters measured and analysed it can be stated that there is a strong influence of
the compressive strength on all of them. While in the first campaign it could be seen
how the different reinforcement solutions affected the result (with different degrees
of improvement), in the second phase this is not obvious. All the results obtained in
this phase are comparable with those obtained in the tests T2 and T3 where the
explosive used was less than half. However, there is not a clear difference between
the non-reinforced and the reinforced walls looking at the different parameters. It
means that the improvement in this case is mainly due to the increase in the
compressive strength of the mortar. In fact, considering the error in the charge
position (see Figure 5.13), it can be seen from Table 5.7 that the two walls placed
nearest to the charge resulted in an intermediate level of damage, while the two walls
placed farthest to the charge resulted in moderate damage. However, it does not
mean that the reinforcement solutions are not effective when the compressive
strength is increased, but that the ultimate strength of the brickwork is higher, and it
is needed to further test the walls with a higher explosive charge to detect an
improvement. On the other hand, the strength of materials cannot be modified on
existing buildings so these retrofit solutions might be appropriate to improve safety
in constructions built with low-strength materials.

5.8.

Conclusions

Wall damage assessment has been carried out in this chapter. The damage
classification ranges from moderate damage to collapse. From all the parameters
initially measured, the final classification has been made based on the surface damage
index (d200), the failure damage index (IF) and the maximum displacements (Dmax).
The main objective was to determine if there is an improvement on the wall response
against a blast load when a reinforcement solution is applied. From the analysis
result, it can be concluded that:
•

The solution that shows better results regarding all the parameters is the
GFRP (Glass Fibre Sheet + Adhesive).
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•

The CFRP (Carbon Fibre Mesh + Epoxy resin) also presents improvements
with respect to the non-reinforced walls, although due to the collapse in T4
and test M1, the results should be supported with additional tests.

•

Panels with the FRM (Fibre Reinforced Mortar) retrofitting do not show good
results.

•

Although this is not a straightforward conclusion from the apparent values of
the different damage indexes considered above, it is clear that the
reinforcement is more effective when placed on the inner face.

•

An increase in the compressive strength of the mortar until the maximum limit
allowed for the Spanish Standard improves the wall response similarly for the
non-reinforced and the reinforced walls. It would be necessary to further test
the walls with higher loads to determine an improvement due to the
reinforcement solution.
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Chapter 6.
NUMERICAL MODELLING

Field tests carried out at full scale are of great value for evaluation and understanding
of blast loading and its effects on different structures. However, the complexity of the
problem (the short duration of the phenomena along with the destructive result of
testing) and the high cost of the experiments make this task extremely difficult. In
addition, sometimes the results are not those expected (e.g., test M1) and goals might
not be achieved. Therefore, to develop a numerical model suitable for reproducing
the result of a test is of great importance as it could be used as a prediction tool for
other blast scenarios. For a better understanding of the behaviour of the different
structural elements of the walls, and in particular, of the contribution to safety of
different reinforcements, the performance of appropriate numerical models is
addressed in this chapter, validating them with the experimental results measured in
the field trials.
Numerical modelling appears as a good alternative to reproduce blast scenarios and
extrapolate the results of field tests to other untested scenarios. However, in case of
masonry walls subjected to blast loading, the complexity of the problem implies the
need to adopt simplifying and conservative assumptions. Hence, field tests are
mandatory to validate the results and calibrate analytical models. Additionally, due
to the heterogeneity and anisotropy of masonry construction and the number of
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variables describing the constituent materials, uncertainties in numerical modelling
are increased.
There are different commercial finite element codes available for modelling structural
nonlinear dynamic responses. All of them can offer reasonable results when
compared with physical experiments. In this work, the LS-DYNA (Livermore
Software Technology Corporation (LSTC), 2018) finite element (FE) code has been
used as calculation tool. It is widely used for the modelling of strongly non-linear
problems. For a correct modelling, it is necessary to adequately define both the
geometric aspects of the problem, as well as the material models.

6.1.

Modelling approach

There are three main modelling strategies for masonry constructions: macromodelling, simplified micro-modelling and detailed micro-modelling. Many studies
rely on simplified models by homogenisation because it is very time consuming to
realistically model masonry structures with bricks and mortar separately. In the
continuous approach, named macro-modelling, the heterogeneous masonry material
of brick-and-mortar matrix is usually homogenised by a representative volume
element (RVE) (Wang et al. 2009; Wei and Hao 2009; Su et al. 2011). This RVE is
supposed to have properties equivalent to the masonry material obtained as weighted
properties from bricks and mortar (Figure 6.1). The main advantage of this
methodology is to reduce the computational demand. Since masonry is a composite
material made of units and mortar, the large number of influencing factors make the
simulation extremely difficult. However, this method cannot capture the failure
mode correctly due to influence of discontinuities present in the real element related
to the presence of bricks and mortar and the interaction between these two elements.
The properties of the constituent materials as well as the dimensions of the units or
joint width and arrangement can influence the results decisively. Furthermore,
quality of workmanship and building conditions should be considered. All these
factors work against the reliability of the homogenised model when trying to predict
the failure pattern from analysis.
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Figure 6.1. Macro-modelling approach by homogenization.

In the micro-model approach, units and mortar joints are modelled separately (Figure
6.2), each one with their own properties. Micro-modelling produces more accurate
results than macro-modelling, but it is a highly time-consuming method. As an
alternative, the simplified micro-model approach appears to save computational
time. In this approach, units are expanded by adding the mortar thickness (Figure
6.2b) and the joint interfaces are modelled based on a surface-based cohesive
approach (Abdulla et al., 2017; Burnett et al., 2007). The use of the simplified micromodel is justified when failure planes coincide with the location of mortar joints since
in this approach failure is restricted to happen only at the interfaces between units.
However, when the objective is to find a reliable model to extrapolate results, detailed
micro-modelling is the best option to get the most accurate results. In this approach
bricks and joint mortar are modelled separately with their real sizes (Li et al., 2017,
2019). Furthermore, interface elements can be used to describe the bond between the
different elements of masonry. Using the detailed micro-model approach, the
interaction between mortar and bricks and the different failure modes may be
realistically assessed. For this reason, micro-modelling approach has been selected
for this work.

Figure 6.2. Micro-modelling approach: a) detailed micro-model; b) simplified micro-model.
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6.2.

Element formulation

The numerical models developed in this work has been solved using an explicit
analysis. Explicit refers to the numerical method used to represent and solve the time
derivatives in the momentum and energy equations. Explicit analysis is well suited
to dynamic simulation such as impact or high explosives as explained in Section
1.6.1.
There are different element types available in LS-DYNA for modelling: solid
elements, 8-node thick shells, 3- and 4-node shells, beams, trusses, springs, among
others. In this work, 8-nodes solid elements have been used to model bricks and
mortar, and 4-nodes shell elements have been used to model the FRPs.
For the different elements of the model (solids and shells), it is needed to define the
element formulation for the simulation. For 8-nodes solid elements, the most
common element formulation used is one point integration plus viscous hourglass
control. This is a constant stress solid element formulation and has been used for the
solid elements of the model. The main characteristics of this formulation type are:
•

Under-integrated constant stress.

•

Efficient and accurate.

•

Even works for severe deformations.

•

Needs hourglass stabilization.

All shell elements include membrane, bending and shear deformation. The default
Belytschko-Tsay formulation is the most economical, in terms of speed and
robustness. Robustness is meant here as an ability to remain stable under adverse
conditions such as poor element shapes and large deformation/distortion. It is based
on Reissner-Mindlin kinematic assumption (five Degrees-of-Freedom - DOF in local
coordinate system yield globally six DOF). This type of formulation uses:
•

Bi-linear nodal interpolation.

•

One-point integration.

•

Co-rotational Lagrangian formulation.

•

Hourglass control to counterbalance zero energy modes.
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When using quadrilateral shell elements or 8-node hexahedron solid elements in
meshing, some kind of deformation is expected known as “hourglass”. Hourglass
modes are nonphysical modes of deformation that occur in under-integrated
elements and produce no stress. By under-integrated, it is meant:
•

Solid elements with a single integration point.

•

Shell or T-shell elements with a single in-plane integration point.

One point integration is much faster, so hourglass modes are usually tolerated, but
tried to be minimised. For elements that are susceptible to hourglass modes, internal
hourglass forces are applied to resist the hourglass mode deformation. There are
several algorithms (hourglass formulations) available for computing these forces. The
hourglass control type used in the models simulated is a Flanagan-Belytschko viscous
form with exact volume integration for both solid and shell elements. Viscous forms
of hourglass control are recommended for high velocity/high strain rate problems,
e.g., those involving high explosives.

6.3.

Blast Loading

For simulating structures subjected to blast loads, different methods for applying air
blast pressure are available in LS-DYNA, these include:
•

Application of the empirical blast loading function developed by Kingery and
Bulmash (1984) and computed with CONWEP (Hyde, 1988). This is a purely
Lagrangian approach, and the pressure is directly applied to Lagrangian
elements of structure.

•

Development of a complete model using MM-ALE (Multi-Material Arbitrary
Lagrangian Eulerian), where both the explosive and the air are modelled
explicitly, and the resulting pressure wave is applied to a Lagrangian mesh
corresponding to the structure.

•

A hybrid combination of the two previous ones in order to obtain more
reasonable computational times. This technique combines the use of LBE on
a layer of ambient ALE air elements, and then uses the pressures applied over
that air layer as input for a MM-ALE formulation.

•

The Smooth Particle Hydrodynamics (SPH). This methodology does not
require to model the surrounding air (saving significant computational time)
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and as in the MM-ALE, it allows to model the explosive with the actual shape
by introducing its EOS and material information (Castedo et al., 2021).
In

this

study,

the

first

option

has

been

used

referred

to

as

*LOAD_BLAST_ENHANCED (LBE) in LS-DYNA. This command allows the
pressures of both shock waves (incident and reflected) to be applied to masonry walls
and requires only a few input parameters such as charge coordinates, equivalent mass
of TNT and type of blast source. Considering the type of blast source and the height
of the charge used in the trials, there are two options suitable for simulation:
hemispherical surface burst (BLAST=1) – charge is located on or very near the
ground surface, or air burst with ground reflection (BLAST=4) – initial shock wave
impinges on the ground surface and is reinforced by the reflected wave to produce a
Mach front. However, the empirical equations underlying the spherical air burst with
ground reflection (BLAST = 4) are valid for the range of scaled height of burst 0.397
m/kg1/3 < Z < 2.78 m/kg1/3. As the scale height of burst of the tests is out of the
application range in all cases, the type of blast source used in the numerical modelling
has been the hemispherical surface burst (BLAST=1).

6.4.

Model description

As mentioned, the masonry walls have been simulating using the micro-modelling
approach where the bricks and mortar are modelled separately, and contacts are
defined between parts. In addition, the outer layer of mortar applied to the walls in
the first campaign has also been modelled in the corresponding walls.
For this purpose, not all the walls have been considered. It is clear that the
reinforcement is more effective when placed on the inner face so, the walls used for
numerical modelling are those of the T2, T4 and M2 tests (as in test M1 the four walls
collapsed). Furthermore, as the FRM reinforcement did not achieve good results,
these walls are not simulated either. Thus, the numerical models developed, and their
main characteristics are shown in Table 6.1.
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Table 6.1. Characteristics of the walls simulated.

Charge Scaled

Charge

Test TNT

Distance Height

#

(m/kg1/3) (m)

(kg)

Reinforcement

Reinforcement

External

Position

Used

mortar layer

Phase 1
T2

31.40

1.58

0.7

-

None

Yes

T2

31.40

1.58

0.7

Inner

CFRP

Yes

T2

31.40

1.58

0.7

Inner

GFRP

Yes

T4

84.40

1.14

0.7

-

None

Yes

T4

84.40

1.14

0.7

Inner

CFRP

Yes

T4

84.40

1.14

0.7

Inner

GFRP

Yes

Phase 2
M1 70.71

1.21

0.7

-

None

No

M2 70.71

1.21

0.7

-

None

No

M2 70.71

1.21

0.7

Inner

GFRP

No

M2 70.71

1.21

0.7

Inner

CFRP

No

M2 70.71

1.21

0.7

Inner

GFRP

No

6.4.1.

Geometrical model

Bricks used in the construction were perforated clay brick units with dimensions of
237x105x68 mm but for modelling these dimensions have been rounded to
240x110x70 mm. As the holes in the bricks were partially grouted with mortar, they
have not been considered in the mechanical resistance of the bricks to simplify the
numerical model, since the tests showed that failure occurred almost always along
the grouted joints between bricks. However, an average density for bricks is applied
to keep the mass in the specimens and the FE models the same. The mortar joint
width is taken as 10 mm as an average value although in practice, this thickness
varied slightly from joint to joint. Both bricks and mortar are modelled by solid
elements.
In order to save computational time, the vertical symmetry plane of the structure is
considered. The use of the horizontal symmetry plane was discarded because the
symmetry of the support conditions is not as clear. Hence, a geometrical mesh model
is built representing half of a wall with three-dimensional solid elements and
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dimensions of 2.47x1.25 m. Figure 6.3 shows the numerical model of the
unreinforced wall.

Figure 6.3. Geometrical model of the unreinforced wall with details of the dimensions of the different parts.

In case of the reinforced walls, the FRP, both carbon and glass, is represented by shell
elements (Figure 6.4) as the length and width dimensions are large compared to the
thickness of the FRPs which is around 1 mm.

Figure 6.4. FRP shell implemented in the model (section of wall and perspective view of FRP and top frame profile).
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For a correct simulation, part of the reaction frame is modelled considering the
dimensions of the steel profiles used in the field tests (see Figure 6.4). The concrete
foundation slab was initially modelled but as the aim of this work is not to study the
fragments distribution, the ground was eventually removed due to the large number
of elements that it added to the numerical model. For simulating test M2, the external
mortar layer is removed, as is the case in the field test.

6.4.2.

Mesh details

To select an adequate mesh size, it is needed to carry out a mesh sensitivity test, as
the accuracy of the numerical results is dependent on the mesh size. A mesh
convergence test has been conducted with three different mesh sizes for the bricks.
The mesh sizes were selected regarding the real size of the different elements of the
model. As the mortar joint width was 10 mm, the same size was used for meshing.
As the brick length was 240 mm, three different mesh sizes were tested: 10 mm,
coinciding with the mortar mesh and hence merging nodes and 20 and 40 mm to try
to save computational time. Figure 6.5 shows the detail of the three different mesh
sizes tested.

Figure 6.5. Details of mesh sizes tested; a) 10 mm mesh size; b) 20 mm mesh size; c) 40 mm mesh size.

To check the suitability of the meshes, the permanent displacement at the mid-span
of the walls for the unreinforced specimen in the T2 test is compared for the three
different meshes. Test T1 was not considered as residual displacement in this test was
skewed by the movement of the base of the walls (see Figure 4.3). To further test the
meshes, the result of the T4 test is also contrasted, as in this test the unreinforced wall
collapsed. Figure 6.6 shows the displacement results for the different mesh sizes
tested in the T2 trial.
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For test T4 the result is the same in all cases, ending with the collapse of the wall.
However, in case of test T2, the wall with the 10 mm mesh size also collapses (see
Figure 6.6), so this mesh size was discarded. This may happen when the mesh size is
smaller than the fracture progress zone (FPZ) since the model is affected by the
fracture energy dissipation leading to a failure response of the whole structure
(depending on the explosive charge and therefore the pressures applied to the
structure in the different tests) (Alañón et al., 2018; Khoe & Weerheijm, 2012). For
the other two meshes (20 and 40 mm), the results of permanent displacement are very
close and agree with the tests data, shown with dashed line in Figure 6.6. In addition,
the overall response of the walls is also similar in both tests. Therefore, a 40 mm mesh
size is selected (Figure 6.5c) to reduce the number of elements and hence the
computational time.

Figure 6.6. Result of displacements obtained in test T2 for the mesh sensitivity test.

For the surface mortar layer, the mesh size used is 10 mm as this is the layer thickness.
Mesh size for shell elements is 10 mm in both directions and nodes are merged to
adequately model bonding between FRP and masonry wall. The finite element
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model has a total of 234,228 solid elements for the masonry and 31,122 shell elements
for the FRP.

6.4.3.

Boundary conditions

Usually, boundary conditions are critical for the good behaviour of the numerical
modelling; however, in this study, are even more important as they contribute to an
increase of the flexural strength of the masonry walls. Due to the top support, a
membrane thrust force can be developed under lateral loading known as “arching
action” (McDowell et al., 1956). For this reason, boundary conditions have been
modelled as in the field test (Figure 6.7). To reproduce the upper boundary
conditions, the UPN steel profile has been modelled. In addition, the part of the
reaction frame that comes into contact with the wall during the blasting is also
modelled. These parts are the upper horizontal profile and the vertical profile. The
modelled reaction structure is assumed to be rigid.

Figure 6.7. Detail of top boundary conditions in the model (reaction frame is assumed to be rigid).

Since the walls were simply supported at the bottom, the same condition has been
reproduced in the numerical model by motion restrictions on boundary nodes. As
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mentioned above, the concrete foundation slab was initially modelled but it was
eventually removed to save computational time.

6.4.4.

Contacts

The main purpose of contacts is to allow unmerged Lagrangian elements to interact
with each other. This is a way of treating interaction between different parts. Contacts
should be defined for:
•

Parts that impact/push/slide/rub against each other.

•

Parts that should be tied together.

Most recommended contacts are based on the penalty method. These methods
consist of placing normal interface springs between all penetrating nodes and the
contact surface. When the nodes are coincident and merged, no contact definition is
needed as one part moves jointly with the other/s.
The bonding between the different parts of the masonry is simulated by an automatic
surface to surface contact. The automatic contact options are recommended for large
deformations as these contacts are non-oriented, meaning they can detect penetration
coming from either side. For the contacts between bricks and mortar, a static and
dynamic coefficient of friction of 0.5 is defined to simulate the sliding resistance of
the interface.
In case of the FRP, no contact is defined between the fibre sheet and the mortar layer,
as the nodes of the shell coincide with those of the mortar. Therefore, the nodes are
merged simulating a perfect bonding between the FRP and the wall.

6.4.5.

Material models

There is no specific material model in LS-DYNA for both brick and mortar, but there
are several material models that can be used for this purpose since are designed for
brittle materials like concrete. The most used in literature are *MAT_072R3
(MAT_CONCRETE_DAMAGE),

*MAT_193

(MAT_DRUCKER_PRAGER)

and *MAT_96 (MAT_BRITTLE_DAMAGE).
The *MAT_072R3 material is a three-invariant model, which uses three shear failure
surfaces, includes damage and strain rate effects, and has its origin based on the
Pseudo-Tensor Model (*MAT_016). The most significant improvement of this
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material model for the user is the capability of automatic parameter generation for
concrete based only on its compressive strength. However, this automatic parameter
generation does not describe the behaviour of other brittle materials such as brick and
mortar as the material has been calibrated to reproduce the behaviour of concrete.
For this reason, to use this material model, it is necessary to define and calibrate the
49 parameters included in the card by carrying out a series of laboratory tests, and it
is therefore discarded.
The Drucker–Prager failure criterion (*MAT_193) was established as a
generalization of the Mohr–Coulomb criterion for soils. It is a three-dimensional
pressure-dependent model to estimate the stress state at which the rock reaches its
ultimate strength. The criterion assumes that the octahedral shear stress at failure
depends linearly on the octahedral normal stress through material constants. The
model is assumed to be isotropic, so it is usually applied in the macro-modelling
approach where brick and mortar properties are homogenised (Wang et al. 2009; Wei
and Hao 2009; Su et al. 2011).
*MAT_96 is an anisotropic brittle damage model designed primarily for concrete
though it can be applied to a wide variety of brittle materials. It admits progressive
degradation of tensile and shear strengths across smeared cracks that are initiated
under tensile loadings. Compressive failure is governed by a simplistic J2 flow
correction that can be disabled if not desired. Damage is handled by treating the rank
four elastic stiffness tensor as an evolving internal variable for the material. A full
description of the tensile and shear damage parts of this material model is given in
(Govindjee et al., 1995). This material model is used for detailed micro-modelling in
literature (Li et al., 2017, 2019) and has been used in this work. Material properties
used for simulation are listed in Table 6.2. Brick properties were provided by the
manufacturer and mortar mechanical properties were taken from material tests
carried out at the Structure’s Laboratory of UPM. Fracture toughness and shear
retention factor were obtained from references (Govindjee et al., 1995; Livermore
Software Technology Corporation (LSTC), 2018). As mentioned in the test’s
description (Chapter 4), the mortar used in the second campaign had a higher
compressive strength, so the values used in the corresponding models are also listed
in the Table 6.2.
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Table 6.2. Material properties for brick and mortar used in numerical modelling.

Brick

Property

Mortar

Mortar
Second phase

Density (kg/m3)

1600

1800

1800

Young’s modulus (MPa)

4710

5085

5085

Poisson’s ratio

0.12

0.20

0.20

Tensile strength (MPa)

0.785

0.25

0.35

Shear strength (MPa)

0.785

0.16

0.35

Compressive strength (MPa)

12.00 (*)

3.50 (*)

7.80 (*)

Fracture toughness (N/m)

120

140

140

Shear retention factor

0.03

0.03

0.03

(*) Experimental values. Other values derived from compressive strength (Young’s modulus,
tensile strength) or extracted from references.

For carbon and glass fibre shells there are several material models in LS-DYNA that
may simulate the behaviour of FRPs. Some authors (Shuaib & Daoud, 2015; Yoon
&

Yoo,

2014;

Youssf

et

al.,

2015)

use

the

material

*MAT_002

(MAT_ORTHOTROPIC_ELASTIC). According to these authors, assuming the
behaviour of FRPs as a linear elastic material and orthotropic properties until it
reaches maximum tensile strength is a common simplification in the modelling of
this kind of materials, even when high pressures such as blast are applied. In addition,
the material model applies the theory of "laminated shell" in order to correct the
assumption of constant shear deformation throughout the thickness, thus avoiding
overly stiff results. Other material models achieving good results are *MAT_054
(MAT_ ENHANCED_COMPOSITE_DAMAGE) (Chandekar et al., 2010; Chen et
al.,

2014;

Elsanadedy

et

al.,

2015)

and

*MAT_058

(MAT_

LAMINATED_COMPOSITE_FABRIC) (Hao & Tang, 2010). The *MAT_054
model has been shown to be one of the best to represent the behaviour of
unidirectional FRPs, as well as being the most widely used to simulate carbon fibre.
This material model is an enhanced version of another composite material model
*MAT_022 (MAT_COMPOSITE_DAMAGE). Arbitrary orthotropic materials,
e.g., unidirectional layers in composite shell structures can be defined. Optionally,
various types of failure can be specified following the suggestions of Chang and
Chang (1987). These failure criteria include compression fibre failure, tensile fibre
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failure, compression matrix failure and tensile matrix failure. The element will erode
as soon as one of the four failure criteria is reached, assigning it zero stiffness
properties. In addition, special measures are taken for failure under compression.
*MAT_058 is also capable of modelling all four failure mechanisms. However, the
failure limits are established with a different criterion. Depending on the type of
failure surface, *MAT_058 may be used to model composite materials with
unidirectional layers, complete laminates, and woven fabrics. As the carbon and glass
FRPs used in the walls were woven fabrics, this material model has been finally
selected for simulation. Fibre properties were obtained through different material
tests carried out by the supplier at their laboratory. Table 6.3 shows the main
properties used in numerical modelling.
Table 6.3. Main properties of FRPs.

GFRP

CFRP

Density (kg/m3)

2000

1830

Young’s modulus (GPa)

38.00

26.00

Transverse shear modulus (GPa)

14.78

10.00

Poisson’s ratio

0.285

0.30

Tensile strength (MPa)

1800

484

Shear strength (MPa)

89

84.5

Compressive strength (MPa)

128

712

Failure elongation (%)

4

2

Property

For those material models that do not include in their formulation a failure-damage
mechanism which allow to remove elements such as the brittle damage material,
erosion can be added via the *MAT_ADD_EROSION feature. This characteristic is
an “ad-hoc” criterion that must be adjusted for each modelling performed and should
not be generalized. *MAT_ADD_EROSION allows to select as many of the
predefined criteria as desired and may require two or more criteria to be satisfied
simultaneously for the element deletion that is considered to have failed. From the
different criteria available, the following have been considered:
•

MXEPS: Maximum principal strain at failure.

•

EPSSH: Tensorial shear strain at failure.
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•

SIGP1: Maximum principal stress at failure.

From the three criteria selected, the number of failure conditions to satisfy before
failure occurs is one.

6.5.

Parallel programming modes

LS-DYNA offers two parallel programming methods: SMP (Symmetric MultiProcessing), which originated from the serial code and uses OpenMP directives to
split the tasks into parallel threads; and MPP (Massively Parallel Processing) which
uses a message passing protocol to exchange information between the cores on a
board or over a network. The SMP runs on a computer with multiple identical cores
with the cores and memory connected via a shared data bus (Figure 6.8). This solver
is scalable up to 8 CPUs. MPP uses many separate CPUs running in parallel each
with their own memory to execute a single analysis. MPP solver performs a domain
decomposition of the problem and then distributes the sub-domains to different cores
using MPI (Message Passing Interface) protocol for communications between the
subdomains during analysis (Figure 6.8). This solver is scalable over a wide range of
CPUs. The main advantage for MPP analysis is that this method reduces
dramatically the elapsed time and the simulation cost although this reduction will be
dependent on the number of cores used in the simulation.

Figure 6.8. Implementation of SMP and MPP parallelism.
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One of the main measures of performance is the elapsed time, which can be split as
follows:
•

For SMP: Telapsed = Tcomputation + TIO + Toverhead

•

For MPP: Telapsed = Tcomputation + Tcommunication + TIO

where Tcomputation is the real time that the cores are operating on the problem and TIO is
the time taken to perform the Input/Output operations to the hard disk. Toverhead is
related to the treatment of the SMP protocol and Tcommunication is the time which is
required for the MPP to exchange data between the different cores. For an MPP
application, if the number of cores increases, the performance and scalability may
not also increase as would be expected. This happens because if the number of cores
is increased, the Tcommunication also increases and, when the time used for
communications becomes dominant, the analysis fails to scale. For this reason, it is
desirable to find the balance between the elapsed time and the number of cores
involved in the simulation. As an example, for the FRPs models processed in this
work, Figure 6.9 shows the computational cost for one second of simulation using 8,
16 and 32 cores. It can be seen how from 8 to 16 cores, the computational time is
reduced by a third, while from 16 to 32 cores, the time is only halved.

Figure 6.9. Computational cost of a one-second simulation for a FRP wall.

MPP domain decomposition involves dividing the model into several domains (see
Figure 6.10), which are done by the primary processor, and assigning each domain
to a core. MPP decomposition is based on averaging the computational across the
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processors. The decomposition is performed automatically by a recursive coordinate
bisection (RCB) generating cube shaped domains aligned along the coordinate axes.

Figure 6.10. MPP domain decomposition of the numerical model for 8, 16 and 32 CPU.

If the default decomposition algorithm is not desired, it is possible to define a best fit
decomposition, considering contacts and type of elements included in the model.
Computations involving contacts in LS-DYNA usually take a 20-40% of total
computational cost. For complex model containing several contact interfaces, the
decomposition can result in an uneven distribution of these contacts among the
different processors and therefore, causing inefficiencies in the scalability. For the
different decompositions shown in Figure 6.10, the computational cost of the
processes carried out by the numerical simulation are mainly concentrated in the
solids processing and contact algorithms, as can be seen in Figure 6.11.

Figure 6.11. Load balance of the computation time spent for the different simulation processes.
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To check the suitability of the decomposition performed, a different decomposition
was made along the vertical axis, comparing the results in terms of computational
cost. For the non-reinforced wall tested, the difference between the two
decompositions was less than four hours, as can be seen in Figure 6.12. This is due
to the fact that in the simulated models, the contacts are distributed throughout the
wall and not concentrated in a specific area, so that the automatic decomposition
initially performed based on the number of elements achieves a fair distribution of
the computational cost. In addition, the displacement along the mid-height line of
the walls has been compared to check that the result is not dependent on the
decomposition performed, as can be observed in Figure 6.12c.

Figure 6.12. Computational cost for one-second simulation of the non-reinforced wall using 16 CPU: a) automatic
decomposition; b) decomposition along vertical axis; c) comparison of the displacement along the mid-height line of the walls.

The numerical models of this study have been modelled using an automatic MPP
decomposition, most of them with 16 CPUs, resulting in a simulation time of
between 90 hours for an unreinforced wall and 128 hours for an FRP wall.

6.6.

Results of the numerical modelling

Results of the numerical modelling have been compared with the field data in terms
of pressure, acceleration, and permanent displacements. Crack pattern comparison
has not been made in this work due to the brittle composition of the masonry walls
and the external mortar layer present in some specimens that can alter crack
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localization. Since the objective of the tests was to achieve an intermediate level of
damage and not collapse, the failure pattern has also not been studied. However, in
cases where the walls collapsed, the overall response and the failure pattern have been
used for qualitative comparison as no displacement could be measured. In addition,
a similar global response of the walls can be observed in all the cases analysed.

6.6.1.

Pressure results

The incident peak overpressure registered in the trials is compared with the data
extracted from the software ensuring that the pressure applied in the numerical model
is similar to that applied in the field tests. For the T2 and T4 tests three pressure
transducers (P1 to P3) were used while in the M2 test four (P1 to P4) were used.
Furthermore, as in T3 the explosive charge was the same as in T2 as well as in test
M1 and M2, these signals have also been considered in the analysis. The mean values
of all the signals registered in each test have been used for comparison and
calibration. Table 6.4 shows the range of the side-on peak pressure values considered
and the values extracted from the model. The peak values of the pressure were filtered
and adjusted by means of the Friedlander equation (see Section 4.7.1).
Table 6.4. Comparison of field pressures with model pressures.

Charge

Pressure field

TNT

test

Kg

kPa

kPa

kPa

T2

31.40

477 – 526

504 + 20

482

T4

84.40

1167

1167

1020

M2

70.71

630 - 1101

842 + 174

893

Test

Mean + SD

Pressure
LS-DYNA

As can be seen in Figure 6.13, the numerical model predicts well the incident pressure
applied on the walls. In T4 there is only one valid signal so the difference between
model and field test is higher than in the other tests (see Table 6.4) underestimating
in this case the measured pressure.
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Figure 6.13. Pressure-time histories of field tests and numerical model.

In the T2 and M2 tests, the scatter is lower as there are more signals for comparison
(four and five respectively). In both tests, the values considered in the numerical
model are within the 95% confidence level. In all cases results are considered in good
agreement with the field data, even for the T4 test since the difference between signal
and model is consistent with the results of the other tests.
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6.6.2.

Acceleration

In case of acceleration, comparison is more complicated since there are many factors
that can influence on the result such as accelerometer position and fixing, type of
material and mass balance. For better accuracy, the model acceleration record has
been extracted from a node located at the same position as the accelerometer in the
field tests, as shown in Figure 6.14.

Figure 6.14. a) Accelerometer position in the real wall; b) Register node used in the numerical model.

The acceleration measured on the walls was used for comparison with model data.
For this parameter, accelerations registered in T2 and T3 are used for calibration of
test T2 as the blast load in both tests was identical. The same applies to tests M1 and
M2 to calibrate the simulation of the test M2. In case of T4 no accelerometers were
located on the walls due to the risk of collapse so no comparison can be made in this
case. Therefore, the calibration of the numerical model is performed with the T2 and
M2 tests. Table 6.5 shows all the signals used in the comparison. Since the analysis
and treatment of accelerations is very complex as explained in Section 4.7.3, the
accelerations can serve as an order of magnitude for comparison between model and
experimental tests. Only the maximum peak positive acceleration has been
considered.
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Table 6.5. Acceleration of field tests and numerical model.

T2

T3

M1

M2

a + (g)

a + (g)

a + (g)

a + (g)

A1

-

1245

-

-

A2

1134

1297

1650

751

A3

743

1527

-

2128

A4

-

1735

1295

1915

Accelerometer

Mean ± SD

1280 ± 340

1548 + 543

LS-DYNA

1448

2200

As can be seen in Table 6.5 and Figure 6.15, the acceleration extracted from the
model in test T2 is similar to those registered in the trials, being within the range
compared to the mean value plus standard deviation. The results show that the data
are consistent as they are taken from two different tests.

Figure 6.15. Acceleration-time histories from tests T2 and T3 and numerical model.

In case of the M2 test (Figure 6.16), the acceleration of the numerical model is higher
than those registered in the trials, but close to the highest value recorded in test M2.
In these tests there are scattered results, with values in both tests (see Table 6.5) lower
than those of the other tests analysed (T2 and T3) in which the charge was less than
half. As mentioned above, the analysis of the accelerations is not straightforward in
many cases. Looking at Figure 6.16 it can be observed that signals are less clear, both
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in tests and in the model, but in general the acceleration recorded in the model is
considered acceptable as both the duration and the positive peak acceleration are
similar to those in the tests.

Figure 6.16. Acceleration-time histories from tests M1 and M2 and numerical model.

6.6.3.

Displacements

After checking that the pressures applied on the models are similar to those measured
in the field trials and the accelerations generated by the model are also similar to
those measured, displacements obtained in the experimental tests are used to
compare the global response of the walls and the level of damage. Permanent
displacements were measured in the tests by a laser scanner through a cloud of 8,000
points before and after the test. From the different parameters obtained, the
displacement damage index together with displacements along the mid-height line
have been used to calibrate the models instead of maximum displacements since the
latter were located inside holes or detached areas on the walls and did not correspond
to the effective displacements. Displacement Damage Index (Id) provides an idea of
the mean plastic displacement of the whole wall. Displacements along the mid-height
line were taken every 25 cm so the mean values of the line are used for comparison.
Regarding the numerical models (LS-DYNA), displacements are obtained
graphically once the model has stabilized and there are no oscillations on the wall,
after one second of simulation. For the collapsed walls, the comparison is made based
on the failure pattern and the global response of the walls.
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For the analysis and to check the accuracy of the models, results are presented firstly
for the unreinforced walls and secondly for the two different reinforcements
simulated.

Non-reinforced walls
The calibration of the unreinforced wall is the most important, since if the results are
acceptable, the model might be used reliably as a prediction tool for other scenarios.
Figure 6.17 shows the side view of the wall from test T2 and the model after the
simulation, although as explained above, the comparison of the final state of the
cracks is very difficult to approximate due to the external mortar coating that the
walls presented in the first campaign. However, the deflection suffered by the wall
can be clearly seen. A slight curvature of the wall more pronounced towards the lower
part can be observed in Figure 6.17 and how the UPN profile at the top opens forward
as it did in practice.

Figure 6.17. Side view of the unreinforced wall in T2 test: a) vertical profile obtained with the laser scanner; b) numerical
model; c) photo after the test.

The displacements measured by the laser scanner at the mid-height line of the walls
and the values of the index Id are shown in the Table 6.6. Since in test T4 the
unreinforced wall collapsed, no measure of displacements was possible so the
comparison will be made considering the global response of the wall.
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As can be observed in Figure 6.18, displacements predicted by the models are
stabilized after one second of simulation. The displacement-time history has been
obtained considering an average of the displacements of all the nodes along the midheight line as the comparison is made with the mean of all values measured with the
laser scanner.

Figure 6.18. Displacement-time histories of the simulated non-reinforced wall.

Looking at Table 6.6 and regarding the Displacement Index, the values offered by
the numerical modelling for the test T2 are very close to those taken in the field test.
Furthermore, considering the mean of the displacements along the mid-height line of
the walls, values are very similar too.
Table 6.6. Displacement values of the unreinforced wall in the different tests, measured with the laser scanner and simulated.

Z

Test

Global displacement

Mid-height line

Id

LS-DYNA

Laser scanner

LS-DYNA

(m/kg1/3)

(mm)

(mm)

(mm)

(mm)

T2

1.58

10.15

10.05

14.09

15.51

M2

1.21

6.18

12.20

7.54

20.80

Figure 6.19 shows the displacements of the unreinforced wall in the test T2
comparing the images obtained by the numerical modelling and the laser scanner.
Numerical modelling shows the maximum displacements at the central part of the
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wall while in the field test, the largest displacements occur in the lower third of the
wall. However, displacements obtained are similar in both figures, between 15 and
20 millimetres. The maximum displacements registered with the laser scanner
(colours dark blue and pink on the Figure 6.19b) are produced by detached areas of
the mortar layer and therefore do not correspond to a real displacement of the wall.

Figure 6.19. Permanent displacements obtained in the test T2: a) contours of z-displacement (m) obtained in numerical
modelling; b) displacement (m) measured with the laser scanner.

On the other hand, the numerical model of test M2 overestimates the displacements
as they double those measured with the scanner (see Table 6.6). This is an anomaly
since this wall registered less displacement than the reinforced ones (both CFRP and
GFRP) in the same test. However, the non-reinforced wall is externally more
damaged (more cracks appeared on the wall and fragments at the inner face) than
those protected by the FRPs. The discrepancy is attributed to the horizontal crack
developing below the centre line of the wall. This can happen due to the inherent
variability in resistance of the mortar. Because of this, the most damaged area can be
different from the area subjected to the greatest forces and this makes the prediction
of the actual damage quite difficult. This fact can also be observed in Figure 6.20,
where the model estimates a larger displacement around the central part of the wall,
reaching 20 mm and the laser scanner registers only two areas (lower right corner
and upper left corner) with a displacement larger than 10 mm. Nevertheless, the
difference registered for this test is about 10 mm which is acceptable for the model
since the difference is on the safe-sided. For displacements, the Unified Facilities
Criteria (UFC 3-340-02), set the maximum deflection limits for collapse as a function
of resistance with a maximum value of deflection not exceeding the wall thickness.
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For the walls analysed the thickness was 240 mm so there is no risk of collapse with
this difference.

Figure 6.20. Permanent displacements obtained in the test M2: a) contours of z-displacement (m) obtained in numerical
modelling; b) displacement (m) measured with the laser scanner.

Regarding the test T4, comparison between the numerical model and the field test
has based on the global response of the wall. The numerical model shows (see Figure
6.21a) that the wall is completely broken 0.3 second after the blast. In addition, in the
image captured by one of the fast-cam frames (Figure 6.21c) it can be seen that the
failure pattern of the specimen is similar to that predicted by the numerical model,
with several horizontal fractures and one vertical fracture along the wall.

Figure 6.21. a) Numerical model of T4 test; b) Picture taken after the field test; c) High-speed camera frame.
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The numerical models of the non-reinforced wall are considered reliable as they are
in good agreement with the results obtained in the field test. To further test the model,
the unreinforced wall from the M1 test has also been simulated. In this test, all the
walls collapsed due to a welding problem with the top support (Figure 4.13). This
support increases the flexural strength due to an “arching action”. To reproduce this
situation in the numerical model, the steel profile is detached from the reaction frame
after the explosion. In Figure 6.22 the result of the numerical model and the
comparison with the field test are shown. The failure pattern can be observed to be
very similar, with the lower half of the wall finally resting against the reaction frame
and the upper half falling to the ground as it did in the trial.

Figure 6.22. a) Numerical model of M1 test; b) Image of the unreinforced wall taken after the test.

This simulation supports the idea that the model is reliable since the response in all
cases is acceptable with different explosive charges and even with different
mechanical properties of the materials as in case of the mortar for M1 and M2 tests.

Carbon and Glass fibre reinforced walls
Once the calibration of the non-reinforced walls has been completed, it is necessary
to check whether the models are still valid for the carbon fibre and glass fibre
reinforced walls. For this purpose, the same comparison is made in terms of
displacements along the mid-height line of the walls and global displacement. Data
measured with the laser scanner and the numerical models are detailed in Table 6.7.
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Table 6.7. Displacement values of the GFRP and CFRP wall in the different tests, measured with the laser scanner and
simulated.

Reinforcement

GFRP

CFRP

Test

Z

Global displacement

Mid-height line

Id

LS-DYNA

Laser scanner

LS-DYNA

(m/kg1/3)

(mm)

(mm)

(mm)

(mm)

T2

1.58

6.50

10.90

9.73

15.80

T4

1.58

32.56

24.20

57.72

41.55

M2

1.21

8.57

9.90

9.63

16.52

T2

1.58

9.23

9.30

11.27

12.11

M2

1.21

14.87

11.10

20.54

14.70

Considering first the glass fibre reinforced walls, the results are in all cases satisfactory
since the global response of the three tests simulated have been represented correctly.
In case of T2 and M2 tests, it can be seen in Table 6.7 that displacements at the central
part of the wall are overestimated by the numerical model while in T4 they are
underestimated. Comparing the global displacement, the values for T2 and M2 tests
are very close to those measured with the laser scanner, while in the T4 test this
difference is again larger, but acceptable, given the highly complex behaviour of the
composite material and the action. Figure 6.23 shows the displacement results of the
numerical modelling.

Figure 6.23. Permanent displacements (m) of the GFRP walls; a) contours of z-displacement of test T2; b) contours of zdisplacement of the test T4; c) contours of z-displacement of the test M2.

In all cases, it can be appreciated that numerical models register higher displacements
at the edges of the wall. This could also be observed in the field tests with the laser
scanner in many of the walls, as can be seen as an example in Figure 6.24. This
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increase in displacements on the sides of the walls might be attributed to the
behaviour of the shock wave wrapping the walls and it would support the idea that
the simulation captures well the phenomenon reproduced. In case of the numerical
modelling, the largest displacement appears on both sides of the walls as the
simulation is performed only on half of the wall along the vertical symmetry plane
and then reflected to see the results.

Figure 6.24. Images taken by the laser scanner in test M2 for the CFRP and GFRP walls.

For the carbon fibre reinforced walls, displacements are compared for T2 and M2
tests (Table 6.7 and Figure 6.25) since in the T4 test this wall collapsed so no
displacements could be measured. For test T2, the predicted and experimental values
are very similar although the experimental values are again slightly higher at the wall
edges than in the central part of the wall. Displacements achieved in the model range
from 10 to 20 mm with a mean value of 12.11 mm (see Table 6.7) while the mean
value of the laser scanner was 11.27 mm. Furthermore, the global displacement is
practically the same.

Figure 6.25. Permanent displacements (m) of the CFRP walls; a) contours of z- displacement of test T2; b) contours of zdisplacement of the test M2.
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For test M2, there is a slight underestimation. The displacements recorded in the trial
for the mid-height line were around 20 mm while the numerical model estimates 14.7
mm. This difference is reduced when comparing the global displacement, which is
only three millimetres.
In test T4, the wall protected with carbon fibre collapsed due to bond failure as the
carbon fibre separated from the brick surface and the top support also failed. These
two conditions have been reproduced in the numerical model achieving qualitative
results similar to those of the test. To simulate the FRP debonding, the merged nodes
have been replaced by an automatic surface-to-surface contact. To reproduce the
welding failure of the top support, the steel profile has been detached from the
reaction frame after the explosion. Figure 6.26a shows how the wall is completely
broken at 0.15 seconds of simulation (for clarity, the fibre is not shown in these
images). Looking at Figure 6.26b it can be seen how the fibre breaks and peels away
from the wall which is a similar situation to that observed in the field test (Figure
6.26c).

Figure 6.26. Results of the CFRP wall in the T4 test: a) views of the numerical model; b) carbon fibre mesh breaking and debonding from the wall; c) picture of the wall taken after the field test.
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The results for the reinforced walls show that numerical models can be used reliably
to model reinforced masonry walls as well as non-reinforced ones. Even with the
underestimation of the displacements in case of the tests with higher charges, the
results are acceptable. For this reason, a final model has been developed in order to
check what would have happened in test T4 if the fibre had not peeled off and the top
support had not failed. The result is shown in Figure 6.27a where can be seen that
apparently the wall would have withstood the blast with a high level of damage.
However, the breaking of the carbon fibre and the fact that the wall is supported
against the reaction frame (as can be checked in Figure 6.27b-c where the stress level
of the vertical supports and displacement-time history are shown) suggest that the
wall would have collapsed in a real structure, even if the top support had not failed
and the fibre had not peeled off.

Figure 6.27. Numerical modelling of the T4 test without the failure of the top support: a) different views of the numerical
model of T4 test for the CFRP wall corrected; b) stress level of the vertical reaction frame; c) displacement-time history of the
wall.

To check this condition, the simulation of the test T4 is repeated removing the vertical
part of the reaction frame. After 0.13 seconds of simulation, the wall is completely
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broken (Figure 6.28) so it is likely that the wall would have collapsed in a real
structure. The presence of the vertical parts of the reaction frame do not undermine
the validity of the tests since in no test the walls are supported by the frame, but they
were designed to resist the explosions of the different tests. In addition, these vertical
profiles were placed at 300 mm from the walls. This distance is higher than the wall
thickness (240 mm) so if any wall reached that displacement it would collapse.

Figure 6.28. Result of simulation of CFRP wall in T4 without the vertical part of the reaction frame.

Throughout this chapter it has been shown that the models built in this work can be
considered reliable, as the comparisons carried out in terms of pressure, acceleration,
displacements, and overall response of the walls are satisfactory in most cases. With
this in mind, the displacement-time histories of the numerical models performed have
been analysed in order to extract conclusions about the behaviour of the walls and
the improvement introduced by the carbon and glass fibre reinforcements. Figure
6.29 shows the displacement-time histories of the different walls simulated.

Figure 6.29. Displacement-time histories of the different walls simulated.
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It can be clearly seen in the Figure 6.29 that the reinforcements are working on
avoiding the bending mechanism on the walls. Furthermore, as the charge increases,
the reinforcement is more effective. For the T2 test (blue colour) the initial maximum
displacement is reduced by a third while for M2 test (red colour) is halved. However,
as can be observed for the unreinforced wall, the permanent displacement obtained
once the model has stabilized is similar to those of the reinforced walls. This
behaviour is comparable to the observed in the field test, since a large horizontal
crack along the wall appeared in this case (see Figure 4.17), produced by the great
deflection, but the permanent displacements measured with the laser scanner were
like those of the reinforced walls.

6.7.

Conclusions

A numerical model for brick masonry walls has been developed using a detailed
micro-modelling approach with LS-DYNA. The results of the numerical models
have been compared with the results of the field tests carried out and described in
Chapter 3 and Chapter 4. A total of 24 brick masonry walls panels have been tested
in six different blast tests. The comparison between numerical model and field test is
made in terms of pressure, acceleration, and permanent displacements. In addition,
for the collapsed walls, the failure pattern and overall response of the walls are
compared. After examining the results, the following conclusions may be drawn:
•

Pressure-time histories recorded in the tests show a good correlation with the
values offered by LS-DYNA for the three different charges checked.

•

Although the analysis of acceleration has not been as straightforward, the
comparison provides a reasonable match.

•

For the non-reinforced walls, the numerical model has proven reliable as the
approximation between experimental and numerical results is adequate for
different explosive charges. The failure patterns also show good agreement
with the field tests.

•

For the FRPs walls, both carbon and glass, the results also agree well when
compared with the field tests, although an underestimation of the permanent
displacements can be observed in the tests with the higher charges (T4 for the
glass fibre and M2 for the carbon fibre).
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The numerical models developed in this research can be considered as reliable.
Ideally, before they can be used as the basis for the development of parametric studies
aimed at providing design guidelines for different geometries and blast scenarios, the
model uncertainty factor should be ascertained by comparison to a larger data base
of available experimental data. Such a study, however, is not currently feasible due
to the scarcity of available and usable experimental data. For this reason, at this point
it is considered that comparison to a well-known and documented tests series can be
more meaningful and provide adequate results for practical purposes.
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Chapter 7.
GENERAL CONCLUSIONS

The main objective of this thesis was to analyse different reinforcement solutions for
brick masonry walls and to define their suitability for the protection of different kinds
of critical infrastructures subjected to an explosive event. The issue is far from solved,
but this investigation contributes valuable experimental data.
Through the different parts of this work, the tests and results have been presented.
The analysis has been carried out by means of a damage assessment and the
corresponding numerical models have been developed.
Regarding the protective solutions tested, the main conclusions extracted can be
summarised as follows:
•

The solution that shows better results regarding all the parameters is the
GFRP (Glass Fibre Sheet + Adhesive).

•

The CFRP (Carbon Fibre Mesh + Epoxy resin) also presents improvements
with respect to the non-reinforced walls, although due to the collapse in T4
and M1 tests, the results should be supported with additional tests.

•

Panels with the FRM (Fibre Reinforced Mortar) retrofitting do not show good
results.
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•

Although this is not a straightforward conclusion from the apparent values of
the different damage indexes analysed, it is clear that the reinforcement is
more effective when placed on the inner face.

•

An increase in the compressive strength of the mortar until the maximum limit
allowed for the Spanish Standard improves the wall response similarly for the
non-reinforced and the reinforced walls. Hence, it would be necessary to
further test the walls with higher loads to determine an improvement due to
the reinforcement solution.

Furthermore, after the numerical modelling developed, different conclusions may be
stated:
•

Pressure-time histories recorded in the tests show a good correlation with the
values offered by LS-DYNA for the three different charges checked.

•

Although the analysis of acceleration has not been as straightforward, the
comparison provides a reasonable match.

•

For the non-reinforced walls, the numerical model has proven reliable as the
approximation between experimental and numerical results is adequate for
different explosive charges. The failure patterns also show good agreement
with the field tests.

•

For the FRPs walls, both carbon and glass, the results also agree well when
compared with the field tests, while an underestimation of the permanent
displacements can be observed in the tests with the higher charges (T4 for the
glass fibre and M2 for the carbon fibre).

Finally, in addition to the conclusions drawn throughout the different chapters of this
thesis, some more general conclusions can be extracted:
•

Experimental tests, carried out at full scale, represent a challenge due to the
difficult of implementation and the limited number of facilities available for
explosives testing, but they are totally necessary to reproduce the failure
pattern correctly. In so doing, the results may be compared with real
structures.

•

A good experimental design can contribute to more meaningful results.
Working with an intermediate level of damage allows comparing different
solutions and ranking the improvement.
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•

Numerical modelling is a good methodology that can be used to explore
situations for which no testing has been performed but needs to be calibrated
to demonstrate its reliability.

•

The combination of experimental testing and numerical modelling is essential
for the validation of the results.

7.1.

Future works

This thesis focuses on the analysis of different protective solutions to improve the
behaviour of brick masonry walls against explosive charges. In relation to the results
and conclusions obtained during the course of this study, the next steps of this
research will be focused on:
•

The development of a physical model based on a SDOF (single degree of
freedom) system to compare the stress states obtained with those of the
numerical models and the specimens tested. These tools can contribute to
improve the mathematical model as well as to increase the knowledge in the
out-of-plane behaviour of the masonry.

•

Further testing of the walls to determine the improvement of the CFRP, as
well as testing at higher loads to determine the strength limits of the
reinforcements.

•

Determining the uncertainty factor of the numerical model by comparison to
a larger data base of available experimental data.
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