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Abstract

With the rapid urbanization, population and economic growth, the numbers of terrorist
attacks, accidental explosions and traffic collisions on transportation infrastructure around
the world are rising. Civil infrastructure is prone to suffer damage or failure from impulsive
loading, leading to a significant loss in economy and life. Therefore, a safer and more reliable
mitigation strategy to protect essential civil engineering structures and facilities is becoming
more and more emphatic. Metaconcrete consisting of engineered aggregates (EAs) utilizing
the concept of local resonance mechanism may provide a new paradigm to mitigate shock
propagation and reduce structural vibration due to its favorable wave attenuation capacity.
Although the acoustic performance of metaconcrete structure has been studied in recent years,
very limited study has covered the stress wave attenuation performance of metaconcrete
structures subjected to impulsive loading. Moreover, very little experimental work has been
undertaken to validate the performance of cement-based metaconcrete structure in the
mitigation of stress waves induced by impulsive loading. Furthermore, all the studies up to
now have focused on investigating the wave mitigation effects of metaconcrete structure, no
study has been reported to quantify the static and dynamic mechanical properties of
metaconcrete material mixed with different types and volume percentages of EAs, which are

essential for the design of metaconcrete structures.

This thesis consists of six main parts. Firstly, the influences of various EA parameters on the
frequency bandgaps of metaconcrete unit cell structure are studied so that appropriate EAs
having the target frequency bandgap range can be designed to achieve the desired attenuation
performance of metaconcrete structures to resist impulsive loading. The key factors such as
aggregate shape, size, volume fraction, and material properties on the frequency bandgap
associated with the negative effective mass density (NEMD) are investigated by using Solid
mechanics module in the finite element software COMSOL Multiphysics. Then, the
influences of different EAs on the stress wave attenuation of an example metaconcrete rod

structure are numerically investigated by using hydrocode LS-DYNA. A flowchart to design



EAs with multiple resonant frequencies is proposed. After that, the effectiveness of
embedding EAs into metaconcrete structure on mitigation of wave propagation induced by
longitudinal impulsive loading is investigated and compared by conducting non-destructive
tests and numerical simulations. Experimental and numerical studies are also carried out to
investigate the damping properties and stress wave attenuation capacity of metaconcrete
structures subjected to transverse impulsive loading. Finally, for practical applications, the
static and dynamic mechanical properties of metaconcrete material with different types and

volume percentages of EAs are also experimentally tested and quantified.

The thesis consists of 9 chapters. Chapter 1 provides general background, a brief introduction
and an outline of this thesis. Chapter 2 conducts an intensive literature review and discussions
on the relevant literature and the current research status. Chapter 3 studies the influences and
sensitivity of various geometric and material parameters of EA on the frequency bandgaps
associated with the NEMD. A three-dimensional (3D) numerical model is established in
COMSOL Multiphysics to conduct intensive numerical simulations. The influences of various
parameters of EA, namely, size, geometry and material properties of the core and soft coating
on the frequency bandgap of EA are determined. The results can be used to design EAs for
mixing into metaconcrete to achieve the desired stress wave mitigation induced by impulsive

loading.

The influences of EA configurations on the stress wave attenuation of metaconcrete rod
structure are numerically investigated via hydrocode LS-DYNA considering strain rate effect
and material damage in Chapter 4. It is found that the attenuation is more prominent when
the metaconcrete with an effective bandgap region coinciding with the primary dominant
wave frequency (PDWF) induced by the impulsive loading. A flowchart in designing the EAs

is proposed for better attenuation performance of metaconcrete structure.

Chapter 5 reports the experimental tests conducted to investigate the performance of cement-
based metaconcrete with conventional EAs (i.e., rubber-coated steel balls (RCSBs)) against

impulsive loading by considering the effects of inclusion type, volume fraction and effective



bandgap region. Numerical models are also developed to simulate the tests by using LS-
DYNA to supplement the experimental tests. With the validated numerical model, a
parametric study is carried out to investigate the dynamic performance of metaconcrete
structure subjected to various loading cases. The factors of loading profiles such as amplitude

and duration on the attenuation performance of metaconcrete structure are discussed.

In Chapter 6, a series of non-destructive impact tests are carried out to study the damping
properties and response of metaconcrete structures under transverse impulsive loading.
Dynamic responses of metaconcrete beams are compared with those of plain mortar and
specimens with non-resonant aggregates in terms of equivalent damping ratio and attenuation
performance. The results demonstrate that the metaconcrete structure with resonant
aggregates (i.e., EAs) has a larger equivalent damping ratio and superior attenuation capacity
as compared with other specimens. The effects of volume fraction, boundary conditions and
impact force on the attenuation performance of metaconcrete structures are also revealed and
discussed. Furthermore, the bandgap characteristics obtained from the experiment are
compared with the prediction using COMSOL Multiphysics to verify the existence of bandgap

in metaconcrete beam under transverse impulsive loading.

In Chapter 7, to address the issue of strength reduction caused by the soft coating outside the
traditional EAs (i.e., RCSBs) whilst maintaining its favorable wave attenuation properties, a
new EA by adding a relatively stiff shell named the rubber-coated steel ball with an enhanced
coating (i.e., ERCSBs) is developed. The static strength and wave attenuation capacity under
various impulsive loads are experimentally investigated. It is found that adding a stiffer shell
to the conventional EAs can improve the mechanical properties of metaconcrete material
while maintaining its good performance in mitigating stress wave propagation under both

non-destructive and destructive loads.

In Chapter 8, dynamic compressive properties of metaconcrete material including failure
modes, energy absorption capacities and dynamic increase factors (DIFs) are experimentally

studied and discussed. Empirical formulae are proposed to estimate the DIFs for dynamic



compressive strength and energy absorption capacity of metaconcrete material.

Chapter 9 concludes this thesis and also gives recommendations for further research needed
for practical applications of metaconcrete material in construction for structural protections

against impulsive, as well as vibrational loads.

In summary, this thesis provides insight into metaconcrete material and its performance under
impulsive loading, the outputs derived from this thesis could provide suggestions and
guidance for the design of metaconcrete material and structure against multi-hazardous

dynamic loads.
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Chapter 1 Introduction

1.1 Background

With the increasing risk and prevalence of extreme events (e.g. accidental or intentional
explosions) worldwide, engineering structures during their service life may experience
extreme impulsive loading with relatively low probability but disastrous consequences. For
instance, blast loading induced by the rapid expansion of explosives could produce a
tremendous amount of energy impacting the engineering structures and generate global and
local responses associated with different types of failure modes. Concrete is one of the most
widely used construction materials for civilian and military facilities, and civilian structures
made of concrete (e.g., residential buildings, bridges and industrial facilities) are prone to
experience damage under extreme loads induced by accidental or natural hazards such as
earthquakes, accidental explosions and vehicle collisions, leading to significant economic
losses, as exemplified in Figure 1-1. For instance, the recent devastating Beirut explosion in
Lebanon caused tremendous losses. Shockwave propagated approximately 9 kilometers
away from the centre of the explosion to damage the terminal buildings at Beirut—Rafic Hariri
International Airport [1]. The susceptibility of structures to the threads of multi-hazardous
loading has become a widespread issue [2, 3]. Structures designed to resist one type of
loading may not be strong to resist another type of loading. For example, most concrete
structures designed to be seismic loading resistant may not be able to resist blast and impact
loads due to different structural response modes and damage mechanisms under intrinsically

different loading conditions regarding amplitudes and frequency contents.

Recently, there has been rapid growth in the field of locally resonant metamaterials (LRMs),
which are featured by the favorable wave attenuation properties at the tunable frequency
range called “bandgap” [4]. The LRMs have been widely applied to acoustic and vibration
isolation systems over the past decade. Unlike periodic composites causing wave dispersion

in the mediums or granular crystals through nonlinear Hertzian contacts [5], the LRMs could



generate a prescribed frequency band by adopting the theory of local resonance, the stress
wave within the frequency range could be either isolated or suppressed [6-12]. The out-phase
motion induced by locally resonant microstructure (resonator) triggers “negative effective
properties” overwhelming the entire system against impinging motions [13-17], leading to
diverse wave manipulation functionalities [18]. The successful use of this novel concept in
mitigating impulsive loading has drawn the attention of the structural community to develop
more effective shock mitigation materials, which may bring a promising method of

constructing a safer and robust structure [4, 19].

| ——
's.!!!!..‘!!l e Ernayy, b

Eam—
JM'

|

Figure 1-1. Disastrous events of extreme loads on civil structures: (a) The Khobar Towers bombing [20], (b)
The Vehicle collision with a highway bridge [21], (c) The Baltic Exchange bombing [22], (d) The Hualien

earthquake [23], (e) The Christchurch earthquake [24].

To date, the idea of LRMs provides a novel scheme for achieving tailorable and
unconventional wave manipulation properties, which may provide various engineering
applications for shock wave mitigation in terms of broadened wave attenuation range and
enhanced damage mitigation performance. Inspired by the LRMs, the concept of “negative

effective property” has been incorporated into the development of novel concrete material to



resist extreme actions [25-31]. This type of concrete-like metamaterial, termed
“metaconcrete”, uses the resonant engineered aggregates (EAs) made of heavy core coated
with the compliant coating to partially replace the coarse aggregates in conventional concrete.
The compliant coating layer is served as an elastic spring allowing the presence of oscillatory
motion of the heavy core. By adding EAs in metaconcrete, it could trigger the negative
effective mass density (NEMD) of the system interacting with the applied dynamic loading
thus attenuating stress wave propagation, when the EAs are tuned. By adjusting the geometry
or material property of the engineered aggregate, the metaconcrete could exhibit enhanced
wave attenuation performance in the desired range of frequencies. The superior wave
attenuation property of metaconcrete structure occurs if the designed resonant frequency of
EAs ( f,) is within the frequency spectrum of the applied loading, and therefore the
metaconcrete structure can be purposely designed for target loading scenarios to fulfil the

specific requirement.

Particular attention is paid to applying metaconcrete material to protect civil engineering
structures from multi-hazardous loads such as earthquakes, dynamic impacts and explosions
very recently. However, the study on metaconcrete material or structure is still at an early
stage, which has only demonstrated the attenuation phenomenon mentioned above. No
systematic research has been conducted to evaluate the influence of critical factors on
bandgap characteristics and stress wave attenuation performance. Meanwhile, very limited
experimental studies have been carried out to verify the attenuation performance of
cementitious metaconcrete material or structure subjected to impulsive loading, and there is
no experimental study on the static and dynamic mechanical properties of metaconcrete
material reported in the open literature. This thesis, therefore, attempts to fill the essential
knowledge gap to facilitate the better design of metaconcrete material/structure against
extreme loading. In this chapter, the research objective of this thesis is presented to address

the identified essential knowledge gap, followed by the outline of this thesis.



1.2 Research objective

The objective of this thesis is to develop novel metaconcrete material against impulsive
loading. In addition, metaconcrete with engineered aggregates is designed to have favorable
wave attenuation capacity and tunable dynamic property. The objective is fulfilled by

implementing the following research tasks:

(1) Identifying the critical design parameters (i.e., geometric & material parameters) of

engineered aggregates with respect to their effects on the bandgap characteristics.

(2) Determining the contribution of bandgap characteristics on the stress wave

attenuation performance of metaconcrete structure.

(3) Proposing conceptual design flowchart for effectively designing engineered

aggregates and metaconcrete structure.

(4) Fabricating engineered aggregates and metaconcrete material, and experimentally
validating bandgap and stress wave attenuation performance of metaconcrete
structure with fabricated engineered aggregates subjected to longitudinal and

transverse impulsive loads.

(5) Improving the mechanical properties of metaconcrete material through retrofitting
conventional engineered aggregate design and experimentally investigating its effect

on mitigating stress wave propagation,
(6) Studying the static and dynamic compressive properties of metaconcrete material

with conventional and retrofitted engineered aggregates.

1.3 Research outline

This thesis comprises nine chapters. A brief research outline is illustrated in Figure 1-2 and

the contents of these chapters are described below:

Chapter 1 presents the background, research objective, and research outline.



Chapter 2 presents a comprehensive literature review.

Chapter 3 investigates the influence of the design parameters such as aggregate shape, size,
volume fraction, material properties and sensitivity of those parameters on the region of the

negative effective mass density (NEMD).

In Chapter 4, influences of geometric and material parameters of engineered aggregates on
the bandgap region and contribution of bandgap on the stress wave attenuation and material
damage considering strain rate effects are evaluated. A flowchart to design engineered

aggregates with broadband attenuation of propagating stress waves is provided.

Chapter 5 presents an experimental and numerical assessment of the design parameters of
engineered aggregates on the stress wave attenuation performance. The effectiveness of
metaconcrete rod structure with its bandgaps covering or not covering the primary dominant
wave frequency (PDWF) on wave propagation mitigation is experimentally verified. The

mitigation effect induced by different impulsive loading profiles is numerically studied.

Chapter 6 investigates the damping property and dynamic response of cementitious
metaconcrete rod structure with engineered aggregates subjected to transverse impulsive
loading. The influence of inclusion types, aggregate size, volume fraction, distribution,
loading intensities and boundary conditions are studied. The bandgap characteristics of
metaconcrete rod structure under transverse loading are experimentally and numerically

assessed.

Chapter 7 presents an experimental investigation of static mechanical properties of
metaconcrete materials with conventional and newly proposed engineered aggregates. Then,
the dynamic responses of the metaconcrete specimens with different engineered aggregates
subjected to non-destructive and destructive impulsive loading are investigated. The failure
process and the failure modes of metaconcrete specimens made of conventional and newly

proposed engineered aggregates under different loading profiles are compared.

Chapter 8 presents an experimental investigation of the dynamic compressive properties of



metaconcrete materials with conventional and newly proposed engineered aggregates by
using the Split Hopkinson Pressure Bar (SHPB) system. Failure process, failure modes,
dynamic compressive strength as well as energy absorption capacities under different strain
rates are analyzed. Dynamic increase factors (DIF) for compressive strength and energy

absorption capacity are derived and their empirical formulae are proposed accordingly.

Chapter 9 presents the main findings from this thesis and recommendations for future studies.
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Chapter 2 Literature review

2.1 Introduction

As stated in Chapter 1, concrete structures during their service life might experience severe
damage under extreme events such as blast and impact loads. Therefore, it is important to
gain more insights into the damage mechanism of these structures subjected to hazardous
loads and develop more effective protective measures. In this chapter, the concept and current
state-of-the-art research of locally resonant metamaterial (LRMs) and metaconcrete
material/structure regarding stress wave manipulation are reviewed. Besides, existing
analytical and numerical modelling, as well as experimental investigations on the wave
attenuation effect of metaconcrete material with various configurations, are presented. The
essential research gap in the field of metaconcrete material design and its wave attenuation

performance is summarized in this chapter.

2.2 Extreme loading on engineering structures

Impulsive loading could trigger the intensive stress wave propagating through the structural
components or the building envelope within a short duration, leading to structural failure or
progressive collapse [32-34]. This, therefore, highlights the importance of developing stress
wave-resistance materials and effective protective structural systems for the protection of
important structures against impulsive loading. Moreover, it is essential to develop concrete
material with sound damping properties to attain better attenuation capacity for the safety,
serviceability and protection of structures against dynamic loads. However, the majority of
protection strategies for existing structures in practice are to enhance the strength and
stiffness of the essential structural components. The mitigation measures based on the
strengthening of the structural elements do not directly change the amplitude of the stress
wave generated in the material when the shock wave acts on the structure. The stress changes
due to the wave propagation usually occur in a few microseconds (us). Brittle materials such

as concrete-like materials are prone to experience severe damage in the form of cracking and



spalling due to stress wave propagation and stress wave interference (i.e., superposition),
even before the occurrence of noticeable deformation of the structure [35], as exemplified in
Figure 2-1. Therefore, for effective structural protection, besides the traditional strengthening
method, it is important to reduce the peak stresses in concrete structures induced by the shock
wave.
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Figure 2-1. Various damage modes due to stress wave propagation: (a) RC beam under blast and impact loads
[35], (b) RC slab under contact explosion [36].

In addition, it is well known that structural response under dynamic loads includes two phases:
the forced vibration phase and the free vibration phase. When a structure is subjected to
dynamic loads with a loading duration much shorter than the structural natural vibration
period, there is no sufficient time for the overall structural response to develop in the forced
vibration phase. Thus, the maximum global response usually occurs in the free vibration
phase. Excessive vibration could cause damage to structural and non-structural components.
Therefore, vibration control is often required in designs for structural protection against
natural and manmade dynamic loads. Many vibration control technologies and control
devices have been developed and applied in practice. As compared to the devices for energy
absorption or active vibration control, using the material with enhanced damping properties
to construct the structure could achieve a similar or even higher attenuation level [33], and
avoid high cost and complexity for construction or maintenance [37]. Additionally, the

enhanced damping properties enable the structure to absorb vibration energy substantially



[38]. Recently developed novel metamaterial could be in conjunction with the existing
strengthening approaches to develop more effective and efficient protective materials for
enhanced damage resistance via attenuating stress wave propagation. Thus, understanding
the physical mechanism and potential application of mechanical metamaterial is essential to

develop more effective protective measures.

2.3 Mechanical metamaterials and metastructures

Metamaterials are broadly defined as artificial material/structure that exhibits an exotic
behavior through the specially designed microstructure configuration [12]. Metamaterials
can be categorized into many different groups, and mechanical metamaterial is one of them
which has attracted considerable attention as they emerged. The mechanical metamaterial has
been used in a wide range of applications to control wave propagation in the fields of
acoustics, elastodynamics, seismology and earthquake engineering [39, 40]. Especially,
locally resonant metamaterials (LRMs) have seen rapid development by integrating with
periodic microstructure and/or locally resonant inclusions to produce superior wave

attenuation capacities.

2.3.1 Overview

In recent years, locally resonant metamaterials (LRMs) with the capacity of manipulating
wave propagation bring a radically-new way of developing multifunction materials.
Tremendous efforts have been put into developing numerical and analytical models of such
metamaterials. The physical underpinnings of LRMs showed that the oscillation of resonant
inclusions induces out-phase motion in the way of disturbing wave propagation resulting in
an apparent spectral gap [41]. In addition, combined with compacted periodic structure,
Bragg scattering contributes to mitigating the peak amplitudes [41]. Moreover, Milton and
Willis [42] have demonstrated the theory of “negative effective mass density” through
mathematical derivation on the two-dimensional “mass-in-mass” model [42]. They revealed

the exotic phenomenon in which “negative dynamic effective mass or mass density” presents



when excitation frequency matches the prescribed natural frequency of the inner oscillator.
Moreover, the previous study on negative effective properties such as negative effective mass
shows that dynamic effective mass could be negative, and therefore, backward acceleration
of particle trajectory could be generated depending on the applied perturbation force [43]. To
explain the energy transfer mechanisms of LRMs, Huang et al. [44] made a theoretical
explanation by adopting a monotonic lattice model that energy from the external force is
stored temporarily within inner mass when impinging excitation frequency approaches the
resonant frequency of the inclusion. However, the energy is instantly taken out by external
force doing negative work in a cyclic manner [16, 45, 46]. Consequently, the energy
sequestration and rejection achieved by using local resonators are found to be the mechanism
causing energy dissipation [45]. To experimentally expatiate the underpinning mechanism of
negative effective mass, Yao et al. [47] conducted the test on a mass-spring system. The
experimental results demonstrated that the inner mass at resonance could generate out-of-
phase motion interacting with the overall system, leading to the negative effective dynamic
mass on the spring-mass structure at the prescribed frequency range. Thus, dynamic
responses of the system were mitigated and the wave amplitude transmitted throughout the
system was significantly reduced in the prescribed frequency range [17, 48]. Khan et al. [45]
further conducted non-destructive pendulum tests on simplified mass-spring structure, which
experimentally validated the local resonance effects in mitigating low-frequency impact

waves.

In addition, Yin et al. [49] created the 1D acoustic crystals showing that the topological
transition phase could affect both bending and longitudinal wave propagation. Baravelli et al.
[50] created a novel chiral lattice structure with the insertion of resonant inclusions so that
vibration of the structure could be significantly reduced due to tunable high-stiffness and
damping properties. Similarly, Manimal et al. [51] and Achaou et al. [52] have numerically
demonstrated that the LRMs could bring simultaneous high effective-damping properties and
effective stiffness. Bandgap-polarization studied by Ma et al. [53] developed the fluid-like

metamaterial termed “meta-rod” which could achieve bandgaps for propagation of
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longitudinal, transverse, and torsional waves instantaneously. Fang et al. [54] studied locally
resonant nonlinear metamaterial (LRNM) to suppress ultra-low frequency acoustic waves,
demonstrating that strong nonlinearity of subwavelength unit cells brings bi-attenuation
effects regarding narrowed passbands and expanded stopbands. Moreover, stress wave
control by combining the concept of topology and condensed matter physics has gained

increasing attention [55].

Furthermore, many strategies have been developed to achieve wave propagation control in
LRMs through coupling effects; in return, customizable and tunable frequency-depended
properties were appended. For instance, Huang and Sun [15] theoretically studied a novel
microstructural model that inhibited the frequency-depended effective Young’s modulus
showing that the value could be negative in the prescribed frequency range. Besides, other
frequency-dependent or “negative effective parameters” have been increasingly gaining
attention [49, 56-61]. For example, it has been found that the LRMs composite could generate
negative bulk modulus resulting in high resistance to external motion [17]. Moreover, the
recent development of Kirigami-based LRMs composed of arrayed folded metal plate with
topped masses could effectively control the propagation of the flexural wave at
subwavelength scales in three dimensions [14]. Besides, Chen et al. [62] proposed a
metamaterial model equipped with broadband attenuation and enhanced damping properties
by using viscous material and locally resonant inclusions. Li et al. [46] developed a
continuum lattice structure, which could considerably attenuate the stress wave propagation
induced by the blast and impact loads. On the other hand, exploiting concepts of locally
resonant structures could suppress the wave propagation at the prescribed frequency range or
enable the conversion of one type of wave to another [40]. Furthermore, the design and
manufacture of effective LRMs suitable for a particular use is noted as a challenge that has

received growing research interest.

2.3.2 Wave attenuation mechanisms

The mechanisms of forming such polarized dispersive relations (i.e., bandgap) in LRMs are
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attributed to Bragg scattering or local resonance. The primary feature of LRMs is that it
contains an artificially designed periodic structure. It is found that the designed periodic
structure spaced at a subwavelength scale could induce the rapid and cyclic surface
impedance in each different constitutive unit [63]. The scattering and dispersion features
associated with this structure could occur along the impedance exchanging with surroundings
and causing the concurrence of passband and bandgaps continuously [63]. As a result, the
periodicity of structure could filter electromagnetic and/or mechanical waves (e.g., acoustic
and elastic stress waves) within the frequency band owing to wave scattering from the surface
of the microstructure in conjunction with destructive interference. With frequency contents
outside the prescribed band, it is in the natural decay manner. In addition, locally resonant
metamaterial relied on the activation of local oscillation of inclusions has brought increased
attention to researchers in the last few decades due to its dynamically equivalent negative
effective property as shown in Figure 2-2(a) and (b). The benefit of locally resonant structures
towards generating desirable wave attenuation properties is that the spatial periodicity of the
resonant inclusions sometimes is not compulsory [12]. The example of a frequency-
dependent negative effective property is schematically demonstrated in Figure 2-2(c). As
shown, the unique tunable behavior occurs only if the designed resonant frequency of
embedded locally resonant inclusion is within the frequency range of the applied loading.
The out-of-phase motion induced by resonant inclusion could trigger the “negative effective
mass or mass density” (NEMD) of the system interacting with the applied dynamic loading
and attenuate stress wave propagation according to the anti-momentum principle [62, 64].
Based on the curve of dimensionless ratio between dynamic effective mass (M.g) and static
mass (M) against the dimensionless frequency ratio as shown in Figure 2-2(c), there is a
frequency range in which the ratio (i.e., M, /M) becomes negative. Within this frequency
range, the stress wave induced by the dynamic loading could be substantially attenuated or
suppressed so that this frequency range is termed as bandgap for the mechanical stress wave

propagation.
Regarding forced waves, the damping also contributes to the attenuation of waves in both
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passbands and stopbands. However, the wave attenuation mechanism becomes more
complicated in the nonlinear region. The transmission characteristics within this regime are
influenced by the degree of nonlinearity and the presence of defects [12, 63, 65]. The
synthetic factors regarding nonlinearity, coupling eftects and structural damping could play
a critical role in wave attenuation. For nonlinear material, passband properties are also
tailorable to control wave propagation whereby achieving chaotic passband [54]. This
spectral effect in the finite nonlinear periodic structure could interfere with wave propagation
and influence the dispersive relation, which might be useful to retrofit mechanical

metamaterial with enhanced properties [12, 63, 65].

(b) Tunable mechanical metamaterial with
negative effective properties

(¢) Static mass vs negative effective mass
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Figure 2-2. Mechanical metamaterials: (a) Classification [13], (b) Mechanical metamaterials with tunable

2 TM =m+m

properties [66], (¢) Mechanisms of negative effective mass [25].
2.3.3 Application of mechanical metamaterials for structural protections

In recent years, the development of LRMs is driving the progress of enhancement and
application to many engineering fields. Apart from manipulating classical waves (i.e. optic
and acoustic waves), the concept of LRMs with adjustable frequency-dependent properties
has been proposed to control shock waves or transient loading [67]. For example, Tan et al.
[64] numerically evaluated the wave attenuation performance of using LRMs incorporating
different resonant inclusions to mitigate blast-induced dynamic loading. Since then, several

publications have been concentrated on retrofitting LRMs design to enhance attenuation or
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mitigation performance [14, 27, 28, 45, 46, 62, 64, 68]. Chen et al. [69] explored the methods
of suppressing flexural wave-induced motion on the sandwich composite beam by
configuring a spring-mass resonator into the structural foam core. More broadly, the LRMs
have been used for a wide range of applications such as seismic isolators/barriers [70], sound
insulators [71], mechanical energy absorbers [72], etc. Furthermore, LRMs in various forms
such as composite beam [69], composite plate [73], meta-lattices [62, 74-80], woodpile
structure [81] and concrete-like metamaterials [25-27, 82, 83] have been developed. In
addition, several numerical studies showed that concrete containing periodic local resonators
coated by a viscoelastic compliant layer could have the higher energy dissipation capacity
[84-86]. To conclude, the current multi-disciplinary research on locally resonant
metamaterials have created the unforeseen potential to develop innovative material that could

be used to construct a robust and resilient structure in resisting hazardous loading scenarios.

2.4 Metaconcrete

2.4.1 Concept

In 2014, the idea of developing a cementitious composite termed “metaconcrete” against
blasting loads was proposed and numerically evaluated by Mitchell et al. [25]. Differing from
conventional concrete composed of natural aggregates such as stones or gravels,
metaconcrete is padded with artificial aggregates composed of a heavy metal core and more
compliant outer material [25], which is designed to activate the local resonance. In the
conventional form of engineered aggregates (EAs), it could have tunable dynamic properties
through activating oscillatory motion of artificial aggregates about resonance, leading to
stress attenuation and damage mitigation. The typical aggregate configuration and ways of
disposing of those aggregates including periodic and non-periodic deposition are shown in
Figure 2-3. Also, Mitchell et al. [25-28, 31] numerically examined the properties of the
proposed cementitious metamaterial to attenuate intensive stress waves and mitigate the
structure from damage. They found that metaconcrete structure with purposely designed EAs

could exhibit superior wave attenuation and energy dissipation capacity, which could be
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potentially used in the construction of structures against blast and impact loading.
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Figure 2-3. Configuration and distribution of engineered aggregates: (a) Configuration, (b) Periodic

deposition, (¢) Non-periodic deposition.
2.4.2 Analytical study

The physical underpinning of stress wave attenuation of metaconcrete material composed of
EAs is achieved due to the negative effective mass or mass density within the bandgap region
[25, 26]. Mitchell et al. [25] derived an equation to predict the resonant frequency (f, or f )
of the spherical-shaped engineered aggregate. The resonant frequency depends on Young’s
modulus of coating (E_), coating thickness (t), core radius (R.) and core density (p.),
indicating that the geometric and material parameters influence the locally resonant

frequency of the engineered aggregates [25]. The equation can be expressed as:

1 | 3E.
foor f  =— (2-1)
27\ 2R tp,

The above equation implies that the geometric parameters and the material selection
influence the locally resonant frequency of the engineered aggregates. For instance, using a
coating layer with a higher value of Young’s modulus (£,) in combination with a small value

of the combined parameter (R.t) can achieve higher resonant frequencies.

To quantify the frequency region of the negative effective mass density induced by the
resonance features of engineered aggregates, the dimensionless dynamic effective mass

(mefr/mg) or dynamic effective mass density (p_/p,) can be expressed as follows [25]. It is

noted that lower/upper bounds of the NEMD are valid when all the constituents of the
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metaconcrete structure remain to be elastic, and the local inclusions are sufficiently tuned.

My _ PV _y, O 1 1,8 1
m, oV 1+0| 1—(/ m,)? 140 1-(f / f,)?

st

(2-2)

m
92_2 , o=2xf , and (00:271'1:0
ml

where 0 is the mass contrast ratio between the aggregate and the matrix, mg and V are the
total mass and total volume of the unit cell, respectively. As seen from Eq. (2-2), the

normalized dynamic effective mass density (p_./p ) becomes negative when f approaches

to f, and then gradually changes to positive (i.e., f >f,V1+0). The associated frequency

range where p_../p  becomes negative is termed as the bandgap or the region of negative

effective mass density (NEMD).
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Figure 2-4. Analytical approach to estimate the resonant frequency of engineered aggregates: (a) Equivalent
1D mass-in-mass model, (b) Effect of aggregate parameters on resonant frequencies [25], (¢) Translational

and rotational mode shapes [25], (d) Comparison of analytical results and numerical predictions [25].

The inner mass (m,) moves along the out-of-phase direction against the outer mass (m;),
leading to the negative motion of the internal mass within the region of the NEMD. It implies
that the wave energy is transferred and stored in the negative motion of the resonant mass,

the mechanical wave within this frequency region can be significantly attenuated. The
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frequency region of the NEMD is bounded by the resonant frequency (f,) and the transition

frequency where the NEMD is zero. Therefore, the region of the NEMD can be expressed as
[/, /o V110] by letting Eq. (2-2) equal to zero, and either changing the value of 8 or f, will

influence the region of the NEMD. Furthermore, the negative effective properties such as
negative effective mass density is triggered by the locally resonant behavior of heavy core
only if the resonant frequency or range of bandgap frequencies are within the spectrum of
applied loading. Therefore, the resonant frequency of aggregates should specifically fit in the

frequency content of the applied loading to enable its frequency-dependent wave mitigation.

On the other hand, it was found that there was an apparent mismatch between analytical
results and numerical predictions regarding the estimation of the resonant frequency of
engineered aggregates. Specifically, the estimated resonant frequency by using the analytical
model was close to 1% modal frequency corresponding to rotational mode as shown in Figure
2-4, while the translational mode is required to activate the local vibration of the core.
Namely, the resonant frequency predicted by using an analytical approach may be
underestimated. Besides, the wave attenuation properties and negative effective mass density
(NEMD) region are dependent on the locally resonant frequency of the engineered aggregates.
Thus, it is recommended to conduct a parametric study on the effect of configuration

parameters of engineered aggregates on the bandgap characteristics.

2.4.3 Numerical modelling

Apart from the mechanism and analytical study of metaconcrete, numerical verification of
the attenuation behavior of metaconcrete structure has been conducted by Mitchell et al. [25].
The numerical results reported in [25, 26, 87] have demonstrated that the maximum
longitudinal stress wave amplitude is significantly reduced owing to the existence of periodic
resonant inclusions. Specifically, a large proportion of mechanical energy could be absorbed
by resonant aggregates thus causing a significant reduction of energy transmission across the
slab, which could effectively prevent the matrix from being damaged. Meanwhile, the peak

stress amplitude induced by the applied blast load was significantly reduced, so that it could
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greatly improve the performance of the material to resist the blast load.

Jin et al. [88] further studied the attenuation performance of metaconcrete rod with fixed-end
boundary conditions under blast loading. It shows that the wave mitigation mechanism
induced by local vibration of the heavy core could attenuate the stress wave propagation.
Also, it has been demonstrated that severe localized damage occurred outside soft coating, as

shown in Figure 2-5.
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PBC: periodic boundary condition ?

Metaconcrete with EAs

Figure 2-5. Numerical study on metaconcrete structures: (a) Metaconcrete slab under blast load [25], (b)
Metaconcrete rod under blast load [88], (¢c) Mesoscale modelling of Metaconcrete rod under impact load [89],

(d) Mesoscale modelling of Metaconcrete rod with enhanced coating [90].

This type of localized damage could be beneficial for absorbing considerable wave energy.
However, the geometry and material of the structure should be properly designed and damage
needs to be controlled. Subsequently, they further numerically studied the dynamic responses
of metaconcrete rod consisting of both natural and conventional engineered aggregates
subjected to impulsive loading [89]. They suggested that engineered aggregates with bandgap
coinciding with the primary dominant wave frequencies induced by the impulsive loading
could be effective in mitigating wave propagation. Besides, it also found that although local
vibration of the core could mitigate stress wave propagation, the existence of soft coating

reduces the concrete compressive and spalling strength, which might limit the application of
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metaconcrete material/structure. To address this issue, the idea of using an enhanced layer
outside the conventional engineered aggregates while attempting to maintain the local
resonance effect was numerically proposed and verified [90]. Three types of enhanced
coating were assessed, and numerical results suggested that enhanced engineered aggregates
mixed in metaconcrete rod structure exhibited better attenuation performance and higher
impact resistance than metaconcrete rod structure with conventional engineered aggregates.
However, the performance of metaconcrete rod structure with enhanced engineered
aggregates varied with different coating properties. Therefore, the material for the enhanced
coating should be properly selected and designed. Besides, the experimental verification

regarding the effect of using the enhanced engineered aggregates is necessary.

2.4.4 Experimental investigation

Various types of specimens, resonators and testing methods summarized in Table 2-1 have
been employed in previous experimental investigations to study the stress wave propagation
in different LRMs, which were subjected to the impact or vibration excitation at the incident
end of the specimen. In order to measure the wave propagation, accelerometers [29, 45, 53,
69, 74, 76] or strain gauges [31, 52, 91] were placed at different locations of the specimen
(i.e., incident or transmitted end). The local resonators including soft-coated spherical
resonators [4, 28, 29, 31, 53, 92], spring-mass resonators [45, 52, 69, 93] and lattice-like
resonators [74] embedded into different matrix materials were investigated. The input stress
wave was generated by sonic signal [4, 28], shakers/exciters [29, 53, 69, 74], or impactors [9,
31, 45, 52, 92], representing different loading cases such as sonic wave, vibrational
excitations, non-destructive and destructive impulsive loads. The experimental techniques
from previous research work on examining stress waves attenuation performance in different

LRMs can guide or being used for the experimental design in the present work.

Moreover, regarding the experimental study on metaconcrete material, ultrasonic and
vibration tests on wave transmission properties of metaconcrete material were carried out and

reported in previous studies [28-30, 83, 94]. The previous experimental studies [28-31, 83]
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revealed that adding resonant inclusions into the matrix could improve the mitigation
capacity in stress wave propagation by converting the wave energy to kinetic energy through
the local vibration of heavy core inside engineered aggregates and thus energy imparted by
dynamic loading can be absorbed by the resonant aggregates. When the loading frequency is
close to the tunable frequency of resonant inclusions, the resonant inclusions could inhibit
the wave propagation throughout the matrix. As a consequence, the sharp transmission dip
occurred at the prescribed frequency range, indicating that the underlying physics of the
frequency gap was caused by local resonance. Besides, according to previous studies [28-31,
83], another critical feature of metaconcrete material is that the bandgap defined by the
tunable frequency range can be customized by changing the configuration of resonant

aggregates.

Furthermore, destructive tests on meta-composite made from epoxy rod containing resonant
aggregates, which imitates the idea of metaconcrete structure, subjected to high-speed impact
were conducted to examine stress wave attenuation properties. A longitudinal strain-based
damage criterion was developed to evaluate the performance of the proposed metastructure
configuration and examine the validity of underlying physics on stress wave attenuation by
local resonance. Impact velocity was arranged in the range of 18 m/s to 100 m/s with plate
thickness of impactor from 0.8mm to 25.4mm [31]. The test results showed the reduction of
strain magnitude in the estimated bandgap range, in which peak strain was reduced by 72%
as compared with homogeneous structure (no inclusions). Although Kettenbeil and
Ravichandran [31] explored the dynamic behavior of the rod with resonant aggregates and
epoxy resin as matrix subjected to the plate impact, the dynamic response of cementitious
metaconcrete material/structure remains to be discovered as the epoxy resin has different
mechanical properties from the cementitious material. Meanwhile, very limited studies have
been conducted to investigate the dynamic response and damping properties of cementitious
metaconcrete structure subjected to transverse impulsive loading. Therefore, it is deemed
necessary to perform an experimental study to investigate the performance of structure made

by metaconcrete material subjected to impulsive loading and verify its effectiveness in
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mitigating stress wave propagation.

Table 2-1. Summary of the experimental setup, resonator and specimen type in previous studies.

Resonator and

No- Ref. Specimen type

Test type

Source/Loading

facilities

Schematic illustration

Epoxy-glued 8x8x8
Silicone rubber-
coated metallic
spheres (SRMS)

1 [4]

Acoustic emission  Sound source

Sound
< source

coated metallic
resonator

Cement-mortar with
randomly dispersed

Digital-signal

Experimental set-up ~ Schematic diagram of 4 tests

Cement-mortar
with 40/60 mouse balls

4 . Ultrasound controlled e
2 [28] Polymeric material transmission ultrasound —
coated steel mouse sional producer i (3 ﬁ
balls (PMSMB) gnatp i o
10 spring-attached — \ /P“’m‘\ —
3 [45] CMS 25 Smalley  Pendulum impact Spherical R \../
springs connected  (non-destructive) impactor *
steel plate sd \ | Do specmen
Experimental set-up
Experimental set-up
DNA-inspired ’m:'u;@@m&.mm
4 [76] double-helical Pendulum impact Spherical P Ml
metamaterials (non-destructive) impactor »‘
(DDHM) ’wﬁ aa
oput Ouiput ?
Polycarbonate bar Sche:matic diagram of experimental set-up
5 [52] w1t12:is§_esl;zﬂzs of Pendulum impact Polycarbonate
resonators and flat (non-destructive) impactor
spring resonator units
Epoxy matrix with
periodically
6 [92] distributed Drop Impact Metal rod
Multilayer rubber-  (non-destructive) impactor
coated dual resonator
(RCDR)
. Sa“gzgi:feaiyth Hammer impact ~ PCB 086C03
. (non-destructive) impact hammer — Comerand
Spring- resonators i
AR
Schematic diagram
Test Set-up ‘“;':““m Strain gauges
Composite rod made St || /
of epoxy matrix and : - 4
Plate impact Aluminium
8 [31] 4 Polyurethane- . .
coated lead ball (destructive) plate impactor
(PLB) Epoxy
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Table 2-1 - (Continued)

3X%3X9-unit cells of

Graded lattice structures

9 [74] 3D printed composite  Vibration test Me'c hanical
lattice vibrator
Experimental set-up
Experimental set-up
Sandwich beam with Piezoelectric
10 [69] foam core and Vibration test shaker
Spring-resonators
Unit cell
Epoxy
Rod structure casted s
by epoxy matrix and . azs0m
11 [53] six Silicone rubber- Vibration test Electromagnetic
. Shaker
coated steel cylinders
(SRSC)
Cement-mortar with Vibration
periodically Electro-
12 o], Jispersed Vibration et~ mechanical
polydimetilsyloxhane mass —
coated steel sphere vibration exciter coelerometers
(PDMS)
El)upcl. | set-up !
Quasi-random dispersion
Cement-mortar
cylinders with quasi- Electro-
randomly dispersed o mechanical
13 [94] PDMS coated or Vibration test mass vibration
Natural rubber- exciter .
coated steel sphere ™ D @ @D 6D
P G,D <> @ \Q; & / g‘j
Cement-mortar ' . C @
cylinders w1j[h quasi- Electro-
randomly dispersed mechanical Expertmental seiep
14 [30] PDMS coated + Vibration test o
Natural rubber- mass Vljbratlon
coated steel sphere exciter
(mixed)
Cement-mortar cubes Electro-
with periodically N mechanical
15 [83] dispersed Single and Vibration test mass vibration
dual resonators exciter
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2.5 Summary

This chapter presents a comprehensive literature review on different types of mechanical

metamaterials and metaconcrete material/structure. The research gaps associated with the

study on metaconcrete material/structure are identified as follows.

(1)

()

©)

In the previous studies, it shows that the engineered aggregates with specific
configuration could absorb a large proportion of blast energy and reduce the stress
transmission in the mortar matrix, which could improve the blast resistance of the
concrete structure to a great extent. However, no systematic research has been conducted
to evaluate the critical parameters, namely aggregate shape, size, volume fraction, and
material properties that influence the bandgap characteristics and wave attenuation
performance. In addition, understanding their effects on bandgaps induced by engineered
aggregates is essential for a proper design and fabrication of the metaconcrete material
and structure for effective structure protection. Besides, the studies on metaconcrete
material/structure were limited by the type of resonant modes, in which the transverse

resonant mode has not been studied.

Previous numerical works use the elastic or hyper-elastic material model for cement
mortar to evaluate the behavior of metaconcrete structure, which can lead to inaccurate
predictions on the behavior of concrete-like material subjected to intensive impulsive
load. Large impulsive load is likely to induce concrete damage in different modes, which
absorbs a large amount of wave energy and also changes the wave frequency, therefore
should be considered for a more realistic analysis of wave attenuation characteristics of
metaconcrete structure. Parametric studies to understand the effects of different design
parameters and configurations of engineered aggregates on the bandgap and stress wave
attenuation performance, e.g., energy absorption ratio and stress wave attenuation

coefficient, are important but have not been conducted.

No experimental study has been reported in literature yet concerning the performance of
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(4)

()

metaconcrete structure made of cementitious material such as mortar subjected to
impulsive loading. No experimental verification of the effectiveness of the metaconcrete
structure designed with its bandgap covering the primary dominant wave frequency

(PDWF) has been reported either.

In the previous studies, the acoustic performance and dynamic response in the
longitudinal (i.e., in-plane) mode of metaconcrete structure have been reported. However,
the dynamic response of metaconcrete structure subjected to transverse (i.e., out-of-plane)
impulsive load has not been examined yet. Also, there is a lack of studies investigating
the effect of boundary conditions on the attenuation response of metaconcrete structure
subjected to transverse loading. Essentially, the damping properties of metaconcrete

structures have not been reported yet.

The recent numerical studies demonstrated that the metaconcrete structure composed of
engineered aggregates (EAs) in the conventional form could reduce the compressive and
spalling strengths due to the existence of a soft coating layer. This adverse effect of
metaconcrete material may limit its wide applications despite its excellent capability in
mitigating wave propagations. No experimental study concerning this issue has been
reported in literature yet, and a solution to overcome this problem has not yet been
developed nor experimentally verified. Moreover, the dynamic compressive properties
of metaconcrete material have not been reported, which however is essential for the

analysis and design of metaconcrete structure to resist hazardous dynamic loading.

This PhD study tackles the above-identified research gaps and reports the research results.

The thesis is a collection of published or unpublished research papers, i.e., manuscripts

prepared but are still under review for publication. In each chapter, the information of the

relevant paper is also given.
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Chapter 3 Influences of engineered aggregate

parameters on bandgap of metaconcrete

3.1 Introduction

As reviewed in Chapter 2, the geometric parameters such as the aggregate shape, size, volume
fraction, and material properties could influence the bandgap characteristics, i.e., region of
the NEMD, but it has not yet been systematically studied. Besides, the frequency range of
typical blast scenarios has not been identified but it is essential for designing metaconcrete
to resist blast loading. Therefore, this chapter numerically investigates the frequency ranges
of different blast scenarios with the scaled distance ranging from 1 m/kg'?to 10 m/kg'?,
which is intended to help design metaconcrete with the desirable attenuation range for
structure protection against blast loading. Then, the bandgap characteristics of metaconcrete
containing various aggregate configurations are numerically investigated by using a unit-cell
study via finite element software COMSOL Multiphysics. The numerical model is calibrated
first by using the results from a previous study on three-dimensional locally resonant
metamaterial. With the calibrated numerical model, the frequency ranges of the negative
effective mass density (NEMD) of metaconcrete containing engineered aggregates in four
geometric shapes are analyzed. The sensitivity of the factors influencing the region of the

NEMD is evaluated and discussed.

The related work in this chapter has been published in Journal of the Mechanics and Physics
of Solids.

Xu, C., Chen, W., and Hao, H., The influence of design parameters of engineered aggregate in
metaconcrete on bandgap region. Journal of the Mechanics and Physics of Solids, 2020. 139: 103929.
https://doi.org/10.1016/j.jmps.2020.103929.

3.2 Frequency spectrum of blasting wave

When the applied loading frequency (f) reaches or exceeds the resonant frequency of the
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aggregate (f,), the negative effective mass density is triggered, which leads to a favorable
attenuation performance. Therefore, finding out the targeted frequency range of the applied
loading is the primary step for designing engineered aggregates. However, very limited
studies on the frequency characteristics of blast loading can be found in the open literature.
In this chapter, the frequency characteristics of nine different blasting scenarios are examined
in this section to quantify the frequency range. The *LOAD BLAST ENHANCED function
in the finite element software LS-DYNA [95], which considers the enhancement of reflected
waves, is used to simulate the blast pressure-time history. This function implements the
CONWEP (Conventional Weapons Effects Program) empirical model, which is developed
based on a report by Randers-Pehrson and Bannister [96]. The CONWEP model given in the
code UFC3-340-02 [97] for free air detonation and ground surface detonation has been
commonly used to predict the blast pressure due to its efficiency and acceptable accuracy.
The overall blast overpressure is predicted by using a characteristic function as follows:
P(r) =P cos’ § +P,(1+cos’ 6" —2cos ) G-

where Pi is the incident pressure, P: is the reflected pressure and 0" is the angle of incidence.
Detailed calculation of Pi and Pr can be found in Kinney and Graham [98] and UFC3-340-02
[97]. In this chapter, free air explosion is applied to the targeted structure, in which the angle
of incidence (0%) is defined as 0 degree. The peak pressure is characterized by the scaled
distance (Z), which is given by Z=D/3/W, where D is the standoff distance in meter (m), W
is the equivalent mass of TNT in kilogram (kg). Different blast scenarios are evaluated by
changing the equivalent mass of TNT (W) together with the standoff distance (D) to achieve
the specific scaled distance (Z) of 1 and 10 m/kg'3, respectively. The keyword *DATABASE
BINARY BLSTFOR is the pre-defined function to retrieve the blast pressure data in LS-
DYNA. The time interval between outputs in the numerical simulation is set as 1 ps. The

considered explosion cases are given in Table 3-1.

Table 3-1. Parameters for various blasting scenarios.

Standoff distance D
(m)
0.1,1, 10

Scaled distance Z (m/kg!?) TNT equivalency W (kg)

1 103, 1,10
10 10, 10°, 1

26



T
s —— D=0.1 m Z=1 m/kg*®
oF 2; ——D=1m Z=1m/kg"*]
——D=10m Z=1 m/kg"?

ressure [MPa)

P

Pressure (MPa)

0 5 10 15 20

Time (ms)

10 T T T T T T T
] —— D=0.1m Z=1m/kg"®
——D=1m Z=1m/kg'®

—— D=10m Z=1m/kg"®
08 E

Normalized amplitude

0 25 50 75 100 125 150 175 200
Frequnecy (kHz)

(b)

Figure 3-1. Blast load time history and the corresponding frequency spectrum at the scaled distance Z=1
m/kg'? (a) Time history, (b) Normalized frequency spectra of blast pressure. Shaded area: interested

frequency range.
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Figure 3-2. Normalized frequency spectra of blast pressure with different standoff distances at scaled

distances Z=10 m/kg'. Shaded area: interested frequency range.

Figure 3-1(a) shows the blast load time histories for the scaled distance of 1 m/kg!”? at

different standoff distances (D). To acquire the frequency range, the blast pressure-time
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history is converted to the frequency domain by using the Fast Fourier Transform (FFT)
technique. Figure 3-1(b) depicts the normalized frequency spectra for the scaled distance of
1 m/kg'” with different standoff distances. The normalized amplitude is defined as the ratio
of the pressure amplitude at all frequencies to the peak value of the pressure amplitude. It is
found that the frequency range decreases when the standoff distance increases from 0.1 m to
10 m. According to Figure 3-2, the characterized frequency range is sensitive to the standoff
distance. The closer standoff distance results in a broader frequency spectrum. However, the
mass of TNT has a less significant effect on the range of frequency spectrum than the standoff
distance (D). In this chapter, the targeted frequency range for blast mitigation is determined
up to 50 kHz and the corresponding amplitude is approximately equal to or less than 30% of

the peak amplitude of blast pressure in the frequency domain at the standoff distance of 0.1m.

3.3 Numerical study of dynamic characteristics of metaconcrete

unit cell

3.3.1 Model validation

An analytical method has been used to calculate the resonant frequency and bandgap
frequencies based on the one-dimensional (1D) spring-mass model. Because of the
complexity, most of the existing analytical models consider only a single spherical-shaped
engineered aggregate in a 1D spring-mass chain to model the longitudinal wave propagation.
Moreover, most of these analytical models are based on single-wave dispersion analysis by
solving eigenfrequency problems; no response of engineered aggregates and stress
transmission through metaconcrete structure subjected to applied loading are considered. To
overcome the limitations mentioned above, numerical simulation is performed to investigate
the region of the NEMD for both longitudinal and transverse vibration modes of the unit cell
in the matrix based on the frequency response analysis. The proposed numerical model is
firstly calibrated with the previous research regarding the characteristics of bandgap

frequencies reported in [53]. An experimental study by [53] constructed and tested the three-

28



dimensional locally resonant metamaterial, which exhibits bandgap-like properties under
longitudinal, flexural and torsional excitation. The metamaterial is made up of six locally
resonant units. Each unit consists of a silicone-coated steel cylinder and epoxy matrix. It has
been reported that this unique structure enables to suppress both longitudinal and flexural
vibration under specific frequency region owing to the activation of anisotropic NEMD

within the local inclusions [53].

In this chapter, COMSOL Multiphysics [99], which has been widely used for analyzing
frequency-dependent properties of LRMs in many previous studies [73-75, 77-80], in
combination with the theoretical model proposed by [53] is utilized to evaluate the
anisotropic effective mass density to the applied frequencies. Figure 3-3(a) shows the
configuration of the unit cell in the Z-direction (perpendicular to the top surface), and X, Y-
directions (parallel to the top surface). In the simulation, the unit cell is meshed by solid
tetrahedral elements with the maximum and minimum element size of 2.5 mm and 0.6 mm,
respectively, as shown in Figure 3-3(b). The interfaces within the inclusions and the interfaces
between the inclusions and the matrix are assumed to be in perfect contact in the simulation.
Thereby the subdomains (i.e., silicone coating and steel rod) are partitioned from the main
domain (i.e., unit cell). In addition, periodic boundary conditions (PBC) are applied along
the lateral surfaces of the unit cell (i.e., XZ and YZ-plane), and the type of periodicity is set
as continuous. The geometric configuration and material parameters used in the simulation
are listed in Table 3-2 and Table 3-3, respectively. The equations built-in the model is briefly

recalled and adapted from the previous study by [53] as follows.
For a wave propagating in the prescribed direction (i.e., i direction) through the unit cell, the
anisotropic dynamic effective mass density (p?ff), effective net force (Ffff) acting on the unit

cell, effective displacement (1¢%) in i-direction are given in the following equations:

eff eff eff
pieff _ m _ I:| _ _Fi , i= X, Y,Z (3-2)
a3 U-ieff a3 a)2uieff a3

29



L J‘uidjdk|i’T +J‘uidjdk|i’|

(3-3)
i 2a2
J=XY,2
eff _ H H = -
F __[Tijd-ldkL,T _.[TijdldkL,. , k=xy,z (3-4)
i=j=Kk

where a is the unit cell size, the subscripts i, j, k are the components of the local coordinates

system; 7}; is the component of stress tensor at the location of the incident and transmitted

eﬁ"

surface; ii;” is the effective acceleration of the system; and the subscript / and 7 stand for the

incident and transmitted surfaces, respectively. More in-depth information can be referred to

[53].
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Figure 3-3. (a) Geometry model of the metamaterial unit cell with the radial thickness and axial thickness for
the coating proposed by [53], (b) Meshed model, (¢) Comparison of the anisotropic effective mass density
between the numerical results and the previous results in [53]. Note: PBC means periodic boundary

conditions.
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With the adopted theoretical model, the dynamic effective mass density (pfff) is evaluated, in

which the results are illustrated in Figure 3-3(c). As shown in Figure 3-3(c), the region for
transverse bandgap p;ff <0, p;ff<0, pjff>0 is about 1.1-1.7 kHz (in blue and red); and the
region for longitudinal bandgap pfcff >0, pj,ff>0, pjff<0 is around 1.9-2.9 kHz (in black).

Figure 3-3(c) shows a good agreement between the present numerical results and the previous

results in [53], which indicates the validity of the present model.

Table 3-2. Geometric parameters of solid elastic metamaterial [53].

Number of the . Height of Axial thickness of Radial thickness Unit cell
. Radius of steel o o .
metamaterial R (mm) steel silicone rubber of silicone rubber size
unit L (mm) t, (mm) tg (mm) a (mm)
1 15.8 37.6 1 5 60

Table 3-3. Material parameter of solid elastic metamaterial [53].

Material properties

Category Density p (kg/m3) Young’s modulus E (GPa) Poisson’s ratio v
Epoxy 1130 3.8 0.35
Silicone rubber 1245 3.3x107 0.477
Steel 7850 180 0.25

3.3.2 Dynamic behaviors of engineered aggregates with different shapes

Natural aggregates have various shapes including spheres, ellipsoids and polyhedrons [100,
101]. For the sake of simplicity in the analysis, four basic regular shapes containing the
sphere, ellipsoid, cylinder and cube (as one of hexahedron) are considered for engineered
aggregates to quantify the effect of regular aggregate shapes on the location and region of the
NEMD. As explained earlier, the locally resonant behaviors can be attained from different
translational resonance modes (i.e., longitudinal or transverse) under dynamic loading.
Therefore, it is also worthwhile to explore the region of the NEMD concerning different
resonance modes. Table 3-4 illustrates the schematic diagram of the metaconcrete cell
occupied by the engineered aggregates of different shapes marked as “S1-S4”. The associated
geometric and material parameters used in the numerical simulation are listed in Table 3-4,
Table 3-5 and Table 3-6, respectively. The periodic boundary condition is assigned along the

lateral surfaces of the unit cell (i.e., XZ and YZ-plane). The prescribed displacement is
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applied on the top surface of the unit cell, and the bottom surface is left free as shown in
Table 3-4. The spherical aggregate, with a core radius of 9 mm and coating thickness of 1
mm, is denoted as “S1”. Aggregates with other shapes (i.e., cube, cylinder and ellipsoid) are
denoted as “S2-S4”, respectively. Moreover, cylindrical aggregate “S3” has two sub-
categories. The first one denoted as “S30” is placed with the axial direction of the cylinder
along the Z-direction. The second configuration designated as “S3y” is rotated 90 degrees
along the Y-axis, in which the axis of the cylinder is placed along the X-direction. Similarly,
two ellipsoidal-shaped aggregates with an aspect ratio (k) of 0.8 denoted as “S4¢” and “S4r”
are placed along the major axis of the core in the Z and X-direction, respectively. The volume
fraction of the core (V.%) is kept 22% over the total volume of the unit cell for the four shapes.
The uniform coating thickness (¢) of 1 mm is applied. In this chapter, spherical aggregate is

referred to as the benchmark to study the shape effect.

Figure 3-4 summarizes the results of the location (i.e., the lower and upper bound frequencies)
and the region of the NEMD. The region of the NEMD is the difference between the upper
bound frequency and the lower bound frequency. As shown in Figure 3-4, the aggregates with
different shapes produce different bandgap frequencies, indicating that the shape of inclusion
affects the bandgap region. This result agrees with the previous findings on locally resonant
acoustic metamaterial from Krushynska et al. [102]. On the other hand, although the shape
of the engineered aggregate could influence the region of bandgap frequencies, no substantial
difference regarding the bandgap width is found for longitudinal and transverse modes as
given in Table 3-5. According to Table 3-5 and Figure 3-4, cubic-shaped aggregates could
increase the bandgap width by 0.25 kHz in longitudinal mode and 0.75 kHz in the transverse
mode as compared to the spherical ones. The directional effect of cylindrical- or ellipsoidal-
shaped aggregates on bandgap width is also found. It shows that the cylindrical- or
ellipsoidal-shaped aggregates with 0 degree of rotation (S30 and S40) could increase the
transverse bandgap width by 0.75 kHz and 1 kHz, respectively as compared to the spherical
ones. The configuration of S4r has improved longitudinal bandgap width by 0.5 kHz as

compared with spherical-shape aggregate. Since ellipsoidal or cylindrical-shaped aggregates
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in 0 and 90 degree behave differently, the loading direction should be considered in the design,
which is difficult to control in practice. The spherical-aggregate is selected for the subsequent
parametric study. It is found that aggregate in spherical-shape performs consistently
regarding the region of the NEMD for both longitudinal and transverse modes. In addition,
the spherical aggregate is relatively easy to be fabricated. Therefore, the metaconcrete unit

cell containing spherical-aggregate is used for the subsequent parametric study

Table 3-4. Expressions of geometric parameters of aggregates with different shapes.

Shape ID Schematic diagram Geometric parameters Rotation Angle
Loading
" surface
s

) y R.=9 mm
Sphere  SI et t=1mm i
5 | R,=R.+t
v Free
surface
Ac - ach
L 3
Cube 2 a = (GVe -
4
’:* ---------- - V. = §nRC3
e +
S30 L 00
__________ R Ll = ZazRC
Cylinder - R = 1“2Rc
A = (Evc)l/3
S3k " 90°
|
2a
g
S4() [ 2™ 0O
a=ogR,
1 R
Ellipsoid IR
c=ka
- k=08
S4r & — i 90°
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Table 3-5. Value of geometric parameters and calculated bandgap frequencies.

Shape D Geometric parameters (mm) Bandgap frequencies (kHz)
Sphere S1 18.0 6.25 7
Cube S2 14.5 6.5 7.75
. S3o 6 7.75
Cylinder TS 24.1 22 1 15.6 65 7
.. S4o 5.75 8
Ellipsoid T Sap 19.4 675 675
Table 3-6. Material parameters used in the simulations.
Material parameters
Category Material Density Young’s modulus E Poisson’s
p (kg/m?) (GPa) ration v
Matrix Mortar [25] 2500 30 0.20
Coating layer Polyurea [103] 1129 0.0649 0.465
Core Lead [25] 11400 16 0.44
20 20
= Upper bound = Upper bound
= Lower bound = Lower bound
Bandgap frequency - Bandgap frequency .
5] " . . : . 154 " : ' . -
g g
= >
2104 . - " 2104
% - " L) g ] - - L]
E 625 65 6 6.5 6.75 E 775 175 ) 8 )
5.75 Y 6.75
54 59
s1 S2 S3,  S3, S4,  S4, s1 s2 S3.7| [7S3.| |S4q [S4n
O T T T T T T 0 T T T T T T
Spherical  Cubic ~ Cylinder Cylinder Ellipsoid Ellipsoid Spherical  Cubic  Cylinder Cylinder Ellipsoid Ellipsoid

Resonator shape

(2)

Resonator shape

(b)

Figure 3-4. Lower/upper bound frequencies and bandgap: (a) Longitudinal mode, (b) Transverse mode.

3.4 Parametric study

To aid in understanding the effect of aggregate configurations on the region of the NEMD,

parametric studies are conducted in this section by considering different core sizes, volume

fractions and material parameters. Aggregate with the configuration CB2 (in Table 3-7) and

the shape “S1” is referred to as the benchmark. The applied loading frequency is set up to 50

kHz to find out the frequency range of the NEMD. In general, the broader region of the

NEMD stands for a broader wave attenuation range and allows for enhanced performance.

The quantities including the upper bound frequency, lower bound frequency and region of
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the NEMD are compared.

3.4.1 Effect of aggregate size

Aggregate size (D,=D_.+2f) consists of two essential components, i.e., the core size (D,.) and

coating thickness (#). The effects of D, and ¢ on the region of the NEMD are evaluated in

Sections 3.4.1.2 and 3.4.1.3, respectively. The configuration and material parameters used in

the simulations are summarized in Table 3-7.

Table 3-7. Configuration parameters used in the simulations.

Material Parameters
Core Coating Aggregate size D, Core size Coating thickness
material material (mm) D, (mm) ¢t (mm)
CB1 19 0.5
CB2 18 1
7233 Lead Polyurea 20 }2 g
CB5 12 4
CB6 10 5
Core Coating Coating thickness ¢ Core size D, (mm) Mass contrast
Material material (mm) ¢ ratio 6
CS1 10 0.19
782; Lead Polyurea 1 }; (1)4512
CS4 22 3.88
Core Coatin . t
material materifl Core size D (mm) (mm)
CT1 0.5
CT2 Lead Pol 18
CT3 ea olyurea
CT4 3
Core Coating Aggregate size D, Volume fraction 1, Unit cell size L
Material material (mm) (%) (mm)
VF1 5 43.8
VF2 10 34.7
Ee— Lead Polyurea 20
VF3 30 24.1
VF4 50 20.3

3.4.1.1 Combined effect of various core sizes and coating thickness

In this section, given the unchanged aggregate size (D,=D.+2t), the combined effect of

simultaneously changing the coating thickness (t) and the core size (D, = 2R,) is studied.

The total aggregate size (D,) is unchanged as 20 mm for all the scenarios. The coating

thickness varies from 0.5 mm to 5 mm and the core size changes from 19 mm to 10 mm

accordingly. To visualize the resonance effect, Figure 3-5(a) and (b) show the snapshot of
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out-of-phase motion generated by resonant aggregates at the bandgap region with the coating
thickness of 1 mm. It shows that the aggregate moves in the opposite direction against the
movement of the neighbouring mass triggering the NEMD, which reduces the responses of
the surrounding mortar matrix. Figure 3-6(a) and (b) demonstrate the upper and lower bound
of the bandgap frequencies concerning different configurations. It proves that increasing
coating thickness while reducing the core size leads to the reduction of the region of the
NEMD for both longitudinal and transverse modes. The increasing value of coating thickness
(t) augments the product of combination parameters (R.t), which causes the reduction of the
lower bound of resonant frequency according to one—dimensional metaconcrete model
proposed by [87]. In the meantime, the mass of the core drops significantly, which results in
a lower mass contrast ratio (0) between aggregates and the matrix and thereby narrows the
region of the NEMD. For instance, the frequency range reduces from 9.3 kHz of CBI1 to 1
kHz of CB6 for longitudinal mode with the coating thickness (t) changed from 0.5 mm to 5

mm.

Regarding the transverse mode, Figure 3-6(b) shows an apparent shift of lower bound
frequencies when increasing the coating thickness, resulting in a decrease of transverse
bandgap frequencies to a greater extent. For example, the frequency range changes from
approximately 11.75 kHz of CB1 to 1 kHz of CB6 by increasing the coating thickness from
0.5 mm to 5 mm. Therefore, it can be concluded that increasing the coating thickness while
reducing the size of the core causes an adverse effect, leading to reducing the region of the
NEMD. On the other hand, increasing the coating thickness might provide more space for
the heavy core to vibrate and contribute to the energy absorption to some extent. However,
the bandgap width is the main criterion to evaluate the characteristics of metaconcrete unit
cell and engineered aggregates in this chapter. The relation between coating thickness and

energy absorption could be investigated in future.
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Matrix

(a) (b)

Figure 3-5. Snapshot of negative (out-of-phase) motion of heavy core with coating thickness # =1 mm

under the applied loading frequency (f) of 10.251 kHz: (a) Longitudinal mode, (b) Transverse mode.

Core size D, (mm) Core size D, (mm)
20 19 18 17 16 15 14 13 12 11 10 20 19 18 17 16 15 14 13 12 11 10
25 T T T T T T T T T T 25 T T T T T T T T T T
—o— Upper bound —o— Upper bound
CB1 —o— Lower bound CB1 —o— Lower bound
20] [ 'Region of NEMD 20] [ TRegion of NEMD

,1,3 CB2 (Longitudinal mode) /I,; CcB2 (Transverse mode)
X 15 X 15
> >
o o
o c
g g
S 10 10
o 0
(TR L

5 54

0 T T T T T T T T T 0 T T T T T T T T T

05 10 15 20 25 30 35 40 45 50 05 10 15 20 25 30 35 40 45 50
Coating thickness t (mm) Coating thickness t (mm)
(a) (b)

Figure 3-6. Lower and upper bound frequencies and bandgap of combined effects: (a) Longitudinal mode,

(b) Transverse mode.

3.4.1.2 Effect of core size

The effect of core size (Dc) on the bandgap is evaluated for both longitudinal and transverse
modes. The coating thickness (#) and unit cell size (L) are unchanged as 1 mm and 24.1 mm,
respectively. Four cases with the core size (D¢) of 10 mm, 14 mm, 18 mm, and 22 mm are
comparatively studied, and only the size of the core is changed to study its effect. As shown
in Figure 3-7, the region of the NEMD becomes wider with the rising core size. For instance,
the bandgap width changes from 1.5 kHz of CS1 to 10.95 kHz of CS4 for longitudinal mode,
while the frequency bandgap width for transverse mode increases from 2 kHz of CS1 to 12

kHz of CS4 with the core size increased from 10 mm to 22 mm. There are two reasons causing
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changes in the bandgap range. One is that increasing the core size augments the mass of the
core while reducing the mass of the surrounding matrix. As a result, the value of mass contrast
ratio (0) significantly increases, resulting in a higher upper bound frequency and a broader
range of the NEMD. Another reason is that increasing the core size decreases the equivalent
length of the mortar matrix L,,,, which increases the matrix spring stiffness according to [87].
To conclude, the bandgap is very sensitive to the variation of core size for both modes as the
bandgap increases rapidly with the rising core size when material properties and coating
thickness are unchanged.
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Figure 3-7. Lower and upper bound frequencies and bandgap versus core size: (a) Longitudinal mode, (b)

Transverse mode.
3.4.1.3 Effect of coating thickness

The effect of coating thickness (7) on the width of the NEMD is evaluated in this section. The
core size and unit cell size are kept constant and similar to the configuration CB2 for the
shape “S1”. The calculated bandgap for both modes to the coating thickness is presented in
Figure 3-8. As the coating thickness increases, the upper bounds of the frequency band for
both transverse and longitudinal modes decrease. The upper bound frequency drops faster
than the lower bound frequency, causing a narrowing of the bandgap frequencies for both
modes. Consequently, there is a shift of the bandgap frequencies to the narrow range for both
modes, which implies the adverse effects on bandgap with the rising coating thickness. For

instance, the bandgap frequency width changes from approximately 8.25 kHz of CT1 to 4.25
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kHz of CT4 for longitudinal mode, while that for transverse mode drops from 10 kHz of CT1
to 4.75 kHz of CT4. There are two reasons causing changes in the bandgap width. Firstly,
increasing the coating thickness decreases the stiffness of coating layers, which leads to a
decrease in resonant frequency (f,) by the reciprocal relationship between coating thickness

(?) and the resonant frequency. Also, the lower and upper bounds of the NEMD are defined
as the range of [£,, /,v1 + 6], decreasing the value of w, leads to a reduction of upper bound,

causing narrowing of bandgap frequencies. To conclude, the bandgap frequency is less
sensitive to the variation of coating thickness as compared to the variation of core size;
however, increasing the thickness of the coating layer could trigger an adverse effect on the

region of the NEMD for both modes, especially for the transverse mode.
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Figure 3-8. Lower and upper bound frequencies and bandgap versus coating thickness: (a) Longitudinal

mode, (b) Transverse mode.

3.4.2 Effect of aggregate volume fraction

In this section, the impact of changing aggregate volume fraction (V,%) on the region of the
NEMD is investigated. The volume fraction (V,%) denotes the ratio of the volume of
engineered aggregate over the total volume of the metaconcrete unit cell. The different
volume fraction of aggregates is applied by changing the unit cell size only, while the size of
the engineered aggregate is fixed. Figure 3-9 presents the calculated results versus aggregate
volume fraction for both modes. From Figure 3-9, the upper bound frequency rises quickly

when increasing the volume fraction of the engineered aggregates, while the lower bound
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frequency remains relatively stable. Consequently, the region of the NEMD becomes wider
when increasing the volume fraction of engineered aggregates. For instance, the frequency
range increases from approximately 1.25 kHz of VF1 to 10.75 kHz of VF4 for longitudinal
mode, and the frequency range for transverse mode increases from 1.75 kHz of VF1 to 12.25

kHz of VF4 with the volume fraction changed from 5% to 50%.
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Figure 3-9. Lower and upper bound frequencies and bandgap versus aggregate volume fraction: (a)

Longitudinal mode, (b) Transverse mode.

There are two reasons for these observed changes with the volume fraction. One is that
increasing the volume fraction of aggregates causes an increase in mass contrast ratio (0),
which results in the broader region of the NEMD. Meanwhile, the equivalent length of the
volume of mortar (L,,) reduces when the volume fraction of aggregates grows, leading to the
increase of the spring constant of the matrix (k,). The increasing value of 8 combined with
the rising value of k, produces a wider frequency range of the NEMD. It is concluded that
the volume fraction of engineered aggregate plays a vital role in the resonant behavior of
metaconcrete unit cell; the region of the NEMD is very sensitive to the changes in volume
fraction. Increasing the volume fraction of engineered aggregates increases the bandgap

width of frequencies of both modes.

3.4.3 Effect of material properties

The impact of material properties including core density (p_), coating modulus (£ and

Poisson’s ratio (v) on the bandgap is investigated in this section. The normalized parameters
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including relative density ratio () and relative coating modulus (3) are considered in this
chapter. The relative density ratio (i.e., a= p./py) is defined as the density ratio of the inner
core (i.e., lead) over the mortar matrix, and the coating modulus ratio () is defined as the
ratio of the coating modulus over the elastic modulus of mortar matrix (i.e., = E. /Epatrix)-
The aggregate geometry used in this section is the same as CS3 in Section 3.4.1.2, in which
the core size (D.), coating thickness () and unit cell size (L) are unchanged as 18mm, 1 mm

and 24.1 mm, respectively.

Table 3-8. Configuration parameters used in the simulations.

Relative Coating

D.(mm) ! Vo (%) coating Poisson’s ratio Relatwt? density
(mm) ratio a
modulus 3 \Y
CD1 2
CD2 4.56
CD3 18 1 30 216 x 1073 0.465 6
CD4 8
CDS 10
t Relative Coating Coating modulus
0, 3 9 2

Dc (mm) (mm) Va (%) density ratio a Ponssm:’ s ratio ratio f3
CM1 107°
CM2 1074
CM3 18 1 30 4.56 0.465 1073
CM4 216 x 1073
CM5 1072

t o Coating Poisson’s

D (mm) (mm) Va(%) « B ratio v
CVv1 0.2
Cv2 0.3
CV3 18 1 30 4.56 216 x 1073 0.4
CVv4 0.465
CVs 0.49

Note: o= pc/pM and B = Ec' /Ematrix
3.4.3.1 Effect of core density

To study the influence of core density (p,) on the bandgap, five density ratios (i.e., @ = 2,
4.56, 6, 8 and 10) are considered herein. Other parameters, such as coating thicknesses and
unit cell size used in the model are given in Table 3-8. Figure 3-10 shows the calculated

results of lower and upper bound frequencies and bandgap width for the variation of core
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density ratio (o). In general, it is found that the increase in core density leads to a decrease in
both lower and upper bound frequencies. In the meantime, limited growth of the bandgap
range is obtained with the increasing core density, as shown in Figure 3-10, which agrees
with the previous findings regarding locally resonant metamaterials from [79]. For instance,
the frequency range changes from approximately 5 kHz of CD1 to 7.25 kHz of CD5 for
longitudinal mode, and the frequency range for transverse mode increases from 7.25 kHz of

CD1 to 7.75 kHz of CDS5 with the relative density ratio (a) changed from 2 to 10.
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Figure 3-10. Lower and upper bound frequencies and bandgap versus relative density ratio (a): (a)

Longitudinal mode, (b) Transverse mode.

These results are related to two factors. One is that the lower bound frequency reflects the
resonant frequency of the heavy core and increasing core density triggers the reduction of the
resonant frequency of the inner core. Another is that the upper bound frequency decreases at
a slower rate than the lower bound frequency with the core density as a result of the increase
of mass contrast between engineered aggregate and mortar matrix. Consequently, the region
of the NEMD, which is the region between lower bound and upper bound frequency has
limited growth. Therefore, it is concluded that the core density has a limited effect on the

width of bandgap frequencies for both modes.
3.4.3.2 Effect of coating modulus

Mitchell et al. [25] reported that the modulus value of the coating layer (£, should be at

least an order of magnitude lower than that of matrix material to obtain the desired wave
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attenuation function. However, the quantitative relationship between the coating modulus and
region of the NEMD for transverse mode has not been investigated yet. Therefore, the
correlation between coating modulus and range of the NEMD for two different translational
modes is studied in this section. To study the effect, the range of coating modulus is chosen
that it can be potentially applied to the coating layer, while Young's modulus of the mortar
matrix is unchanged. For instance, the elastomer material has the modulus from 10™* GPa to
10" GPa [104]. Therefore, five cases of coating modulus ratio (ie., B =
107 , 10%, 102,2.16 x 1073, 10'2) are considered herein, where only coating modulus ratios
are changed. Figure 3-11 presents the calculated upper/lower bound frequencies and the
region of the NEMD with respect to . The region of the NEMD with a small value of 8 is
very narrow, which can only be observed in the low-frequency region (below kilohertz).
However, the region of the NEMD expands when increasing the value of 8 due to changes in
spring stiffness of the coating layer. Moreover, the coating material with lower Young's
modulus reduces the equivalent spring stiffness; therefore, the resonance frequency of
engineered aggregates shifts to the lower range, leading to the reduction of overall bandgap
frequencies. In contrast, increasing coating modulus results in higher resonant frequency and
a broader region of the NEMD within the tested range. In general, the region of the NEMD
is sensitive to the variation of the coating modulus and increasing the coating stiffness could
positively affect the range of longitudinal bandgap frequencies. In addition, the stiffness of
the interlayer coating must be compliant with other components to enable the mobility of the
heavy core. When aggregate geometry and volume fraction are fixed, it is concluded that
using a relatively stiff coating layer by using the material with higher Young's modulus could

achieve a broader region of the NEMD in general.
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Figure 3-11. Lower and upper bound frequencies and bandgap versus modulus ratio (8): (a) Longitudinal

mode, (b) Transverse mode.

3.4.3.3 Effect of coating Poisson’s ratio

In this section, five Poisson’s ratios (v) (i.e., v= 0.2, 0.3, 0.4, 0.465 and 0.49) of the coating
are considered. The geometric parameters and other material properties are unchanged.
Figure 3-12 presents the calculated results of upper and lower bound frequencies as well as
the region of the bandgap. It has been noticed that the bandgap is very sensitive to Poisson’s
ratio for both modes when v approaches 0.5. It is because changing the value of v potentially
changes the value of spring stiffness of the coating layer, causing the shift of location and
bandgap. Moreover, according to the analytical model proposed by Bo and Li [105], the
equivalent stiffness of the coating layer is dependent on Lamé’s constants A, and p,. The

formula for calculating equivalent stiffness of the coating layer is given by Bo and Li [105]:

5K
-—37a (3-5)

+24, |:(1_2_1kJ (Ty + Ty )a+ (1"‘%) (T +T42)3-2:|

A, [[1_ 2 j(T31 +Ty)a+ (T, +T42)a_2:|

— ECV — EC _ ,uz
where A, Ty Ha =3 ) and K PRy

; a is the size of the unit cell, and 7%, T35, T4
and T4, are the matrix components.

According to the above analytical model, the variation of Poisson’s ratio v affects the value

of equivalent spring stiffness as it could change both Lamé’s constants A, and . It has a
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limited effect on spring stiffness when the value of v is below 0.4. However, the equivalent
spring stiffness significantly increases when v approaches 0.5 due to the rapid rise of first
Lamé’s constants A,. For instance, the bandgap frequency range changes from approximately
3.75 kHz of CV1 to 4.25 kHz of CV4, and then sharply increases to 9.75 kHz of CV5 for the
longitudinal mode, and a similar trend is also found in the transverse mode. Higher equivalent
spring stiffness results in higher resonant frequency and a broader region of the NEMD, while
lower stiffness reduces the part of the NEMD. To further illustrate the phenomenon, a range
of value of Poisson’s ratios taking small interval value (i.e., 0.01) between 0.4 and 0.49 are
studied. The numerical results for the calculated bandgap frequencies are shown in Figure
3-12. It is found that both lower and upper bound frequencies, as well as bandgap frequencies
rapidly increase when v is in the range of 0.4~0.49. Therefore, it is concluded that Poisson’s
ratio could significantly affect the region of the NEMD when v approaches the value of 0.5
since the bandgap frequencies shift to a higher frequency region and the frequency range

increases considerably.
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Figure 3-12. Lower and upper bound frequencies and bandgap versus Poisson’s ratio of coating layer: (a)

Longitudinal mode, (b) Transverse mode.
3.5 Metaconcrete structure subjected to blasting load

The above parametric analyses reveal the influence of various parameters of engineered
aggregates on the frequency bandgap. The results can be used in designing the aggregates to

meet the requirement for mitigating the propagation of stress wave in a particular frequency

45



band. In general, the design with significant mass contrast by changing the volume fraction
(V) and core size (D.) could enlarge the region of the NEMD. Also, taking a sufficient
stiffness contrast between the coating layer and mortar matrix by changing the coating
modulus (£,) could help to generate a broader frequency bandgap. However, the width of
bandgap frequencies is less sensitive to the variation of core density (p.). Therefore, the
spherical aggregate with a relatively large core size (e.g. configuration CS4 in Section 3.4.1.2
is used in this section to obtain the region of the NEMD as wide as possible and to
demonstrate the effectiveness of metaconcrete structure with the engineered aggregate
against blast loading. The primary objective of this section is to investigate the effectiveness
of blasting wave mitigation of metaconcrete structure. The equivalent blasting pressure from
1 g of TNT explosion at 0.1 m of standoff distance is considered and applied onto the incident
surface of the structure. The time history of blast loading is shown in Figure 3-13. In the finite
element model, the periodic boundary condition (PBC) is assigned to the lateral surface to
transmit the movement of the lateral plane, and the end surface is set as free. All the
constituents, such as heavy core and matrix are simulated by using solid elements. Four
specimens, i.e., homogenized mortar (M-H), mortar matrix with natural aggregate (M-NA),
mortar matrix with solid core only (M-SC), and metaconcrete structure with aggregate
configuration of CS4 are considered as shown in Figure 3-13. In this chapter, all the
constituents of the metaconcrete structure are assumed to remain elastic under the applied
blast load. The natural aggregate in the specimen M-NA has Young’s modulus E = 40.4 GPa,
Poisson ratio v =0.16 and mass density p = 2750 kg/m> based on the previous study by Xu
et al. [106]. The geometric and other material parameters used in the simulation are listed in
Table 3-6 and Table 3-9. To demonstrate the wave mitigation effect, stress wave attenuation
performance is evaluated in this section. The time history curves of transmitted stress at the
location of M1 for M-H, M-NA, M-SC and CS4 are shown in Figure 3-14. The transmitted
stress-time history curves are attained by plotting the average longitudinal stress (Z direction)
at the M1 surface, which is approximately 87.5 mm from the incident surface. The purpose

of adding engineered aggregates is to attenuate blast pressure propagating through the
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structure. Under blast loading, the engineered aggregates get tuned at their designated
frequency exhibiting locally resonant behavior, thus reducing the stress wave transmission in
the prescribed frequency range. In this chapter, the peak transmitted stress is selected as the
main criterion for the effectiveness of the metaconcrete structure. The peak pressure exerted

on the incident surface is around 5 MPa as shown in Figure 3-13.
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Figure 3-13. Schematic diagram of four specimens subjected to blast loading (lateral view).

Table 3-9. Geometric and material parameters used in the simulation.

Geometric parameters Material parameters
ID a Aggregate Coating Core Coating modulus ratio
L (mm) . thickness t .
(mm)  size D, (mm) (mm) material B = Ecoat/Ematrix
M-H 125 25 - - - -
M-NA 125 25 24 - Normal aggregate
M-SC 125 25 22 - Lead -
Cs4 125 25 24 1 Lead 216 x 1073

The peak average compressive stress at section M1 presented in Figure 3-14(a) is
approximately 4.78 MPa for both H-M, M-NA, 3.58 MPa for M-SC and 3.05 MPa for CS4
measured at M1. Since the parameters (e.g., density, Young’s modulus and Poisson’s ratio)
used for mortar matrix and normal aggregate are comparable, there is no significant
difference between H-M and M-NA regarding the amplitude of peak compressive stresses.
In the frequency domain, spectrum properties of transmitted stress at section M1 for M-H,

M-NA, M-SC and CS4 are illustrated in Figure 3-14(b). For the case of CS4, the peak
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amplitude reduction occurs in the prescribed region of the NEMD around 7.7 kHz to 18.5
kHz for longitudinal mode, which agrees with the prediction in Section 3.4.1.2. Since there
is no stress reduction for the other three cases (M-H, M-NA, M-SC) within the prescribed
NEMD range, it can be inferred that the attenuation effect is achieved by the locally resonant

behavior of the engineered aggregate.
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Figure 3-14. Stress wave at section M1 under blast loading: (a) Transmitted stress-time history, (b) Frequency

spectra of the stress wave.
It should be noted that the attenuation effect by locally resonant behavior is not significant
since only one unit is employed. Moreover, other peak amplitudes on the stress spectrum
outside the prescribed region are due to the higher vibrational modes of the overall structure.

To further enhance the attenuation performance, the graded engineered aggregates could be
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harnessed to broaden the range of the attenuation region. This aspect is not included in this
chapter but could be addressed in future research. In conclusion, the abovementioned results
demonstrate that the locations and the range of stress wave reduction are mainly determined
by the configuration of engineered aggregate, illustrating the frequency-dependent
attenuation behavior of the metaconcrete structure. Besides, the results also show that the
aggregate configuration can be purposely designed to attenuate the incoming stress wave at

the desired frequencies within the targeted spectrum range.

3.6 Summary

This chapter presents the numerical investigation of the frequency content of blast loading
and the critical parameters that affect the bandgap region with different aggregate
configurations. Four shapes of aggregates (i.e., sphere, cube, cylinder and ellipsoid) are
comparatively studied. The sensitivity of different parameters is numerically explored
through parametric analysis by comparing the range of negative effective mass density

(NEMD). The main findings from this chapter are summarized as follows.

(1) The frequency contents of blast waves with the scaled distance of 1 m/kg'* and 10
m/kg'” have been analyzed, and the targeted design frequency range is found at a
maximum of 50 kHz. In addition, the effective range of the frequency spectrum is
highly sensitive to the standoff distance. Given the same scaled distance (Z), the
broader frequency spectrum is observed when the explosive is placed closer to the
exposure surface.

(2) Localized resonant frequency (f;) of engineered aggregate depends on the
geometric parameters (R.t), core density (p.) and coating modulus (E ). Changing
the Poisson’s ratio (v) of coating material can significantly influence the lower
bound resonant frequency (i.e., location of bandgap frequency) when v is between
0.4 and 0.5, in which the location and region of the NEMD are very sensitive to

Poisson's ratio. Increasing the volume fraction of engineered aggregate (V) has a

49



limited effect on the lower bound frequency. The bandgap width is less sensitive to
the variation of core density (p.).

(3) The location and width of the bandgap frequency are highly sensitive to the
variation of the core size (D.), volume fraction (V) and coating modulus (E_).
Increasing core size (D,), core density (p.), the volume fraction of aggregate (),
coating modulus (E_) and Poisson’s ratio could achieve a broader region of the
NEMD. The engineered aggregate configuration can be purposely designed to
attenuate the stress wave at the desired frequency range.

(4) The effectiveness of structure with engineered aggregates on blast wave mitigation

in concrete is demonstrated.
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Chapter 4 Effect of engineered aggregate
configuration on stress wave attenuation of

metaconcrete rod structure

4.1 Introduction

This chapter extends the work from the previous chapter to investigate the effectiveness of
using properly designed engineered aggregates to mitigate stress wave propagations in
metaconcrete rod structures. Moreover, this chapter investigates bandgap characteristics in
metaconcrete rod structures with various configurations of engineered aggregates through
frequency domain analysis via software COMSOL Multiphysics. In addition, the influences
of engineered aggregates configurations on the stress wave attenuation of metaconcrete rod
structure equipped with a more realistic concrete material model are numerically investigated
by using finite element code LS-DYNA. The effectiveness of properly designing engineered
aggregates capable of attenuating impulsive stress at multiple bandgaps coinciding with the
primary dominant wave frequencies of stress waves (PDWF) is examined. Subsequently, a
flowchart to design engineered aggregates with the integration of multiple resonant
frequencies is proposed to enhance the attenuation performance of the metaconcrete rod
structure. The results from this chapter could facilitate the design of metaconcrete structures
with broader bandgap regions and improve the damage mitigation effectiveness when

subjected to impulsive loading.

The related work in this chapter has been published in International Journal of Solids and
Structures.

Xu, C., Chen, W., Hao, H. and Jin, H., Effect of engineered aggregate configuration and design on stress
wave attenuation of metaconcrete rod structure. International Journal of Solids and Structures, 2021.

232: 111182. https://doi.org/10.1016/}.ijsolstr:2021.111182.
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4.2 Bandgap characteristics

4.2.1 Model validation

The frequency response functions, i.e., acceleration ratio, have been commonly used to
identify the attenuation behavior and bandgap regions of locally resonant metamaterials
(LRMs) by different researchers [53, 74, 107]. In this chapter, COMSOL Multiphysics [99] is
used to numerically calculate the frequency response function and plot the frequency
response curve. The model is firstly calibrated by comparing the response from the present
simulation with the available testing data reported in Ma et al. [53]. An experimental
investigation by Ma et al. [53] tested the three-dimensional locally resonant metamaterial,
which exhibited bandgap-like properties under longitudinal, flexural and torsional excitations.
The metamaterial is made of six locally resonant units. Each unit consists of a silicone-coated
steel cylinder core and epoxy matrix. It has been reported that this unique mass-in-mass
structure enables to suppress both longitudinal and flexural vibrations under the prescribed
frequency region, called the bandgap region. To reflect the experimental setup, a numerical
model of a rod with six core units of metamaterial placed on the top of the base excitation
plate is built, and the analysis is performed using COMSOL Multiphysics, the upwards
prescribed acceleration (i.e., 1 m/s?) is applied onto the excitation plate along the longitudinal
direction, as in the test. The metamaterial is modelled by six locally resonant unit cells. Each
cell consists of a silicone rubber coating and steel core embedded in the epoxy-based cube.
In addition, the geometric and material parameters used in the simulation is given in Table 3-
2 and Table 3-3. The model is then meshed by solid quadratic tetrahedral elements with a
minimum element size of 0.6 mm. More detailed information about model calibration can

refer to Chapter 3 in Section 3.3.1.

The response function is obtained by plotting the ratio of acceleration at the top of the rod to
that at the bottom (e.g., a;/ay) versus the excitation frequencies, as illustrated in Figure 4-1.
It shows a frequency dip in acceleration response function at the excitation frequency region

from 1.8 kHz to 2.9 kHz (shaded in pink), whereas no frequency dip occurs outside this
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region. Therefore, when the excitation frequency is 0.65 kHz outside the bandgap region, the
specimen response at the top is not mitigated as shown in Figure 4-1(b), indicating the
attenuation performance of the metamaterial structure is not effective outside the bandgap
region. In comparison, when the excitation frequency is 2.1 kHz within the bandgap region,
the response on the top of the specimen is significantly attenuated. To conclude, a good
agreement is achieved between experimental and numerical results. Thus, the numerical
model is validated.

0.65kHz 2.1 kHz Acceleration

T T T T T T T T T 2
0 Experimental mesurement (Ma et al. [53])] ] (m/s%)
—— Present Simulation
Bandgap region 3 ‘
! ]
1 4
o ] )

=
o

%oo..
o - - -

-

Response function (o /o)

I
I
1
! &
| |
I
o1k !
e
065 kHz =
' ' m
I 1 S ]
! 1  S—|
o =
0.01 | | : % o 3 | 1 |
I 1 | Longitudinal response] | N[
L ! . ! . 7 ! . ! . ] i 1 =
0.5 1.0 15 2.0 25 3.0 35 [N N S N N )
Ecitation frequency (kHz) Longitudinal excitation
(a) (b)

Figure 4-1. (a) Comparison of numerical predictions and experimental results by Ma et al. [53], (b)

Acceleration response contour.

4.2.2 Parametric study

With the validated model, parametric studies are conducted to further understand the
influence of geometric parameters including core size (D,), coating thickness (t) and the
combination of two parameters (D, and t) on the bandgap region. In the numerical model, a
harmonic excitation with a prescribed acceleration a(t) is applied to the base excitation plate
of the specimens with different aggregate configurations, as shown in Figure 4-2.
Subsequently, two peak acceleration responses, a; and a, along longitudinal directions at the
bottom and top of the rod structure are obtained, respectively. The response function is
calculated as the ratio of output to input response (i.e., a;/a;). All specimens have identical

dimensions with the cross-section area and length of the specimens of 30x30 mm?and 240
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mm, respectively.

The configurations for all specimens are given in Table 4-1. A series of engineered aggregates
with the same coating thickness (t) (e.g., t=2 mm) but different core sizes (D,) varying from
14 mm to 24 mm, named M-CS1, M-CS2, M-CS3, M-CS4, M-CS5 and M-CS6, are assessed
first. In addition, six designs of engineered aggregates with the same core size but different
coating thickness (t), named M-CT1, M-CT2, M-CT3, M-CT4, M-CT5 and M-CT6 are
studied to investigate the effect of coating thickness on the bandgap region of metaconcrete.
To study the influence of the combined geometric parameters (D, and t) on the bandgap
region, engineered aggregates with a fixed diameter (D, = D, + 2t) of 24 mm but varying
coating thicknesses, i.e. the core size is varied accordingly, named M-CB1, M-CB2, M-CB3,
M-CB4, M-CB5 and M-CB6 are also included in the simulation. Apart from the geometric
parameters, the influences of material properties including core density (p.) and coating
modulus (E./) are examined by replacing the material for the solid core and coating layer of
engineered aggregates with different materials while keeping the geometric parameters
identical. The detailed geometric parameters are listed in Table 4-1. The material parameters
used in the simulation for mortar matrix, natural aggregate, coatings and heavy cores are

given in Table 4-2.

Table 4-1. Configuration of engineered aggregates in the simulations.

ID t D, D, ID D, D. t D D, t
M-CS1 18 14  M-CT1 19 05 M-CBI 0.5
M-CS2 20 16  M-CT2 20 1 M-CB2 1
M-CS3 22 18  M-CT3 22 2  M-CB3 2

— 2 18 24
M-CS4 24 20  M-CT4 24 3  M-CB4 3
M-CS5 26 22 M-CT5 26 4 M-CB5 4
M-CS6 28 24  M-CTé6 28 5  M-CB6 5

Note: all units in mm.
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Figure 4-2. Schematic diagram of rod specimens subjected to harmonic excitation. Note: a(t) represents the
applied acceleration in the longitudinal direction.

Table 4-2. Material model and parameters.

Material model and properties

*MAT_CONCRETE_DAMAGE_REL3 (*MAT 72 REL3)

Category Material Density p Young’s modulus E  Poisson’s Cosrtr;zflegstsl,llve
(kg/m®) (GPa) ratio v (MPa)
Matrix Cement mortar [108] 2100 27.6 0.2 34
Inclusions Natural aggregate [108] 2600 59.87 0.16 160
*MAT ELASTIC (*MAT 3)
p (kg/m?) E (GPa) v
Natural rubber [25] 900 0.01 0.49
Polyurethane [109] 1190 0.0478 0.495
Coating Compliant polyurea (PU) [103] 1129 0.0649 0.465
Thermoplastic polyurethane [110] 1200 0.15 0.34
Stiff polyurea [111] 1120 0.251 0.2
Nylon [25] 1150 1 0.4
Hematite [112, 113] 5196 162 0.35
Steel [53] 7850 180 0.3
Core Lead [25] 11400 16 0.44
Tungsten carbide [114] 13800 387.6 0.35
Tungsten alloy [92] 17500 480 0.28

4.2.3 Results and discussions

As shown in Figure 4-3, no noticeable reduction of acceleration ratio for the mortar with
natural aggregate (M-NA) and solid core (M-SC) is observed, while the specimens (e.g., M-
CB1 to M-CB6) exhibit the obvious attenuation through the presence of the transmission dip

that corresponds to bandgap region.
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Figure 4-3. Transmission spectra of metaconcrete specimens

To comparatively analyze the influence of design parameters on the bandgap region, Figure
4-4 summarizes the frequency and bandwidths of the bandgap with respect to the design
parameters. For instance, Figure 4-4(a) shows that increasing the size of the core (i.e. from
M-CS1 to M-CS6) leads to a wider bandgap width. However, increasing the coating thickness
(i.e. from M-CT1 to M-CT6) leads to the overall bandgap shifting towards the lower
frequency and slightly narrowing the bandgap width as shown in Figure 4-4(b). Moreover,
increasing coating thickness while decreasing core size (i.e. from M-CB1 to M-CB6) causes
an adverse effect on the transmission properties as the width of the bandgap region becomes
narrower, as shown in Figure 4-4(c). The above results agree with the previous findings on
metaconcrete structure with a single unit cell reported in Chapter 3, implying a single and
multiple identical engineered aggregates generate the same bandgap. In addition, increasing
core density results in a much wider bandgap region as shown in Figure 4-4(d), due to the
increase of mass contrast ratio as discussed in Section 3.4.3.1 in Chapter 3. Furthermore, the
attenuation range is widened and shifts towards the higher frequencies with the increase in
coating modulus, as illustrated in Figure 4-4(e). There is a significant change in the bandgap
region by using polyurethane as a coating material due to the effect of Poisson's ratio based
on the theoretical equation proposed by Bo and Li [105]. According to the theoretical

derivation in Section 3.4.3.3, the equivalent coating stiffness sharply increases when
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Poisson's ratio of coating material approaches 0.5, causing dramatic changes in lower bound
frequency and the bandgap region. In conclusion, the width and location of bandgap regions
are sensitive to the core size, coating thickness, combined geometric parameters, core density
and coating modulus. The engineered aggregates therefore can be properly designed with the
target bandgaps to meet the requirement of stress wave attenuation in the specific frequency
range. For example, the prediction of the bandgap region obtained in this section will be used

to suppress target frequencies, as illustrated in Section 4.5.
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4.3 Numerical calibration of concrete mesoscale model

Since there is no experimental work relating to the performance of metaconcrete
material/structure subjected to impulsive load yet, the stress wave mitigation performance of
conventional concrete with natural coarse aggregates is studied first by using the finite
element code LS-DYNA [95]. A three-dimensional (3D) mesoscale model is created by

separately modelling the mortar and aggregates. The model is validated by comparing the
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numerical predictions with the available testing data from the concrete spalling test conducted
by Wu et al. [115] and the numerical simulation reported by Chen et al. [108]. The details of
the numerical model, including geometrical and material parameters, are presented in the

following sections.

4.3.1 Description of experiment and numerical model

The concrete model consists of two components, including cement mortar and aggregates to
simulate the behavior of concrete subjected to impulsive load, in which the dimensions of the
specimen and aggregate percentage are given in Table 4-3. Three series of coarse aggregates,
namely 4-8 mm, 812 mm and 12-16 mm, are considered in the numerical model. The
aggregate percentage and size distribution follow Fuller's grading curve, which can be found
in [108]. In the present model, a MATLAB-based code is used to generate randomly
distributed aggregates by computing coordinates of nodes and element numbers to determine
the size and positions of aggregate particles.

Table 4-3. Dimensions and parameters for numerical calibration.

Specimen diameter  Specimen length Aggregate size D, Volume fraction of
D (mm) L (mm) (mm) aggregates v, (%)

4-8 14.5

74 500 8-12 11.1

12-16 9.4

4-8 mm
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Figure 4-5. (a) Illustration of the mesoscale model of concrete specimen for model calibration, (b) Input
impulse [108].

Coarse aggregates

The details of generic algorisms could be found in numerous literature [108, 116, 117]. The

process of generic algorisms to generate a 3D mesoscale model in this chapter is briefly
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described as follows: (a) generating the entire mesh of specimen; (b) calculating central
coordinates and generating distribution of randomly distributed aggregates; (c) checking
volume fractions and assigning material properties of each component (e.g., mortar and
aggregates). The dimension of the specimen (see Table 4-3) remains the same as that in the
literature [108, 115], which has a diameter of 74 mm and a length of 500 mm. Then, the
cylindrical specimen is meshed by eight-node solid elements, resulting in a total of 5,471,421
nodes and 5,400,000 elements. The finite element model is subsequently constructed by
mapping the meshed elements with the 3D-mesoscale model, as shown in Figure 4-5(a). The
operations are checked to avoid the overlapping of neighbouring particles, and the procedures

are repeated until the target volume fraction is reached.

4.3.2 Boundary conditions and mesh convergence

The input impulse is applied to the incident surface of the specimen, as shown in Figure 4-5
(b). In the model, the end surface of the specimen is free as in the spalling test [108]. The
mesh size is determined by conducting a mesh convergence test to balance the accuracy of
the model and the computational cost. Similar to the mesh convergence test in the previous
study [108], the mesh size of 1 mm is found to yield accurate predictions regarding strain-
time history, damage location and fracture pattern while balancing the computational cost.

Therefore, the Imm mesh size is used in this chapter.

4.3.3 Material model

The commonly used concrete material model MAT CONCRETE DAMAGE REL3
(*MAT _072REL3, named KCC model) in LS-DYNA is adopted for the present simulation.
The reliability of this material model in predicting the behavior of concrete-like material
under various dynamic loading conditions has been reported in many studies, e.g., [108, 116-
119]. KCC model was developed based on plasticity theory and damage theory [120]. This
model also considers the strain-rate effect on concrete strength, plasticity and damage
softening after failure [121]. In addition, the algorithm MAT ADD_ EROSION is applied to

simulate the damage pattern of the specimen under the applied loading. It also helps to avoid
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the computational overflow by eliminating elements when it reaches the user-defined failure
criteria. The failure criteria in this chapter are determined by the maximum principal strain,
in which the values of 0.08 and 0.1 are adopted for the cement mortar and natural aggregates,
respectively. Furthermore, the mechanical properties of concrete material under high strain
rate loading conditions are significantly different from those under static loading conditions
due to the strain rate effect. The ratio between dynamic strength and static strength is defined
as the dynamic increase factor (DIF), which is the function of strain rate. In the present
simulation, the DIFs of the compressive strength (CDIF) and tensile strength (TDIF) for the

concrete are applied by using the following equations [122].
CDIF =0.0419(log &,) +1.2165 for &, <30s™ (4-1)

CDIF =0.8988(log &)’ —2.8255log(log &,) +3.4907  for 30s™ <&, <1000s™ (42

TDIF =0.26(log &,) +2.06 Jor &, <15 @3)
TDIF =2(log ;) +2.06 for 17 <é,<287 (4-4)
TDIF =1.4431(log £,) +2.2276 Jor 25" <é, <1505 @s)

The DIFs for the natural coarse aggregates compressive (CDIF) and tensile (TDIF) strength

used in this chapter are given below [123].
CDIF =0.0187(log é,) +1.2919 forlst<é, <2205T )
CDIF =1.8547(log £,)* —7.9014log(log &,) +9.6674 for 2205 <&, <1000s  (4.7)
TDIF =0.0598(log £, ) +1.3588 for10°s1 <4, <00t (g
TDIF =0.5605(log £, )* +1.3871log(log &,) +2.1256 for 0.15™ <&, <50s™ (4-9)

4.3.4 Comparisons between numerical and experimental results

The strain time histories of the element (marked in red) at 150 mm from the incident surface

presented in Figure 4-6 are compared. As shown, the current simulation results agree well
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with the experimental results by Wu et al. [115] and the numerical results by Chen et al. [108].
In addition, the predicted damage pattern obtained from the present simulation results is also
similar to the experimental observation presented by Wu et al. [115], as illustrated in Figure
4-6. Therefore, the present mesoscale numerical model by considering the aggregates and

mortar is validated.

1500 . . . , , : , :
—— Wu, et al. [115]
Chen, et al. [108]
1200 — Present simulation
= Mortar element
150 mm_ Present simulation
900 " ooy, Pt
w
S
= 600
8
n
300
0
-300 L 1 L 1 L 1 L 1 L
0 200 400 600 800 1000

Time (us)
Figure 4-6. Comparison of damage modes and strain time-histories predicted by the present model, and the

results reported by Wu et al. [115] and Chen et al. [108].

4.4 Numerical study of metaconcrete structures subjected to
impulsive loading

4.4.1 Comparison of wave propagation in metaconcrete structures with
different inclusions

4.4.1.1 Model validation and convergence test

With the calibrated numerical model, the performance of rod structures with and without
embedding resonant inclusions are comparatively studied in this section by using finite

element software LS-DYNA. Figure 4-7 and Table 4-4 provide the configuration and
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parameters used in the numerical simulations, respectively. All specimens have identical
dimensions and boundary conditions but different types of aggregates. The length (L) and
cross-section area of the specimens are 240 mm and 30x30 mm?. These specimens are
subjected to an impulsive load with a peak stress of 5 MPa. The input impulse time history
and the corresponding frequency spectrum are shown in Figure 4-7(a) and Figure 4-7(b),
respectively. To save the computational cost while achieving reliable numerical results, mesh
convergence tests are also conducted with three mesh sizes, namely, 2 mm, 1 mm and 0.5
mm. The mesh convergence is examined by comparing stress-time histories of metaconcrete
specimen M-CB3 at cross-section B subjected to the above-defined impulsive load. As shown
in Figure 4-8(a), a 1 mm mesh size gives an almost identical prediction to that using a mesh
size of 0.5 mm. In contrast, the simulation by using 2 mm element sizes gives slightly
different predictions. Considering the balance between accuracy and efficiency in simulation,
the mesh size of 1 mm is used in the subsequent simulations. Material model MAT
CONCRETE _ DAMAGE REL3 (*MAT 072REL3,) is adopted to simulate mortar and
natural aggregate. Material model MAT ELASTIC (*MAT 3), the isotropic elastic material
model, is adopted to simulate the coating and core and key input parameters are given in
Table 4-2. Furthermore, the effect of the possible damping of the system is ignored in the
simulation as it has a small contribution on stress wave attenuation compared to that of other

effects such as local resonant, wave impedance, etc.

Table 4-4. Specimen configurations.

Material Geometric parameter
ID D ipti ti
escription Coa 11.1g Core material Da (mm) t (mm)
material
M-H Homogenized mortar - - - i
M-NA Mortar with natural i Natural 24 -
aggregates aggregate
M-SC Mortar with solid cores - Lead 22 i
Mort. ith i d
M-CB3 ortat with engiiiecte Polyurea Lead 24 2

aggregates

62



5 T T = 100 : T T T
(a) — Impulse | (b) —— Impulse |
4] ]
g
23 1 3
8 g or
2 €
52 ] <
£
<
14 4
0 .
o T T T T 0 20 40 60 80 100
0.00 0.02 0.04 0.06 0.08 0.10 Frequency (kHz)
Time (ms)
(©) 30 mm M-H 30 mm
, ‘ o
- Cross-section  Cross-section Cross-section
= A B -, C 5
— A A A
= 5 E
E W
"""" Natural aggregate

.\ Solid core
Cementitious mortar V[-CB3

»

- / T T t— Comp!iant
000000000
= ‘ = i ~ Solid core
120 mm ‘ Engineered aggregates
< L >

Figure 4-7. (a) Time-history of impulse I, (b) Frequency spectrum, (¢) Schematic diagram of specimen M-H,

M-NA, M-SC, M-CB3.

To find the dominant wave frequencies of the selected structure under stress wave
propagation, M-H (homogeneous, mortar only) specimens with the abovementioned
dimension is used as an example for analysis. The same impulsive load profile with peak
stress of 5 MPa (see Figure 4-7(a)) is adopted to evaluate the dominant frequencies of stress
wave propagating in the selected structure. The average transmitted stress-time histories are
extracted from three locations, i.e., cross-sections A, B, and C located at 30 mm, 120 mm and
210 mm from the incident end of the specimen, respectively. The stress-time histories and
their corresponding frequency spectra at three designated locations are presented in Figure
4-8(b) and Figure 4-8(c), respectively. As shown in Figure 4-8(c), the dominant wave

frequencies of the structure are almost unchanged at three selected locations (A/B/C)
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although time delay and some wave attenuations occur when the wave propagates from
section A to C. As shown, there are a few dominant wave frequencies, and the first dominant
wave frequency in the M-H specimen is 7.96 kHz. To attenuate the stress wave propagation
in the specimen, ideally, the engineered aggregates should have a bandgap that covers these
dominant frequencies to mitigate the transmissions of the predominant wave energy. In
addition, it is interesting to observe that when wave propagates from section A to B, the
amplitude corresponding to the first dominant wave frequency increases while the amplitude
for the secondary wave frequency decreases. To further examine the effect, average stresses
at two additional sections, namely, A1 and A2 (i.e., located at 70 mm and 100 mm from the
incident end) in the time and frequency domain are depicted in Figure 4-9. As shown, the
amplitude of the wave corresponding to the first dominant frequency increases when the
wave propagated from Al to A2 (highlighted by the yellow box), which might be because
the boundary reflection effect from the ends becomes less significant as the wave approaches
the middle of the specimen. In the contrast, when the location is closer to the end, the
composition of the stress waves becomes more complex due to wave reflection and
superposition of incident and reflected waves. Thus, some of the high-frequency components
(i.e., second spectral peak) of the stress wave become more prominent (highlighted by the
blue box). As shown in Figure 4-4(c), the mortar with engineered aggregates coated by 2 mm
thick polyurea (M-CB3) has a bandgap ranging from 6.5 kHz to 10 kHz. To evaluate the
effectiveness of using M-CB3 aggregates to mitigate the propagation of wave with the first
dominant frequency, specimens with 8 M-CB3 aggregates, 8 natural aggregates (M-NA), 8
solid core (M-SC), together with the homogenized mortar (M-H) as shown in Figure 4-7(c),

subjected to impulsive loading are modelled.
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Figure 4-9. Average cross-sectional stresses measured from sections A, Al, A2 and B of specimen M-H in the
time and frequency domain.

4.4.1.2 Results and discussion

As shown in Figure 4-8(c), the stress wave at cross-section B (i.e., middle of the specimen as
illustrated in Figure 4-7(c)) has the highest amplitude corresponding to the first dominant
wave frequency at 7.96 kHz. Therefore, the stress at the cross-section B is selected and
analyzed in this section to comparatively investigate the effectiveness of suppressing primary
dominant wave frequency on the stress wave attenuation by embedding engineered
aggregates. Figure 4-10(a) and Figure 4-10(b) present the average stress at the cross-section
B for different rod structures in the time and frequency domains, respectively. As shown in
Figure 4-10(a), the initial rise of the stress is due to the transmission of the initial impulse at
the designated location. The rising time (z,.) represents the time that the initial peak stress
reaches the peak value. The rising time of specimen with engineered aggregates (e.g., M-
CB3) is slower as compared to the other three specimens (i.e., M-H, M-NA and M-SC)
because of the very different material properties of the engineered aggregates to those of
mortar matrix, as well as the local vibration of the solid core. The rising time of M-H and M-

NA are almost the same because the material properties that affect the wave propagation,
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namely density and modulus or mechanical impedance of mortar and natural aggregates do
not vary drastically. Since the lead core material has a very different mechanical impedance
from mortar, the rising time of wave in M-SC is also slower than those in M-H and M-NA
specimens, but faster than that in the M-CB3 specimen. The changes in wave profiles in the
M-CB3 specimen might be influenced by the coating impedance and local vibration of the
solid core. After the initial peak, the compressive stress wave propagates in the specimen and
reflects at the end surface and becomes a tensile stress wave. The time lag (#;7) between initial
and second peak compressive stress (positive sign) in M-CB3 is greater than that (¢;) of other
specimens. This is because energy trapping in engineered aggregates due to local vibration

slows down wave propagation.
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Figure 4-10. Wave propagation in M-H, M-NA, M-SC and M-CB3 subjected to impulsive load: (a)

Longitudinal stress time history at cross-section B, (b) Frequency spectra.
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As compared with M-H, M-SC also exhibits peak stress reduction because of the wave
dispersion due to the wave scattering and interference with the solid aggregates. However,
there is no noticeable stress reduction for the specimen with nature aggregates (M-NA) as
the natural aggregates have similar physical properties (e.g., density and Young's modulus)
to the cementitious mortar. By adding engineered aggregates, specimen M-CB3 shows the
highest reductions in the compressive stress by 44% and tensile stress by 40% compared with
specimen M-H, as illustrated in Figure 4-10(a). The engineered aggregate embedded in
specimen M-CB3 consists of a heavy core and the compliant coating layer, the solid core
vibrates within the coating layer interacting with the wave propagation through the specimen.
When the heavy cores vibrate, the wave energy is converted to kinetic energy leading to the
reduction of peak compressive stress. Thus, using engineered aggregates is effective in

attenuating both compressive and tensile stress wave.

To understand the attenuation mechanism, Figure 4-10(b) compares the frequency spectra of
stress wave of different specimens. As shown, the peaks can be effectively suppressed at the
frequency range of /5, \/ -5 from 6.5 to 10 kHz (shaded in green). This frequency band well
agrees with the prediction from Figure 4-4(c). Within the prescribed frequency band as
shaded in green, a significant peak stress amplitude reduction is found in specimen M-CB3.
This indicates that metaconcrete specimen with specifically designed engineered aggregates
can effectively attenuate the stress waves generated by impact load with the frequencies
falling in the bandgap of the metaconcrete specimen. However, as shown in Figure 4-10(b),
two spectral peaks of the stress wave, one below and one above the bandgap are generated.
This observation indicates that although embedding engineered aggregates inhibits wave
energy propagating at bandgap frequencies in the metaconcrete structure, some wave
energies still pass through at frequencies below and above the bandgap frequencies. In other
words, the engineering aggregates change the dominant wave frequency propagating in the
specimen. This is probably because the vibrations of hard cores transfer a certain amount of
energy through the soft coating to the mortar matrix. For specimen M-SC, the width of the

bandgap is nearly negligible. Thus, no obvious wave attenuation is observed. Due to the
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increasing mass of the specimen M-SC as compared with specimen M-H, the dominant wave
frequencies of the specimen M-SC are also reduced. Because the impedance of the steel core
is very different to that of mortar, placing steel cores in mortar matrix also causes wave
attenuation as compared to that in the homogenous specimen, but at a less attenuation level
as compared that with engineered aggregates. Based on the above result, it can be concluded
that mitigation performance found in specimen M-CB3 is mainly attributed to the

contribution of the local resonance effect.

4.4.2 Parametric study

The above results show that the use of engineered aggregates in M-CB3 with a bandgap from
6.5 kHz to 10 kHz covers the first frequency range of dominant stress wave, therefore
effectively mitigating the wave energy transmission in this range. This observation indicates
that if the engineered aggregates are properly designed, they will be effective in mitigating
stress wave at the target frequency range. In this section, the influence of geometric
parameters (listed in Table 4-1) such as core size (D,), coating thickness (t) and combined
geometric parameter, as well as material properties (listed in Table 4-2) including core density
(pc) and coating modulus (E./) on the wave attenuation performance of metaconcrete
specimen subjected to impulse I are studied. Under the impulse I with 5 MPa amplitude, all
components of rod structures respond in the elastic range as studied above. To compare the
performance of the specimen with engineered aggregates of different configurations, two
performance metrics, e.g., energy ratio (Rg) and stress attenuation coefficient (Cs) are
introduced. R is the energy-absorbing effectiveness ratio, which is used to evaluate how
effectively engineered aggregates can store the energy applied onto the metaconcrete rod
structure subjected to impulsive load. It is mathematically defined as the ratio between the
energy absorbed by the engineered aggregates (E,) and that by the mortar matrix (E,,). In

addition, E, is the energy absorbed by the engineered aggregates which can be expressed as:
E, = Ea’k + Ea’i , Where Ea,k is the total kinetic energy of engineered aggregates and Ea,i is

the total internal energy induced by core and coating deformation. Besides, E,, is the total
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energy absorbed by the mortar matrix, which is given by: E. = Em,k + Em’i where Em’k is the

total kinetic energy of mortar matrix and Em,i is the total internal energy of mortar matrix.

The expression is given by:

Re = (4-10)

The stress attenuation coefficient (Cs) in percentage with respect to the homogenized

mortar specimen (M-H) at the same location is defined as:

META

C, =1-Z =, 100% @-11)

M-H
O-i max

M- . . . . . .
where O, Hmax is the peak stress in the homogenized mortar (M-H) at location i, GiMETAmaX 1s

the peak stress in metaconcrete specimens (META) at location i. It should be noted that this
section investigates the response of engineered aggregates with the specified configurations
considered in this chapter. The results demonstrate the effectiveness of properly designing
the aggregates to achieve better mitigation of stress wave propagations. The procedure can
be applied to structures with other configurations, e.g., beams, slabs, etc., to analyze the
predominant or primary dominant wave frequencies and then accordingly design the
engineered aggregates. The systematic and generic design approach given in section 4.5 can

be used for the design of engineered aggregates for use in different structures.

4.4.2.1 Influence of geometric parameters
Influence of core size

In order to investigate the effect of changing core size (D,), specimen M-CS1 to M-CS6 with
lead core varies from 16 mm to 26 mm under impulse I defined above are investigated. To
compare the performance, the elastic responses of the metaconcrete rod structure are
considered. The first performance matric Rg of different rod structures are calculated to
represent the energy absorption taken by different engineered aggregates with varying core

sizes. Another performance metric C is derived by taking the ratio of peak stress amplitude

70



at cross-section B between metaconcrete and homogenized mortar rod structure. Figure
4-11(a) shows the two-performance metrics including the energy ratio (Rg) and stress
attenuation coefficient (Cy). As shown, increasing core size from M-CS1 to M-CS6 results in
a higher energy ratio and attenuation coefficient, which indicates that increasing the core size
of engineered aggregates is favorable for the mechanical performance of metaconcrete rod
structures with respect to stress wave mitigation and energy absorption by resonant
aggregates. A higher energy ratio implies the mechanical energy stored in the mortar matrix
is smaller and that transferred to the engineered aggregates is larger, which reduces the stress
wave propagation in the structure. Correlatively, the stress attenuation coefficient (Cy) rises
with the increase of core size. It can be concluded that core size is a sensitive parameter
affecting wave attenuation performance of metaconcrete rod structure, and the relatively
large core size is recommended for the engineered aggregate design because it could store

more wave energy and hence mitigate wave propagation.
Influence of coating thickness

To evaluate the effect of the coating thickness (t) on the stress wave attenuation, the energy
ratio (REg) and stress attenuation coefficient (Cs) against the variation of coating thickness are
presented in Figure 4-11(b). It is found that the coating thickness has an obvious effect on
wave propagation. Increasing the coating layer thickness from 0.5 mm to 2 mm reduces the
transmission of the stress wave in the metaconcrete rod structure and achieves better
attenuation of peak compressive stress. With respect to energy absorption, increasing coating
thickness from 0.5 mm to 2 mm, i.e. from M-CT1 to M-CT3 enhances the energy ratio of
engineered aggregates as shown in Figure 4-11(b). It can be inferred that it is easier to
experience local vibration with a more compliant coating. Thus, the vibration of aggregates
captures more mechanical energy along with the propagation of stress wave. However,
further increasing coating thickness from 3 mm to 5 mm, i.e., from M-CT4 to M-CT6 causes
an adverse effect. This is because the equivalent coating stiffness of the specimen along the

longitudinal direction is not only influenced by coating modulus but also coating thickness.
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Increasing coating thickness makes the coating layer over-compliant, and therefore, the
energy in mortar cannot be easily transferred to the solid core to activate core vibrations
although a thicker coating layer gives the core more space to vibrate, which results in the
reduction of the energy ratio (Rg) and lower attenuation coefficient (Cg) as illustrated in
Figure 4-11(b). In conclusion, the appropriate stiffness contrast between the coating layer and
mortar should be carefully designed to allow the wave energy to be transmitted to the core
and induce core vibration, but an over-compliant coating layer due to excessive coating
thickness is not recommended, which could reduce the efficiency of using engineered

aggregates.
Influence of combined geometric parameters

Two performance metrics (e.g., Rg and Cg) against combined geometric parameters (core
radius and coating thickness) are presented in Figure 4-11(c). The product of core radius (R,)
and coating thickness (t) is used to represent each combination case as given in Table 4-1.
When the combined value Rt is greater than 20 mm? (e.g., R,=10 mm, t=2 mm), the
performance metrics decrease. The aggregate with a smaller core size but thicker coating
could reduce the effectiveness of using engineered aggregates as the coating layer becomes
over-compliant, which is not recommended. Also, two performance metrics show a positive
correlation to the variation of the bandgap region by comparing with Figure 4-4(c) and Figure
4-11(c). As seen in Figure 4-4(c), a reduction in the bandgap region is observed when the
combined value Rt is greater than 20 mm?, as a result, the performance metrics including
Rg and Cg are reduced. Therefore, it can be concluded that the aggregate with the appropriate
geometric combination should be properly designed according to the target impulsive loading
and the specimen geometry. For instance, a small core size with an over-compliant coating

layer is not recommended for the engineered aggregate design in this chapter.
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4.4.2.2 Influence of aggregate material properties

Material properties (e.g., mass density, Young's modulus and Poisson's ratio) could have a
substantial effect on the bandgap characteristics of metaconcrete structure as discussed in
Section 3.4.3. In this section, twelve representative materials are selected and assigned to the
aggregate core and coating layer while keeping the identical aggregate geometries and
volume fraction. These commercially available materials are chosen due to their significant
differences in density and Young's modulus for core and coating, respectively. The
mechanical properties of different materials used in the simulation are listed in Table 4-2.
The geometric parameters of the model are kept the same as M-CB3 with a core size of 20
mm and coating thickness of 2 mm, except that the material properties of coating and core

are varied. Key findings are summarized in the following sections.
Influence of core material

The energy ratio (Rg) and attenuation coefficient (Cg) of the metaconcrete rod structure vs.
core density are presented in Figure 4-12(a). The value of Cq and R with the core density
less than 11400 kg/m?3 are more sensitive to the change of core density, while the change of
core density has no significant effect on the value of Cg and R when the core density is over
11400 kg/m3. With the increase of core density, the total mass of aggregates increases, which
provides additional inertia resistance. However, the effectiveness of using engineered
aggregates is reduced by having an excessive dense core because the vibration of a very
heavy core might not be fully activated. The engineered aggregates with the lead core show
the best performance among specimens considered in the analysis. Therefore, the core
material should be purposely selected to meet the requirement regarding the bandgap region

while avoiding using an excessive dense core.
Influence of coating material

The energy ratio (Rg) and attenuation coefficient (Cg) of the metaconcrete rod structure vs.

coating modulus (E,') are presented in Figure 4-12(b). With the increase of coating modulus,
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the attenuation coefficient (Cg) slightly increases and the energy ratio (Rg) increases in
general. Using compliant polyurea as the coating material provides the highest energy ratio
and attenuation coefficient because the first dominant wave frequency is within the

prescribed bandgap region.
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Figure 4-12. Energy ratio and attenuation coefficient vs. material properties: (a) Core density,
(b) Coating modulus.

Besides, it is interesting to find that using polyurethane as coating also provides relatively
high attenuation performance (i.e., with the second-highest R and Cg) as the selected
polyurethane has Poisson's ratio of about 0.495, close to 0.50, leading to a wider bandgap
region (refer to Section 3.4.3.3), as shown in Figure 4-4(e). Therefore, Poisson's ratio effect

should be considered when using hyper-elastic material with Poisson's ratio greater than 0.49
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(such as silicone rubber or polyurethane) as it could significantly influence the designed
frequencies of engineered aggregates. In addition, the bandgap region is correlated with the
equivalent coating stiffness, which depends on the coating thickness (t) and coating modulus
(E,). Very soft or over-compliant coating layer (i.e., low coating modulus) cannot transfer
much energy from mortar matrix to engineered aggregates although the core is easier to
vibrate. On the other hand, using a too stiff coating layer prevents the vibration of the core,
which affects the energy ratio and stress wave attenuation efficiency of the engineered
aggregates. Thus, the coating material with appropriate Young's modulus as well as Poisson's
ratio should be carefully selected to obtain the proper coating stiffness and the desirable

bandgap region.
4.5 Design of engineered aggregates with multiple bandgap
regions

The influences of configurations, including geometric and material parameters on the stress
wave attenuation performance of metaconcrete rod structure, have been studied in section
4.4, which provides the reference for the design of engineered aggregates to generate the
desired bandgaps. The effective wave attenuation is achieved by designing the engineered
aggregates with their bandgap region to cover the primary dominant wave frequencies. The
primary dominant wave frequencies refer to the frequencies at which most wave energy
concentrates. It is also expected that wave attenuation performance can be enhanced by
designing engineered aggregates in the graded configuration to suppress multiple dominant
frequencies of stress wave induced by impulsive loading. The graded aggregates have
different resonant frequencies (f, or f_ ), and each f, or f  corresponds to a target
frequency band for wave attenuation (i.e., target frequencies (f;)). Because the graded
engineered aggregates are designed with the combination of various design parameters (e.g.,
core size, coating thickness and material properties), each covers a specific frequency
bandgap, and the combined bandgap region thus suppresses all target frequencies /.. It is

noted that the attenuation is mainly focused on the longitudinal wave in this chapter. The
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flowchart of how to design engineered aggregates for attenuating multiple target frequencies

is given below and summarized in Figure 4-13.

The workflow starts with the response analysis of the homogenized mortar without
aggregate (e.g., M-H) subjected to the applied load. The average transmitted stress-time
histories are recorded at two locations as an example, which are close to the end (cross-
section A) and away from the end (cross-section B). The frequency spectra are then plotted
by using the Fast Fourier Transform (FFT). Each target frequency (f;,), i.e., primary
dominant wave frequency, are identified by extracting the frequencies corresponding to

the peak amplitude of the Fourier spectra (referred to Figure 4-8).

. The overall bandgap region f, . consists of individually designed bandgap regions Af . =

{Af PR BG”}, where the subscript i indicates different bandgap regions. Therefore, each
target frequency (f;,) corresponding to the different wave frequencies should fall into each
Bf g (e, by =V € [fL , fU] ), where f, and £, are the lower and upper bounds of a

bandgap, and y is given by (f,, - f,)/ /7, , respectively. The dimensionless factor y is used
to quantify the bandgap range corresponding to the target frequency, and the larger value
of y represents the wider bandgap. Note that the bandgap region should cover the target
frequencies as much as possible to widen the attenuation region.

The target frequencies identified from step i are set as the resonant frequencies (f, or f )
of the engineered aggregates. The initial design parameters including geometric
parameters (e.g., D, or R. and t) and material parameters (e.g., p. and E./) could be

estimated by using Eq. (4-12) proposed by Mitchell et al. [25]

1 [k 1 [3E,
fO or fres SN R (4-12)
2z\m. 272\ 2R tp,

Then, different values of 1y, which is defined as the combination of equivalent coating

stiffness (k;) and core mass (m;), are preliminarily determined in accordance with each

target frequency f,, and individual bandgap Af, ..
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iv. After the initial estimation of design parameters, the bandgap region is numerically
evaluated by using software COMSOL Multiphysics through frequency response analysis
by applying longitudinal excitation at one side of the structure, which is the commonly

used method to assess bandgap properties of the metamaterial by different researchers [29,
53, 74]. Also, each target frequency (f;.,) should satisfy that Af, . =y f,, € [fL , fU]. If the

calculated bandgap regions from the initial estimation meet the above requirement, it shall
move to the next step. If not, the trial-and-error processes are required to obtain the
appropriate design parameters ensuring that the target frequency f;. is within the designed
bandgap region. Finally, given a set of design parameters (e.g., p. and E_/), appropriate
materials that satisfy the criteria and are commercially available can be selected as the

aggregate materials for the solid core and the compliant coating.

As shown in Figure 4-8, the bandgap of using single-resonant aggregate only targets the first
dominant wave frequency (i.e., 7.96 kHz), thus it is ineffective for other predominant or
primary dominant wave frequencies (e.g., 14.925 kHz, 22.884 kHz and 29.85 kHz).
Therefore, the effectiveness of only using a single-resonant type of aggregates is limited. This
problem can be tackled by configuring engineered aggregates with graded configurations of
multiple aggregates that cover as many dominant wave frequencies as possible through the

proposed design steps illustrated in Figure 4-13.

By adopting the proposed design, the aggregates are re-structured to target multiple
frequencies through a combination of graded configurations (e.g., M-GEA). For instance,
four target frequencies 1. are set as 7.960 kHz, 14.925 kHz, 22.884 kHz and 29.85 kHz
concerning dominant wave frequencies illustrated in Figure 4-8(c). To satisfy the requirement,
the aggregates are replaced accordingly by specifying the parameters with respect to the four
target frequencies /. mentioned above. The predicted bandgap region for each configuration
is referred to Figure 4-4, and structural and material parameters for graded engineered
aggregates are listed in Table 4-5. With the designed configuration, the integrated bandgap

of metaconcrete rod M-GEA (i.e., f3; 3.qpa) COVers the frequency range from 6.5 kHz to 31
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kHz. In addition, the specimen M-CB3 suppressing the first target frequency is adopted to
comparatively demonstrate the effect of suppressing multiple target frequencies, and M-H
and M-NA are selected as the references. Moreover, two types of impulses (I and II) with a
peak amplitude of 5 MPa and 40 MPa are used in the numerical study to further assess the

effectiveness, which are illustrated in Figure 4-8(a) and Figure 4-15(a), respectively.

Design parameters

Response analysis ..
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Figure 4-13. Design flowchart. Note: P(t) and a(t) represent the applied loading and the prescribed

acceleration, respectively.

The specimens are initially tested under the impulse I to observe the performance within the
elastic region. Under the impulse I with 5 MPa amplitude, all materials of rod structures are

assumed to remain in the elastic range. To study the influences of inelastic responses and
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material damage on the effectiveness of mitigating impulsive loading by embedding graded
engineered aggregates, impulse II of amplitude 40MPa is adopted in the analysis. In total,
four specimens, namely, M-H, M-NA, M-CB3 and M-GEA with 240 mm in length are
analyzed under the impulsive loading as shown in Figure 4-8(a) and Figure 4-15(a). To
evaluate the performance, Figure 4-14 and Figure 4-15 show average cross-sectional stress
at the middle of the specimen (i.e., B) in the time and frequency domain for the four
specimens subjected to impulse I and II, respectively. Location B for comparing impulsive
mitigation performance is chosen because it allows sufficient distance for wave propagation
and attenuation to examine the effectiveness of engineered aggregates.

Table 4-5. Geometric and material parameters used for graded engineered aggregates.

Material Geometric parameters .
Target Cor Coatin Estimated
ID . . Core ore oating bandgap
frequency f,. Coating material X size thickness .
material region fpg
(mm) (mm)
1 2 3 4 5 6 7 8
wees QO O0OO0000 O
1-8 7.960 kHz Compliant Polyurea Lead 20 2 6.5 kHz -10kHz
Replaced aggregates
5 6 7 8
M-GEA O@O‘OOOO
1,5-8 7.960 kHz Compliant Polyurea Lead 20 2 6.5 kHz -10kHz
2 14.925 kHz Compliant Polyurea Steel 20 2 9kHz -16 kHz
22.884 kHz Polyurethane Lead 22 1 14 kHz -25 kHz
4 29.850 kHz Nylon Lead 22 1 16 kHz -31 kHz

By comparing the stress-time histories for the specimen subjected to impulse I, a noticeable
difference in peak compressive and tensile stress is observed in the specimen M-CB3, which
is reduced by 44% and 40% compared with the benchmark M-H as shown in Figure 4-14(a).
However, as discussed above, placing engineered aggregates changes the wave frequency
owing to the local vibrations of the hard cores, therefore two frequency peaks below and
above the bandgap of M-CBS are observed. This compromises the effectiveness of wave
propagation mitigation because while the transmission of wave energy corresponding to the

frequency falling in the bandgap of engineered aggregate is stopped, local vibration of hard
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core induces waves at frequencies below and above the bandgap and propagates in the
structure. Placing configured engineered aggregates with multiple bandgaps that cover a wide
range of target frequencies, the peak compressive and tensile stresses are further reduced by
61% and 51% as compared with the benchmark M-H, and the attenuation percentage are
increased by 17% and 11% comparing with M-CB3, respectively as shown in Figure 4-14(a).
Comparing the frequency spectra depicted in Figure 4-14(b), the bandgap region fo \/ ra
induced by graded engineered aggregates is wider than the bandgap region f,; \/ p3» Which
allows suppressing waves in a wider frequency band. In addition, due to the wider frequency
bandgap of multiple engineered aggregates, wave energy induced by local hard-core
vibration of single-resonant engineered aggregate as observed above could also be mitigated.
As shown, several frequency peaks outside the fg. \, g5 It M-CB3 do not appear in the
specimen M-GEA, and the second spectral peak amplitude of M-GEA moves to a higher
frequency band but lower amplitude (highlighted by the yellow box in Figure 4-14 (b)) as
compared with M-CB3. Therefore, it indicates the successful suppression of wave
propagations at these frequencies by graded engineered aggregates. Thus, it can be concluded
that using aggregate in the graded configuration leads to a broader attenuation band and a

higher attenuation percentage.

Higher impulsive loading is likely to cause inelastic wave propagation and damage to the
structure, which could absorb a certain amount of wave energy and also change the dominant
wave frequencies. To assess the inelastic response of specimen subjected to higher amplitude
impulse (i.e., impulse II) as shown in Figure 4-15(a), the DIF and erosion criteria for mortar
and normal aggregates as specified in Section 4.3 are used in this simulation. Figure 4-15(c)
and (d) show the average stress at cross-section B for four specimens in the time and
frequency domain, respectively. As presented in Figure 4-15(c), the peak compressive and
tensile stresses are considerably reduced by 65% and 37% compared with the benchmark M-
H, and it has been further decreased by 16% and 11% with respect to M-CB3. Regarding

frequency spectra depicted in Figure 4-15(d), multiple wave bandgaps exist due to the
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presence of combined resonant aggregates. Within the prescribed bandgap /i, ; v/ qga» S€Veral
peaks in specimen M-GEA have been noticeably attenuated as compared with M-H and M-
NA. Comparing the specimen M-CB3 containing a single resonant aggregate, M-GEA can
suppress the peak outside the bandgap fj; \, g3 (highlighted by pink-dotted box), which

results in the enhancement of overall attenuation performance.
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Figure 4-14. (a) Stress time history at cross-section B for M-H, M-NA, M-CB3 and M-GEA subjected to

impulse I, (b) Frequency spectra.
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With regard to the damage pattern of the specimen, Figure 4-16 displays the effective plastic
strain contours of homogenized mortar (M-H) and M-NA, M-CB3 and M-GEA at different
time instants. At = 0.1 ms, no element has been eroded in the four specimens. Owing to the

existence of engineering aggregates, the time for the wave travelling to the rear end of the
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specimen is delayed for the specimen M-CB3 and M-GEA. Moreover, there is a clear stress
concentration around the polyurea coating, which potentially leads to localized damage to
the mortar matrix surrounding the engineered aggregates. At ¢ = 0.5 ms, Figure 4-16 shows
that the specimens M-H, M-NA, M-CB3 and M-GEA experience damage at different levels
at various locations. The specimen M-H and M-NA are severely damaged at the location
close to the rear end, i.e., the spalling damage commonly observed in spalling tests, which is
caused by the superposition of stress waves [108, 115]. As shown, the mortar matrix of the
specimens is broken into segments, and new free ends are formed at a broken position. Due
to the existence of specimen fracture, the peak values of average stress at cross-section B
significantly drop after the initial peak as shown in Figure 4-15(c). On the other side,
metaconcrete specimens (i.e., M-CB3 and M-GEA) experience both mortar matrix fracture
and localized damage [88] occurring around soft coating, but no obvious spalling damage is
observed. In addition, the primary damage location, indicated as broken segment (BS2) in
the figure, greatly shifts towards the loading end in specimen M-CB3 and M-GEA as
compared with BS1 in specimen M-H and M-NA owing to the existence of engineered
aggregates. These results indicate that using engineered aggregates can reduce stress wave

propagation, mitigate the associated structure damage and also change the damage mode.

In addition to the mortar fracture, it can be seen from Figure 4-16 that localized damage
between cement mortar and soft coating due to stress concentration is found in the specimen
M-CB3 and M-GEA. Because of the localized damage, the peak value of average stress at
the cross-section is further reduced. This is because material damage could dissipate a
substantial amount of energy. Therefore, in addition to the oscillation of heavy core inside
the engineered aggregates, the localized damage of the metaconcrete specimen, as shown in
Figure 4-16, can also reduce the stress amplitude due to energy dissipation. To conclude,
using engineered aggregates with graded configuration (i.e., M-GEA) exhibits better
performance in impulsive wave mitigation than the use of single resonant aggregates because

a much wider frequency range of dominant wave frequencies are covered by the re-structured
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bandgap f5; \s.cea- The proposed method from the present numerical simulation considering

a wider range of frequency bandgap can be used for the design of engineered aggregates.
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Figure 4-16. Effective plastic strain contours: (a) M-H, (b) M-NA, (c¢) M-CB3, and (d) M-GEA subjected to

impulsive II.

4.6 Summary

This chapter systemically investigates the influence of configurations including core size (D..),
coating thickness (t), combined geometric parameters (R.t), core density (p.) and coating
modulus (E_) of engineered aggregates on the bandgap region and the wave mitigation
performance of metaconcrete rods subjected to impulsive loading. By studying the frequency
response functions, the influence of configuration parameters on the bandgap region is

investigated by using COMSOL Multiphysics. The influence and sensitivity of design
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parameters on the wave mitigation performance of the metaconcrete rod specimens subjected
to impulsive load are numerically explored by using LS-DYNA. Furthermore, a new method
of designing engineered aggregates with multiple integrated bandgap regions to cover
multiple dominant wave frequencies is proposed and validated by numerical simulations. The

main findings are summarized as follows.

(1) The bandgap formation is attributed to the mechanism of local resonance. As revealed
in Section 4.2, the location and bandgap region are sensitive to the variation of core
size (D), core density (p,) and coating modulus (E,). Increasing values of D¢, p,
and E could achieve a wider bandgap region.

(2) The metaconcrete structure with designed resonant aggregates is more efficient in
attenuating stress wave propagation by comparing the specimen with non-resonant
inclusions and homogenized mortar.

(3) Energy ratio (Rg) and attenuation coefficient (Cg) are introduced as performance
metrics in this chapter. The results from Section 4.4 demonstrate that engineered
aggregates with larger core size (D.) could enhance performance metrics. The
performance metrics are sensitive to the change in core density (p.). However, having
an over-dense core has no significant improvement on these performance metrics.

(4) The performance metrics are also sensitive to the changes in the equivalent coating
stiffness and stiffness contrast between the coating layer and mortar matrix, which are
determined by the coating thickness (t), coating modulus (E_) and Poisson's ratio. The
coating materials should be carefully selected to obtain the desirable bandgap region.

(5) The design flowchart is given in Section 4.5 for designing engineered aggregates with
desired multiple bandgap regions. The effectiveness of using the proposed approach
is validated by the numerical simulation. The specimen with multiple resonant
aggregates features an enhanced wave mitigation performance than the specimen with

single resonant aggregates.
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Chapter 5 Experimental and numerical assessment of
stress wave attenuation of metaconcrete rods

subjected to impulsive loads

5.1 Introduction

In Chapter 4, the effectiveness of using metaconcrete rod structure in mitigating stress wave
attenuation is revealed and it is found that PDWF (i.e., the primary dominant wave
frequencies) induced by the impulsive loads should coincide with the designed bandgap of
the engineered aggregates. In this chapter, the experimental study is carried out to further
explore the stress wave attenuation performance of metaconcrete structure subjected to
impulsive loads and to verify the numerical findings. The performances of concrete
specimens composed of cementitious mortar and different inclusions including natural
aggregates, steel balls and resonant aggregates against impulsive load are comparatively
studied, in which the resonant aggregates are made of rubber-coated steel balls (RCSBs). In
addition, responses of metaconcrete specimens with different ranges of bandgaps that either
cover or do not cover PDWF are studied. Furthermore, the experimental results are used to
calibrate a developed numerical model in finite element code LS-DYNA. With the validated
numerical model, the effectiveness of metaconcrete structure on mitigation of wave
propagation induced by different loading profiles is investigated and discussed. The results
derived from this chapter could be applied to the design of the metaconcrete structure with

targeted bandgaps for resisting specific impulsive loading.

The related work in this chapter has been published in International Journal of Impact
Engineering.

Xu C, Chen W, Hao H, Bi K, Pham TM., Experimental and numerical assessment of stress wave
attenuation of metaconcrete rods subjected to impulsive loads. International Journal of Impact

Engineering. 2022.159:104052. https://doi.org/10.1016/).ijimpeng.2021.104052.
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5.2 Experimental program

5.2.1 Specimen fabrication

The details of the experimental program, including specimen fabrication and test setup, are
described in this section. To fabricate the specimens, high strength mortar is used as the
matrix of metaconcrete. The mortar is made of dry-mix Davco Lanko 701 duragrout produced
by Sika Australia Pty Ltd with the designated compressive strength of 73 MPa after 28 days
[124]. The reason for using high strength mortar for specimen preparations is to avoid
potential compressive damage under impulsive loading; hence the tests could be focused on
the influences of different aggregates on stress wave propagation in the specimen. The mix
ratio of cement/sand/water/additives is 1/2/0.5/0.33. To enable the relative movement of the
solid core inside the resonant aggregate, Young's modulus of coating should be at least one
order of magnitude lower than that of the mortar phase. In this chapter, silicone rubber is
selected as the coating layer. Steel balls commercially available and used in a wide range of
applications such as bearings, crushing mills and automobiles [125] are selected as the core.

Thus, the resonant aggregates are made of steel balls coated with silicone rubber.

With respect to the fabrication process, a schematic diagram of preparing specimen S4 with
eight periodically distributed silicone rubber-coated steel balls (RCSBs) is exemplified in
Figure 5-1(a). In addition, the silicone rubber-coated steel ball (RCSB) as shown in Figure
5-1(b) is manufactured by a supplier in China. The dome-shape rubber coating is prepared
by using the moulding technique. The steel ball is then encapsulated by the upper and lower
dome-shape rubber coating, followed by the curing process. As listed in Table 5-1, a total of
seven rods (S1-S7) with a length of 270 mm and a cross-sectional area of 30 X 30 mm? are
prepared. A plain mortar specimen (S1) without inclusions is prepared as a reference. Besides,
S2, S3 and S4 are fabricated by respectively adding natural aggregates with a maximum size
of 22 mm, steel ball and RCSBs to evaluate the effect of different embedded inclusions on
wave propagation. Three specimens (i.e., S4-S6) are designed to periodically mix the 22 mm

RCSBs in mortar matrix with the volume fractions of 18.4%, 9.2% and 22.9% respectively
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to explore the influence of volume fraction on wave mitigation. Specimen S7 is mixed with
18 mm RCSBs to study the effect of bandgap on wave mitigation. Detailed information on
the specimens and resonator configuration are given in Table 5-1. To ensure the periodic
position of specimens S3-S6, three 3D-printed position guides (i.e., G4, G8 and G10) are
prepared for the specimens, as illustrated in Figure 5-1(a). During the fabrication process, the
first step is to place the bottom layer of mortar in the mould to provide initial cover. After
that, the position guide is used for placing aggregates. After the placement, the position guide
is removed, and the remaining mortar is poured. Finally, a steel rod is used to ram the

specimen to minimize the voids.

Mortar

1: Crushed stone 3: 18 mm RCSB
2: Steel ball 4: 22 mm RCSB

Figure 5-1. (a) Schematic diagram of specimen fabrication, (b) Illustration of different inclusions.

5.2.2 Test setup

As summarized in Table 2-1, metaconcrete specimens made of cementitious mortar in the
previous studies [28, 29] were subjected to either ultrasound or vibration excitations, only
the specimen made of epoxy resin [31] was tested under plate impact. However, the
performance of metaconcrete structure made of cementitious mortar subjected to impulsive
loading has not been experimentally examined. In this chapter, the impact test of each
specimen is carried out by using a testing system, consisting of a striker, incident bar (bar I)
and transmitted bar (bar II), as shown in Figure 5-2. In the test, the specimen is placed
between two bars and hanged by two nylon threads. Two nylon threads are tied at one-third

of the specimen. The primary function of nylon thread is to hang the specimen and align it to
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the testing apparatus. The specimen by using nylon thread instead of using other supports can
minimize the interaction between the support and stress wave, which might cause unwanted
wave dispersion. The bars are made of stainless steel with the density and Young's modulus
of 7800 kg/m® and 210 GPa, respectively [126]. The impulsive load of the test is generated
by manually sliding the striker bar to impact bar I. Two strain gauges (i.e., SG1 and SG2)
with gauge factor of 2.1 are attached at the near front and rear surface of the specimen to

record the signal, i.e., 30 mm and 230 mm from the incident surface of the specimen,

respectively.
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Figure 5-2. Schematic diagram of experimental setup and configuration of tested specimens.

Table 5-1. Configuration parameters and summary of results.

. Inclusion D, t Ve, m, R
No. Configuration Type mm) (mm) (%) (%) p R,
1 1 1 1 1 1 1 1
- - - - - 0.09 0
1 1 1 1 1 1 1 1
Natral =, . 184 187 023 0.5
aggregate
1 1 1 1 1 1 1 1
Steel ball 20.5 - 17.0  53.0 025 0.18
RCSB 22 1.5 184 546 056 0.52
1 1 1 1 1 1 1 1
RCSB 22 1.5 92 273 056 0.52

RCSB 22 1.5 229 682 0.714 0.69

RCSB 18 1.2 189 546 0.729 0.71
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Note: L is the length of the rod; a is the dimension of the square cross-section; D, is the diameter of the RCSB;
R,, is the peak reduction ratio of the maximum longitudinal strain; R; is the peak reduction ratio of strain with
respect to plain mortar; ¢ is the thickness of rubber coat in RCSB; V,% is the volume fraction of RCSB to the

overall rod structure, m,% is the overall mass fraction; '-' means not applicable.

5.3 Results and discussions

5.3.1 Attenuation effectiveness of specimen containing different types of

inclusions

In order to evaluate the wave attenuation effectiveness, four performance metrics [31, 52, 69,
91, 127] are considered in this chapter, which are the peak reduction ratio of the maximum
longitudinal strain R, defined by Eq.(5-1), the peak reduction ratio of strain with respect to
plain mortar Rs defined by Eq.(5-2), the normalized longitudinal strain at different time

instants £7(¢) defined by Eq.(5-3), and the transmission ratio (TR) defined by Eq.(5-4).

&
R, 1ol (5-1)
gl|peak
823i eak
R, =1- P , where i=1,2---7 (5-2)
251 peak
* & (t
e (t)= (1) (5-3)
gl|peak
f
TR =20x Iog(ﬂ) (5-4)
&(f)

where ¢; and ¢, are the amplitude of longitudinal strain at SG1 and SG2 of the test specimen,

respectively; 81|peak and 82|peak represent the peak value recorded at two strain gauges;

&, stands for the peak strain value measured in the different specimens, &, is the
Si | peak 511 peak

peak strain recorded in the plain mortar (specimen S1), and subscript i represents the
specimen number; &;(f) is the amplitude of longitudinal strain in the frequency domain

recorded by SGI, and &,(f) is the amplitude of longitudinal strain in the frequency domain
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recorded by SG2.

Ry is used to quantify the attenuation effectiveness by calculating the ratio of longitudinal
strain at the front and rear end of the specimen [31, 52, 91]. Rsis used to comparatively study
the influence of added inclusions with respect to the reference specimen as in the previous
study [31]. £*(¢), the normalized value at different time instants, is the ratio of the strain at the
rear end (SG2) to the peak value of the strain at the incident end (SGI) to comparably
illustrate the response, which has been adopted in the previous study [52]. Furthermore, the
wave frequency filtering effect and the contribution of bandgap corresponded to resonant
inclusions can be characterized by the transmission ratio (TR). The transmission ratio (TR)
is defined as the ratio of output to input amplitudes in the frequency domain, which has been
adopted in previous studies [8, 69, 127]. Note that a negative TR indicates that the response
near the end of the specimen is less than the response near the incident end. The shaded
frequency band with negative TRs indicates the region of the wave filtering zone or the

bandgap.

By using Eq.(5-1), the peak strain reduction R, of S4 is calculated as 0.56, and the
corresponding value for plain mortar (S1), mortar with crushed sandstones (S2) and steel
balls (S3) is 0.09, 0.23 and 0.25, respectively, as listed in Table 5-1. These results indicate a
peak reduction of 56% in the longitudinal strain for the specimen S4, and the percentage of
wave attenuation is much higher than plain mortar and those using natural aggregates and
solid core (S1-S3). S4 also shows a higher Rs of 0.52 than 0.15 and 0.18 for S2 and S3,
respectively, as calculated by Eq.(5-2). Therefore, specimen S4 with embedded RCSBs
confirms more effective in mitigating impact stress waves as compared with other specimens.
The performance metric £*(f) regarding the ratio of incident stress wave transmitting through
the specimen is shown in Figure 5-3, where the lower peak value means higher attenuation
effectiveness and less wave energy transmitted through the specimen. Figure 5-3(a) shows
the normalized longitudinal strain at different time instants ¢ “(#) recorded at SG2 for

specimens S1, S2, S3 and S4. S4 shows the lowest peak value among the four specimens,
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indicating the highest wave attenuation. Specimen S4 with embedded 22 mm RCSBs has
better wave attenuation than the specimens with natural and solid inclusions owing to the
local resonance mechanism. The above-mentioned attenuation phenomenon by using RCSBs

could be inferred from the results in the frequency domain.
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Figure 5-3. Stress wave attenuation performance among specimens S1-S4: (a) Normalized strain-time

histories, (b) Frequency spectra (TR: transmission ratio), (¢) Predicted bandgap of S4.

To explain the mechanism and evaluate the contribution of the bandgap, TR corresponded to
the longitudinal strains are calculated according to Eq. (5-4) and the region of the bandgap is
calculated through COMSOL Multiphysics [99]. The curves of TR versus frequencies ranging
from 0 kHz to 10 kHz for four specimens S1-S4 are presented in Figure 5-3(b). The green
shaded zone (i.e., 2 kHz to 3.4 kHz) in the figure represents the estimated frequency range of
the bandgap of S4. Figure 5-3(c) shows a numerically calculated response function and the
predicted bandgap for S4. The details of the model and the model validation for predicting

bandgap have been reported in Chapter 3 and Chapter 4, which are therefore not repeated

93



herein for brevity. In addition, as shown in Figure 5-3(b), there are no significant changes in
TR of the plain mortar (S1) with frequency, especially in the prescribed frequency band,
implying no appreciable wave filtering and attenuation in S1. Specimen S2, however, also
displays a frequency-dependent attenuation owing to the scattering of the stress wave at the
embedded natural aggregates [108, 128]. Similarly, the attenuation phenomenon can be also
found in specimen S3 containing eight steel balls, which shows a TR dip of -10 dB at 1.9

kHz.

As compared with specimen S1, both specimens S2 and S3 exhibited the attenuation effect
due to the inhomogeneity through adding inclusions. Hence, the attenuation behaviors found
in specimens S2 and S3 are attributed to wave scattering and reflection; this trend agrees well
with the previous numerical prediction [129]. For specimen S4 with RCSBs, however,
besides the wave scattering the predominant wave filtering and attenuation are induced by
the local resonance of RCSB. As shown in Figure 5-3(b), apparent frequency dip occurs at
the frequency band from 2 kHz to 3.4 kHz, i.e., the bandgap shown in Figure 5-3(c), in which
the minimum TR is around -23 dB, indicating that stress wave induced by impulsive loading
within this bandgap is substantially suppressed. Within this frequency band, most of the wave
energy is transferred to the local resonance of RCSBs, which reduces wave energy
transmitted through the cement mortar. Therefore, it can be concluded that adding RCSBs is
effective for wave filtering and attenuation, and the existence of local resonance and bandgap
can be beneficial for improving the wave attenuation of the specimen subjected to impulsive
loading. It should be noted that using steel ball aggregates (S3) leads to slightly more
prominent wave attenuation than natural aggregates (S2) because steel material properties
are more different from mortar matrix than natural aggregate material. The larger difference

in impedance between steel and mortar matrix results in more prominent wave attenuation.

5.3.2 Influence of volume fraction

In this section, responses of specimens S4, S5 and S6 with RCSB volume fractions of 18.4%,

9.2% and 22.9%, respectively are compared to evaluate the influence of the RCSB volume
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fraction. Regarding the ability of the peak strain reduction listed in Table 5-1, no difference
is observed for the value of R, between specimens S4 and S5. Kettenbeil and Ravichandran
[31] also reported no significant difference regarding the wave attenuation of the
metaconcrete structures containing four and eight locally resonant aggregates due to the same
configuration of RCSBs. However, R, increases from 0.56 (S4) to 0.714 (S6), implying that
the ability of wave attenuation is greatly improved by increasing the volume fraction of
RCSBs from 18.4% to 22.9%. Similarly, there is no difference between specimens S4 and S5
with respect to Rs, while Rs in specimen S6 increases to 0.69 compared to 0.52 for S4. By
comparing &'(¢) as illustrated in Figure 5-4(a), no significant difference is observed between
S4 and S5 as the peak value is almost identical. Nevertheless, the peak value of the
normalized longitudinal strain in S6 is 0.296, which is significantly lower than the value of

0.44 in S4.

To understand the mechanism associated with the above observations, Figure 5-4(b) shows
the TRs as a function of wave frequency. The shaded zone in the figure indicates the estimated
frequency range of the bandgap. Specimens S4, S5 and S6 have similar bandgap induced by
local resonant due to the same configuration of RCSBs despite different volume fractions.
However, the values of TRs in the predicted bandgap (BG1, as illustrated in Figure 5-4(b)
from 2 kHz - 3.4 kHz) are different, which results in a variation in the ability of attenuation.
Figure 5-4(b) also displays frequency dips at the higher frequencies in addition to the bandgap
(BG1) of RCSB, and these dips might be due to the stress wave reflections by the aggregates.
In the frequency bandgap (i.e., 2 kHz-3.4 kHz), specimen S4 has a very close TR value to
specimen S5, which leads to similar wave filtering and attenuation behavior. However, the
TR value drops to about -30 dB for specimen S6 with ten RCSBs, which causes substantial
attenuation. The enhancement of attenuation might be due to the changes in the matrix
stiffness between RCSBs. Increasing the volume fraction of RCSBs inevitably narrows the
spacing between RCSBs. As shown in Figure 5-4(a), the matrix layer between inclusions for
S6 is rather thin, which greatly reduced the stiffness between RCSBs and affected the TR

although the bandgap frequency range of engineered aggregate remains the same. The
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threshold in this chapter is defined for the volume fraction of RCSBs. The threshold values
of volume fraction are determined by comparing the transmission ratios (TR). When the
volume fraction is lower than the threshold i.e., S4 (18.4%) In this chapter, changing the
volume fraction of RCSBs has little effect on the transmission ratio. When the volume
fraction is higher than the threshold, changing the volume fraction of RCSBs has a significant
effect on the transmission ratio. A similar observation has also been reported by other
researchers [29, 103]. In conclusion, the volume fraction of resonant aggregates is an
important design factor, increasing the volume fraction of RCSB could influence the
attenuation effectiveness of metaconcrete rod structure subjected to impulsive loading.

Further study on the influence of volume fraction of RCSBs is deemed necessary.
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Figure 5-4. Attenuation effect of metaconcrete specimen with different volume fractions (S4-S6): (a)

Normalized strain-time histories, (b) Frequency spectra.
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5.3.3 Influence of effective bandgap

In the previous studies, metaconcrete material or structure is not designed to achieve the
specific effective bandgap based on the frequency band of stress wave in the specimen,
instead, the engineered aggregates are arbitrarily configured. When the impulsive load is
applied, the metaconcrete structure is very effective to filter and attenuating stress waves with
frequency coinciding with the bandgap of the metaconcrete structure. Therefore, the
engineered aggregates should be designed to make their bandgaps cover the primary
dominant wave frequency (PDWF) for effective wave attenuation. The primary dominant
wave frequency (PDWF) refers to the frequency at which most wave energy concentrates. In
this chapter, the primary dominant wave frequency (PDWF) of the stress wave propagating
in the plain mortar specimen S1 within the elastic range is calculated via LS-DYNA. The
average stress-time histories in the middle of the specimen are recorded and the frequency
spectrum is then plotted by using the Fast Fourier Transform (FFT). The primary dominant
wave frequency is calculated as 6.9652 kHz as shown in Figure 5-5(¢), which is the frequency
corresponding to the first spectral peak. The bandgap of engineered aggregate can be
calculated by the method of determining the response function through COMSOL
Multiphysics [99]. Based on the COMSOL Multiphysics method, the bandgap of 22 mm
RCSBs and 18 mm RCSBs are 2 kHz-3.4 kHz and 6.5 kHz-7.5 kHz, respectively, which are
denoted as BG1 and BG2 here for easy discussions. Therefore, the bandgap BG2 of specimen
S7 with 18 mm RCSBs covers the primary wave frequency PDWF, whereas the PDWF is

outside the bandgap BG1 of other specimens with 22 mm RCSBs.

As listed in Table 5-1, specimen S7 with 18 mm diameter RCSBs shows the superior wave
attenuation capability with the reduction value R, of 0.729. Similarly, specimen S7 also has
a superior strain reduction Ry of 0.71 compared with S4 (0.52). Hence, specimen S7 is the
most effective in suppressing wave propagating through the specimen in this chapter.
Moreover, Figure 5-5(a) presents &'(¢) of specimens S4, and S7 measured at SG2. The peak

value of ¢* of specimens S4 and S7 is 0.44 and 0.296, which are much lower than 0.91 of S1.
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These results indicate that if the bandgaps of engineered aggregates cover the PDWF, more

effective wave propagation mitigation can be achieved.

To demonstrate the mechanism, TR as a function of wave frequencies for specimens S1, S4
and S7 are plotted in Figure 5-5(b). The bandgaps of S4 and S7 are different, as shown in two
shaded areas. Furthermore, the minimum TR value found in S4 is -23 dB located at the
frequency band of BG1 (2 kHz-3.4 kHz) shaded in green. The bandgap of specimen S7,
namely, BG2 is in the range of 6.5 kHz to 7.5 kHz (colored in light red), which covers the
dominant frequency of wave energy. Hence, it is more effective in mitigating wave
propagation and leads to a much lower TR value about —45 dB. These results confirm that
the design of RCSB with its bandgap covering the PDWF can enhance the ability of

metaconcrete structure in attenuating stress wave generated by the impulsive load.
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Figure 5-5. Influence of effective bandgap: (a) Normalized strain-time histories, (b) Frequency spectra, (c)

Primary dominant wave frequency (PDWF) of plain mortar, and (d) Response function of S7.
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5.4 Finite element modelling

5.4.1 Model description and calibration

In order to predict the performance of metaconcrete rod structure subjected to different
impulsive loading with different amplitudes and duration, finite element code LS-DYNA is
employed in this section to develop numerical models. The numerical model is firstly
calibrated with the test data obtained from the above experimental work. The schematic
diagram of the numerical model and configuration of specimen S4 as an example is illustrated
in Figure 5-6. The geometric and material parameters used in the simulation are listed in
Table 5-1 and Table 5-2, respectively. Commonly used concrete material model
MAT CONCRETE DAMAGE REL3 (*MAT 072REL3, named KCC model) in LS-
DYNA is adopted to simulate mortar material. The accuracy of this model in predicting the
behavior of concrete-like material under various dynamic loading conditions has been
reported in many previous studies, e.g., [108, 116, 117, 130]. In addition, the dynamic
increase factor [122] is also incorporated into the model. Material model MAT
PIECEWISE LINEAR PLASTICITY is adopted to simulate the steel core. Material model
MAT MOONEY-RIVLIN RUBBER is adopted for the rubber coating. The key input
parameters required for the present simulation are given in Table 5-2. The strain time histories
at 30 mm and 230 mm from the incident surface of the specimen in the numerical model are
compared with test data SG1 and SG2, respectively. Three specimens S1, S4 and S7 are
selected to calibrate the numerical model. specimen S1 serves as the reference specimen in
the study. Since specimens S4 and S7 have different bandgaps, they are used to numerically
explore the effectiveness of suppressing wave propagation when achieving the desired
bandgap. The comparisons of numerical and experimental results for specimens S1, S4 and
S7 are presented in Figure 5-7. In this chapter, each specimen is meshed by the eight-node
solid elements in the numerical model, and there are a total of 455,620 elements in each
model. The minimum mesh size of 1 mm is adopted for the specimen after conducting a mesh

convergence study to obtain reliable results with a reasonable computational cost. The
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contacts between the aggregates and mortar are assumed to be the perfect bonding [88].

Table 5-2. Material properties in the numerical model.

Category Material Model Parameters Value
Mass density 2200 kg/m?
*
Mortar MAT CONCRETE DAMAGE REL3 Unconfined strength 3 MPa
Mass density 7850 kg/m?
Steelball  *MAT PIECEWISE LINEAR_PLASTICITY ~—oungs modulus 210 GPa
- - Poisson's ratio 0.3
Yield stress 500 MPa
Mass density 1000 kg/m?
Rubber " A 0.49755889 MPa
[131] MAT MOONEY-RIVLIN RUBBER B 010932788 MPa
Poisson's ratio 0.495

As shown in Figure 5-7(a) and (b), the numerical results match well in general with the
experimental results for specimen S1 and S4 despite a slight difference in the peak values
and overall duration. Figure 5-7(c) shows some discrepancies in peak strain values for
specimen S7 with randomly distributed RCSBs, which might be caused by the imperfection
of the sample surface and random locations of RCSBs. The distribution of RCSBs in
specimen S7 in the FE model is randomly generated, which may not exactly coincide with
those in the tested specimen S7. In conclusion, the overall attenuation behaviors between
experimental and numerical results are in good agreement; therefore, the FE model is

validated.
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Figure 5-6. (a) Schematic illustration of the numerical model and (b) Configuration of specimen S4.

Note: b=15 mm; s is the spacing between RCSBs; D, is the diameter of RCSB; L is the length of the specimen.
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Figure 5-7. Comparisons of numerical prediction and test results of specimens: (a) Comparison of strain time
histories in S1, (b) Comparison of strain time histories in S4, and (c) Comparison of strain time histories in

S7.

5.4.2 Parametric study

With the validated model, a parametric study is conducted to evaluate the effectiveness of
metaconcrete specimens on attenuating waves induced by impulsive loading of different
loading parameters. As demonstrated above, metaconcrete structure exhibits significant
attenuation behavior of stress waves with dominant wave frequency falling in the bandgap
frequency range of locally resonant RCSBs. To assess the ability to attenuate waves generated
by impulsive loads with different loading parameters, a series of compressive stress wave
profiles with the same amplitude but different duration (i.e., impulse I and II) or with the
same duration but different amplitudes (i.e., impulse II, III and IV) shown in Figure 5-8(a)
are applied to the incident bar (bar I) as shown in Figure 5-6. Figure 5-8(b) presents the

corresponding frequency spectra of selected impulsive loads through FFT. The impulsive
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loads consist of the single principal impulse of arbitrary form with a short duration [132],
e.g., single half-sine impulse, which has been used to study wave propagation in concrete-
like material [ 108, 119]. In this chapter, the single half-sine impulse is also used to assess the
attenuation level of stress wave induced by impulsive loads. More specifically, the peak
amplitudes of impulse I and II are set as 5 MPa so that it does not result in compressive
damage to the concrete specimen during the propagation of the stress wave. The input stress
waves with different peak amplitudes (i.e., impulse III and I'V) are used to evaluate the ability
to attenuate stress waves of different amplitudes. The peak stress amplitudes are set as 2.5
MPa and 10 MPa for Impulse III and IV, respectively. The reduction in the peak strain, i.e.,
Ry, of specimens S1, S4 and S7 under various loading scenarios are summarized in Table 5-3.
Higher reduction ratio R, value indicates a higher reduction percentage in the maximum
longitudinal strain or better mitigation performance. Table 5-3 also gives the peak value of

average stress (o,,,) over the cross-section for these three specimens, i.e., o, . and

ve peak

Ocamel ., At tWo cross-sections Cl and C2 located at 45 mm and 225 mm from the incident
' peal

surface of the specimen, respectively. To further demonstrate the effectiveness of wave
attenuation, the transmitted stress wave profiles at C2 after passing several locally resonant
aggregates (i.e., S4 and S7) are compared with that of the plain mortar S1. The stress-time

histories at C2 of different specimens and loading scenarios are presented in Figure 5-9.
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Figure 5-8. (a) Time-histories of input impulsive loads (I, I, III, IV), (b) Frequency spectra.

As illustrated in Table 5-3, the specimen with RCSBs generally shows a higher reduction

ratio (i.e., Rp) than the plain mortar in all loading cases. Higher reduction ratio indicates

102



higher reduction percentage of the maximum longitudinal strain after passing serval RCSBs,
implying better performance on wave propagation mitigation as compared to the one without
RCSBs. Moreover, the value of R, for metaconcrete specimens under impulse I is slightly
higher than that under impulse II with a larger duration, i.e., the wave propagation mitigation
(i.e., Ry value) slightly decreases with the increase in loading duration. This is because
increasing the loading duration makes its energy concentrate in a narrower frequency band.
Hence, the wave attenuation of metaconcrete specimens is less effective, especially when the

wave energy is in a frequency band outside the bandgap of the metaconcrete structure.

Table 5-3. Reduction in the peak strain, the peak value of average stresses at cross-sections Cland C2 under

various input impulses.

Specimen Impulse R =1— Z2lpeak | peak  Ocrave|pey  Tc2ave peg
No. No Duration Peak P 31|

) (ms) amplitude (MPa) peak (MPa) (MPa)

I 0.2 5 0.093 5.11 4.65

S1 11 1 5 0.080 17.12 15.58
I 1 2.5 0.079 8.42 6.98

v 1 10 0.081 33.99 30.76

I 0.2 5 0.586 5.12 2.02
S4 11 1 5 0.551 14.76 6.41
I 1 2.5 0.533 7.76 3.46

1\Y 1 10 0.581 27.85 11.79
I 0.2 5 0.733 5.43 1.48
$7 11 1 5 0.707 13.92 4.13
III 1 2.5 0.695 7.10 2.16
1\Y 1 10 0.739 27.29 7.63

This observation agrees with the testing results reported in Kettenbeil and Ravichandran [31].
In addition, wave propagation mitigation is more effective when the specimen is subjected to
the impulse with higher loading amplitude. This is because higher loading amplitude induces
larger local vibrations of the hard core inside the engineered aggregate. Thus, more wave
energy is absorbed by the engineered aggregates hence resulting in more effective mitigation
of wave propagations. This result also agrees with the findings from [31], who conducted the
plate impact experiment with varying impact velocities. Furthermore, the strain reduction is
found to be more pronounced in specimen S7 where R, of 0.695 and 0.739 under impulse 111
and IV is observed. Thus, it demonstrates again that RCSBs designed with the effective

bandgap (i.e., S7) that covers the primary dominant wave frequency (PDWF) is more
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effective in mitigating stress wave propagations. To conclude, the wave mitigation efficiency
of the metaconcrete specimen is less prominent if the impulsive load has a long duration or
narrow frequency band and the frequency band is outside the bandgap of the metaconcrete
specimen (e.g., S4 and S7). Therefore, it is important to properly design the engineered
aggregates to have their bandgaps cover the primary dominant frequency bands of expected
stress waves. It is interesting to note that the mortar specimen S1 has a slightly larger
reduction value R, when the loading intensity is higher. Since specimen S1 is homogeneous
and the response is within the elastic range, the only mechanism to dissipate wave energy
and attenuate wave is geometric attenuation, as mentioned in [133, 134]. Yuan et al. [133]
stated that the spatial attenuation coefficient of rock specimen increases when subjected to
more intensive loading owing to the geometric attenuation, indicating the geometric
attenuation is wave amplitude-dependent, more geometric attenuation is expected if
propagating wave has a higher amplitude. A similar characteristic of sandstone specimens
under dynamic loading is reported by Cheng et al. [134]. Moreover, the Poisson effect might
be another reason to cause higher attenuations in this chapter. A larger longitudinal wave in
arod is also associated with a larger lateral expansion owing to the Poisson effect, which also

attracts some wave energy during propagation.

Furthermore, it is also interesting to note that the average stress over the cross-section C1 on
the input side corresponding to impulse I of S7 is the highest, followed by S4 and that of the
homogenous mortar specimen S1 is the smallest. This is because of the wave reflection on
the surface of the aggregates. When the impulse is applied onto the specimen, it generates
the stress wave propagating inside the specimen. On the input side, while the local vibration
of the engineered aggregates is not fully activated yet, the wave reflection by the aggregates
slightly increased the stress over the cross-section C1. The opposite, i.e., the largest average
stress over cross-section C1 occurs in specimen S1, followed by S4 and the smallest average
stress occurs in S7, however, is observed for input impulses II, III and IV. This is probably
because the duration of these impulses is longer, implying more energies for these impulses

to activate the local vibrations of the first aggregate in S4 and the first three aggregates in S7,
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which attenuate the stress waves. Moreover, longer impulse duration means a narrower

frequency band and lower primary frequency of the input, which makes the wavelength

longer, leading to less wave reflection by the aggregates.
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Figure 5-9. Plot of average stresses transmitted at cross-sections C2 of specimen S1, S4 and S7 subjected to

different impulses, (a) S1, (b) S4, (c) S7.

To study the stress wave propagation in different rod structures, Figure 5-9 plots the average
stress transmitted at cross-section C2 for specimens S1, S4 and S7. As shown in Figure 5-9
(a), (b) and (c), the specimen with RCSBs has a lower peak value of transmitted stress (i.e.,
higher attenuation performance) than plain mortar (S1) under different loading scenarios. By
comparing specimen S4 with S7 from Figure 5-9(b) and (c), it can be observed that specimen
S7 gives the lowest average value of transmitted stress at cross-section C2 during all loading
scenarios. In other words, it has better performance in wave mitigation than the plain mortar
and the specimen with its bandgap excluding PDWF (e.g., S4) due to the mechanism of the
bandgap. In general, by comparing the reduction ratio (i.e., Rp) of the maximum longitudinal

strain and the transmitted average stress, it can be concluded that the presence of resonant
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RCSBs can effectively improve the stress attenuation performance, and the properly designed

RCSBs with the effective bandgap show better performance in stress wave attenuation.

5.5 Summary

In this chapter, the effectiveness of using resonant aggregates named RCSBs to mitigate stress
wave 1s explored experimentally and numerically. The experiment has investigated the
influences of different types of inclusions, volume fractions and bandgaps on the stress wave
attenuation of rod structures subjected to impulsive loading. The effectiveness of
metaconcrete structure on mitigation of wave propagation induced by different impulsive

loading profiles is numerically investigated. The main findings are summarized as follows.

(1) The experiment demonstrates that the presence of RCSBs in metaconcrete rod
structure could attenuate stress wave more effectively than plain mortar, mortar
with natural aggregates and mortar with steel balls. The favorable stress wave
attenuation performance in the specimen with RCSBs is attributed to the formation
of the bandgap.

(2) The volume fraction of RCSBs is an important factor affecting the wave attenuation
performance under impulsive loads. More prominent wave mitigation capacity can
be obtained if the volume fraction of RCSB reaches a threshold.

(3) Metaconcrete with RCSBs has superior wave attenuation performance than plain
mortar under various loading scenarios. Wave mitigation performance in
metaconcrete specimen can be enhanced when subjected to the input impulse with
a shorter duration or higher amplitude.

(4) Anewly proposed design method for resonant aggregates with an effective bandgap
to cover the primary dominant wave frequency (PDWF) of plain mortar is
experimentally verified. The PDWF of plain mortar structure can be used to design
the resonant aggregates (e.g., RCSBs) of metaconcrete structure for better wave

mitigation performance.
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Chapter 6 Damping properties and dynamic responses
of metaconcrete beam structures subjected to

transverse loading

6.1 Introduction

In Chapter 5, the dynamic response of metaconcrete rod structure subjected to longitudinal
impulsive loading is revealed. This chapter then investigates the damping property and
dynamic response of cementitious metaconcrete beam with resonant aggregates made of
rubber-coated steel balls (RCSB) subjected to transverse impulsive loading. A total of nine
beam specimens are prepared, made of plain mortar, mortar with non-resonant inclusions and
metaconcrete beam with various volume fractions of RCSBs (i.e., 9.2%, 18.4% and 22.9%)
and different sizes of RCSBs (i.e., 22 mm, 18 mm and 15 mm). Two boundary conditions
(i.e., cantilevered and clamped support) are adopted in the tests. The influence of periodic
and non-periodic RCSB distributions is also analyzed. The effectiveness of the metaconcrete
beam on the response attenuation subjected to different transverse impulsive loading
intensities is examined. Furthermore, the bandgap characteristics obtained from the
experiment are compared with the numerical prediction using COMSOL Multiphysics to
verify the existence of bandgap in metaconcrete beam and understand the attenuation

mechanism of the metaconcrete beam specimens under transverse impulsive load.

The related work in this chapter has been published in Construction and Building Materials.

Xu C, Chen W, Hao H, Pham TM, Bi K., Damping properties and dynamic responses of metaconcrete
beam structures subjected to transverse loading. Construction and Building Materials. 2021.311:125273.

https.//doi.org/10.1016/j.conbuildmat.2021.12527.
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6.2 Dynamic response of metaconcrete beam subjected to
transverse loading

Many models are available to analyze the vibration response of periodic composite structures.
Lougou et al. [135] proposed the double scale asymptotic method (DSAM) suitable for
periodically supported sandwich beam and Hamdaoui et al. [136] further analyzed the
damped response of sandwich beam via the adjoint method. Besides, the Euler-Bernoulli
beam model has been often used for studying wave propagation in continuous periodic
structures [137], flexural wave propagation in the beam with periodic masses [138, 139], and
flexural response of a beam with mass-springs subsystems [140-142]. Without losing
generality, the dynamic response of a metaconcrete beam specimen subjected to transverse
non-destructive impulsive load is determined by using the Euler-Bernoulli beam theory.
According to the Euler-Bernoulli beam theory [143, 144], the governing equation of motion

can be simplified as:

o*u o%u (6-1)
El —+ pA—=P(X,t
ox* P ot? (1)

where E, I, p, A and u are Young’s modulus, the moment of inertia, density, cross-sectional
area and displacement of the beam, respectively, P(x,?) is the equivalently distributed load
per unit length. When the impulsive load P(¢) is applied at the tip of the cantilevered beam
(x=L), the equivalent distributed force per unit length can be expressed as P(x,?) = P(f) 6(x-L),

where 0(x) is the Dirac delta function [144].

In addition to the concrete matrix, the metaconcrete beam specimen has distributed RCSBs
consisting of solid core and soft coating, as shown in Figure 6-1(a), which can be treated as
the equivalent spring-mass system. When the cantilevered beam is subjected to an impulsive
load (i.e., impulsive load P(¥)), the local resonators (RCSB) tend to vibrate and dissipate
energy. The metaconcrete beam with resonators can be simplified as the combination of an

equivalent mass-spring system with an internal core connected by springs, as depicted in
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Figure 6-1(b) and the concrete matrix. The equivalent mass-spring system (i.e., highlighted
by red box) can mitigate the dynamic response of the beam induced by external dynamic
loads, such as impulsive load.
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Figure 6-1. (a) Metaconcrete beam with RCSBs, (b) Simplified equivalent mass-spring model, (¢) Free-body
diagram of local resonator (i.e., RCSB), and (d) Representative segment.

Since the elastic response is assumed, the overall structure can be divided into representative

segments, as shown in Figure 6-1(b). Figure 6-1(c) and (d) respectively illustrate the free

body diagram of the local resonator and representative segment. When the core starts to

vibrate, the impulsive energy is transferred to the internal resonators (i.e., RCSBs), therefore

mitigating the response of the beam structure.

Based on the assumption of the Euler-Bernoulli beam and free body diagram shown in Figure
6-1(d), three coupled equations of motion for the metaconcrete beam segment can be

expressed as:

84 82

mg U +2kR (ug-u)=0
P.a =2k, (U -u)

where a, k,, m,, u and u, are the segment length, equivalent spring stiffness, the mass of

RCSBs, displacements of segment and RCSBs, respectively. P represents the equivalent

109



uniformly distributed force acting on the segment generated by resonators. Let:

(6-3)

where Ky and My are the normalized equivalent spring stiffness and mass, respectively, wg
is the resonant frequency of RCSBs (rad/s). Eq. (6-2) with considering Eq. (6-3) can be

expressed as:

4 2
EI@_U+pA6_u_

ox’ ot? 2kg (U -u)=0 (6-4)

rﬁR L‘J‘,quZk;(uR -u)=0

Introducing the general displacement solution for beam segment and local resonator [25, 145],

1t can be written as:

u=U(x)e (6-5)
u, =U,(x)e"

where U(x) and Ug(x) stand for the displacement solution for beam segment and local

resonator at location x [145], respectively. Substituting Eq. (6-5) into Eq. (6-4), the equations

of motion can be expressed as:

U, —— Xy
2K, —m, (6-6)
4 o

1Y | pa-2Meke |2y g
X 2k, —m,

As seen from Eq. (6-6), the ratio of displacement amplitude (U,/U) between the local

resonator and beam segment is related to the resonant frequency of resonator ( @Wg ), or RCSB
in this chapter. It is found that when 2k_R—rﬁR ®® 1s close to zero or the loading frequency

approaches resonant frequency, i.e., ® = @, the vibration amplitude of RCSB approaches
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infinity theoretically. Hence, the impulsive energy is greatly dissipated via converting into

kinetic energy of RCSBs. Similar to the theoretical explanation as mentioned in Section 2.4.2,

the frequency band where displacement ratio (U,/U) theoretically approaches infinity is

termed as bandgap, indicating that the internal core of the local resonator moves out-of-phase
against the matrix. Thus, the stress wave induced by the impulsive load within the bandgap

is suppressed, leading to the mitigation of dynamic responses.

6.3 Experimental program

6.3.1 Specimen fabrication

This chapter is aimed to investigate the influences of different parameters on the dynamic
response of the specimen subjected to the transverse impulsive load. High strength mortar is
used as the matrix of the metaconcrete specimen to avoid damage during the test. The mortar
is made of dry-mix Davco Lanko 701 duragrout produced by Sika Australia Pty Ltd with the
designated compressive strength of 73 MPa after 28 days [124]. The mix ratio of
cement/sand/water/additives is 1/2/0.5/0.33. In addition, the casting method for specimens
with periodically placed RCSBs in a mortar matrix is schematically depicted in Figure 6-2(a).
Besides, five types of inclusions are used to fabricate the specimens, as depicted in Figure
6-2(b). In addition, the silicone rubber-coated steel balls (RCSBs) as shown in Figure 6-2(b)

are fabricated by encapsulating steel ball with rubber coating, followed by a curing process.

Detailed information on the specimens and the configuration of inclusions are listed in Table
6-1. As shown, a total of nine specimens (i.e., S1-S9) with a length of 270 mm and a cross-
sectional area of 30 X 30 mm are prepared. A plain mortar beam (S1) without inclusion is
prepared as a reference specimen. Besides, S2, S3 and S4 are fabricated by respectively
adding natural aggregates, steel balls and RCSBs to evaluate the effect of inclusion type.
Three specimens labelled as S4, S5 and S6 are designed to periodically mix the different
number of 22 mm-diameter RCSBs in metaconcrete specimen. Giving the RCSB volume

fraction of 9.2%, 18.4% and 22.9% in metaconcrete specimen, it could explore the influence
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of the volume fraction of engineered aggregates. S8 has the same number of aggregates as
S4, but they are randomly distributed in a mortar matrix to study the influences of randomly
distributed vs periodically distributed engineered aggregates on the behavior of metaconcrete
beam structure. RCSBs with different sizes, namely, 22 mm, 18 mm and 15 mm in diameter
as illustrated in Figure 6-2(b), are used to fabricate the S4, S7 and S9 to study the effect of
aggregate size. To ensure the periodic position of S3, S4, S5 and S6, three 3D-printed position
guides are prepared for the specimen fabrications. During the fabrication process as
illustrated in Figure 6-2(a), the first step is to place the bottom layer of mortar in the mould
to provide the initial cover. After that, the position guide is used for placing aggregates and
then the position guide is removed. For S7, S8 and S9, the RCSBSs are randomly placed on
top of the initial layer. Sequentially, the remaining mortar is poured. Finally, a steel rod is

used to ram the specimen to minimize the voids.

Table 6-1. Summary of specimen configuration and parameters.

¢ LBF UBF
No Configuration Type Distribution (mm)  (mm) Vo (%) (kHz) (kHz)
S1 - - - - - - -
o TS O ag'\é?gé;i'es Periodic 22 - 18.4 -
S OO0 OO®  stelballs  Periodic 205 - 17 - -
1 000000 O®®  RcsB Periodic 22 1.5 184 24 34
ss @ @ @ @ RCSB Periodic 22 1.5 9.2 24 34
s 0000000000  RcsB Periodic 22 1.5 229 24 34
s7 ©e0ePe000e0g%0 o RCSB Random 18 12 189 688 76

s @ 00 00 ®@®  Rrcss Random 22 1.5 184 24 34

59 999000 000 % ¥s®  RCSB Random 15 1.2 186 838 9.1

112



5 Core
Cement mortar :
Core Coating ~ Coating
1
fal 1 2 3 4 5
1: Crushed stone 2: Steel ball 3: 15 mm RCSB

| 4: 18 mm RCSB 5:22 mm RCSB
Position Guide '

(@) (b)

Figure 6-2. Schematic diagram: (a) Casting method of the specimen, (b) Different inclusions.

6.3.2 Test setup

The hammer excitation technique has been commonly used in vibration tests to study the
damping properties and dynamic response. In the previous studies [28, 29], only the
longitudinal (in-plane) response of the metaconcrete structure was studied. The out-of-plane
dynamic response of metaconcrete beam under non-destructive impulsive loading is further
explored herein. For the test setup, accelerometers are usually placed near and away from the
impact location to measure the wave propagating through local resonators under different
excitations [29, 45, 53, 69, 74, 76]. One accelerometer (i.e., accelerometer #1 (a,)) is adhered
underneath the impact location to record the input acceleration using a Quantum X universal
data acquisition system (DAQ) with a sampling rate of 19.2 kHz. Another accelerometer (i.e.,
accelerometer #2 (a,)) is installed near the support to measure the output acceleration. A
Dytran® 5800B3 impulse hammer equipped with a soft polyurethane tip (6250PS) is used to
impact the specimen at the prescribed location and the hammer force is also recorded by
DAQ. Moreover, concrete specimens with identical geometrical size (i.e., 30x30%270 mm)
and mortar strength but two different boundary conditions, i.e., cantilevered (labelled as B1)
and clamped support (labelled as B2) are tested. For the cantilevered beam, all specimens are
fixed at one support and excited at its free end to evaluate the damping and out-of-plane

dynamic responses, while the beam specimens with clamped boundary are impacted at mid-
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span. The attenuation properties of nine specimens with cantilevered and clamped boundary
conditions are comparatively studied to evaluate the effect of boundary conditions. The

schematic diagram of the experimental setup is illustrated in Figure 6-3.

(b)
~ Data [r—_,t::@
o _ pgpo tism Hammer
acquisition
=

system

L=270m 7
L' =240m
a=30mm

Concrete base Foam board

Impulse

Concrete base
hammer

Figure 6-3. Schematic diagram of the experimental setup with two boundary conditions: (a) Cantilevered

support, (b) Clamped support.
6.4 Experimental results and discussions

6.4.1 Damping

Damping includes viscous damping, friction damping, and solid damping [146]. In this
chapter, nine cantilevered specimens described above are studied by conducting a forced
vibration test with an instrumented impact hammer. The equivalent damping ratio is extracted
from the testing data to represent the damping of the structure. The free vibration phase of
cantilevered structures under hammer impact is used to evaluate the equivalent damping ratio.
Without losing the generality, testing data from specimen S1si are used to illustrate the
procedure to derive the equivalent damping ratios of the beam specimen. Figure 6-4(a) shows
a typical hammer impact force profile with two peaks recorded during the impact test on
specimen S1si. At the end of the impulse, the specimen starts vibrating freely. In this chapter,
the free vibration response in the time region from 0.0228s to 1s (shaded area) as shown in

Figure 6-4 (b) is selected for analysis. The equivalent damping ratio can be determined by
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using the exponential fitting method [146-148]. Specifically, Figure 6-4(c) illustrates the
acceleration time history recorded by accelerometer #2, and the equivalent damping ratio (&)
is determined using the equation depicted in Figure 6-4(c). Figure 6-4(d) shows the fast
Fourier transform (FFT) spectrum, from which the corresponding fundamental frequency can

be obtained. For brevity, the details of the method are not presented herein but can refer to

[147].
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Figure 6-4. Evaluation of damping: (a) Hammer impact force-time histories, (b) Corresponding acceleration
time histories and free-vibration region for evaluating damping, (c) Illustration to calculate equivalent

damping ratio through the exponential fitting, (d) FFT spectrum and fundamental frequency.

Each specimen is impacted by the hammer at least three times, and a total of 27 acceleration-
time histories are analyzed to derive the equivalent damping ratio, the results and average
equivalent damping ratio for each specimen from the test are summarized in Table 6-2. In

addition, the average equivalent damping ratios of S181-S981 are summarized in Figure 6-5.
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As shown, the specimens with RCSBs (i.e., S481-S981) have much higher equivalent damping
ratio than the specimens without RCSBs (i.e., S181-S3B1). For instance, the equivalent
damping ratio for the beam with eight RCSBs (i.e., S4s1) has an equivalent damping ratio of
2.683%, which is much higher than S1g1 of 1.355%, S2B1 of 1.366% and S3s1 of 1.946%. It
is worth noting that the equivalent damping ratio of metaconcrete specimen S4si1 is 96%
higher as compared to that of S2B1 (normal concrete). The enhancement of the equivalent
damping ratio is attributed to the existence of RCSBs because some vibration energy is
absorbed by the local vibrations of steel cores. Moreover, the volume fraction of RCSBs
provides a favorable effect on the equivalent damping ratio. It is found that the average
equivalent damping ratio increased from 2.524% in S581(9.2% volume fraction) to 3.052%
in S6B1 (22.9% volume fraction). This is because the larger amount of viscoelastic rubber
coating and more local vibrations of RCSBs lead to more energy dissipations. Thus, damping
ratios of the metaconcrete specimen are positively correlated to the volume fraction or the

number of RCSBs in the metaconcrete mix.

Table 6-2. Summary of equivalent damping ratio of cantilevered specimens.

() Test no. Standard

Specimens No: T1 T2 T3 Averagevalie  erivation
Sl 1.430 1.370 1.204 1.335 0.166
S2si 1.269 1.461 1.369 1.366 0.136
S3s1 1.979 1.955 1.905 1.946 0.053
S4s1 2.739 2.637 2.672 2.683 0.073
S581 2.506 2.450 2.615 2.524 0.119
S681 2.989 3.215 2.953 3.052 0.201
S7s1 2.757 2.952 2.994 2.901 0.179
S8s1 2.647 2.847 3.039 2.844 0.277
S9s1 2.708 2.913 3.109 2.910 0.284

Besides, the equivalent damping ratio varies slightly for the specimens with different
aggregate sizes (S7s1, S881, S981) but similar volume fractions of RCSBs. Given a similar
volume fraction of RCSBs, S781 with 18 mm RCSBs has the average equivalent damping

ratio of 2.901%, and S9s1 with 15 mm RCSBs presents an average equivalent damping ratio
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of 2.910%, which is slightly different from that of S8s1 with 22 mm engineered aggregates.
Moreover, the aggregate distribution slightly affects the damping properties by comparing
the equivalent damping ratios of S4s1 and S8gi. These results demonstrate that the
metaconcrete specimens with RCSBs can achieve a much higher equivalent damping ratio

than the normal concrete specimen, which can effectively reduce the dynamic response.
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Figure 6-5. Average equivalent damping ratio for cantilevered specimens.

6.4.2 Dynamic responses under transverse impulsive loads

In this chapter, two performance indexes as defined in [31, 52, 91] are adopted to examine
the attenuation effectiveness of each specimen. First, the attenuation ratio R., the ratio
between input and output acceleration response, is adopted as a primary performance index.
In this chapter, two acceleration responses refer to the accelerations recorded near and away
from the impact location, i.e., location #1 and # 2, respectively as illustrated in Figure 6-3.
Besides, taking S1 (plain mortar specimen) with no inclusions as a reference, the index R,
i.e., the ratio of the acceleration recorded at location #2 normalized by the corresponding
peak hammer force in each test for metaconcrete specimen (Si) to that of S1 is used as another
performance index. The equations to calculate these two performance indices [31, 52, 91] are

given by:

a
R, 4, 0rR, ., :1—%x100% 67)
a1 max
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aZI,Si‘ .
Rn_107 Ry g, = (1—— 1) x100%, where a,'g|

s

a'Z,Si

—max i:]_12. .9 (6-8)

peak

max
max

where subscripts B1 and B2 refer to the two boundary conditions; a; and a, are the

amplitude of acceleration recorded by two accelerometers at locations #1 and #2 of the test

specimens, respectively, al‘max and &,  are the maximum values recorded by the two

accelerometers; a

, Si‘ is the normalized maximum acceleration by the corresponding peak
! max

hammer force Fpear (highlighted by the red box in Figure 6-4) for each specimen (S;:). The

letter i represents the specimen number. For example, a,' 51‘ is the maximum acceleration
! max

at location #2 of the specimen S1 normalized by the corresponding peak hammer force (Fpeak),
as tabulated in Table 6-3 and Table 6-4. More specifically, Rqs-: and Ra-52 are used to quantify
the effect of RCSBs on impact mitigation throughout the specimens [45, 76]. Indexes Rm-51
and Ru-2 for the two boundary conditions are used to compare the attenuation performance
of the metaconcrete specimen with respect to the plain mortar specimen S1, as used in the
previous study [31]. The typical hammer force profiles of the nine specimens with similar

maximum amplitudes under two boundary conditions are shown in Figure 6-6.
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Figure 6-6. llustration of the typical recorded hammer impact force profiles for nine specimens under two

boundary conditions: (a) B1- cantilevered support, (b) B2-clamped support.

As observed, the force profile for the cantilevered boundary condition has a second peak
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while the force profile for clamped boundary condition has no obvious second peak, which
might be due to the relatively larger rebound vibration causing a second impact of specimens
with B1 boundary condition during the tests. It should be noted that this second impact does
not affect the evaluation of the vibration, damping and wave attenuation characteristics of the
tested specimens.

Table 6-3. Test results for cantilevered specimens.

Boundary condition No. Fpeak ai‘max a?‘max Rasi Rupi
N9 @

Sly, 39 795 486  39% -

Cantilevered support (B1) S2p; 434 1019 529 48%  2.1%

S3p1 40 3.85 1.80 53% 73%

Y. Specimen- .

S4g, 404 372 1.60 57% T7%

SS5g;  40.2 9.55 4.20 56% 40%

S6p, 419 432 145  66%  82%

S7g1 43 4.26 1.53 64% 81%

S8g1 41 4.64 1.84 60% 75%

S95, 405 407 158  61%  79%

Table 6-4. Summarized test results for clamp-support specimen.

Boundary condition No. iﬁ;’k 6li‘max az‘max Rasi Rz
@ (9
Slg, 69 506 4 21% -
S2g, 73 540 390  28%  27%
_Clamped support (B2) S35, 688  3.08 223 28%  58%

| . ‘Specimen Sdy, 69 343 196  43%  76%

A e
l | S5, 70 438 263  40%  65%

a a

z ! S6g, 69 342 150  56%  86%
STe, T4 410 283 31%  52%
S8, 71 519 268  48%  71%

S9,, 70 389 195  50%  80%

Note: Fpeax is the peak hammer force; ai‘maxis the maximum acceleration amplitude recorded by accelerometer

#1; az‘max is the maximum acceleration amplitude recorded by accelerometer #2; @,' | is the maximum
rimax
acceleration normalized by peak hammer force (i.e., Fpea).
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Figure 6-7. (a) Acceleration attenuation ratio (R,-p;) of the cantilevered specimen with respect to peak hammer
forces of different amplitudes, (b) Acceleration attenuation ratio (R,.-52) of clamped boundary specimen with

respect to peak hammer forces of different amplitudes.

6.4.2.1 Dynamic responses of cantilevered specimens
Influence of different types of inclusions

Four specimens, namely, S1s1, S2B1, S381 and S4s1 are compared to examine the influence
of different inclusions on the cantilever beam. By using Eq. (6-7), the attenuation ratio Ra-B1
of S4g. is calculated as 57%, as compared to 39%, 48% and 53% of plain mortar beam (S1s1),
mortar with crushed stones (S2s1) and steel balls (S3s1), respectively, as tabulated in Table
6-3. Besides, S4s1 also is attained the highest Rm-B1 of 77%, compared to 2.1% and 73% for
S2g1 and S31, respectively. It is interesting to note that S3s1 with periodic steel balls is only
a few percentages lower than S4s1 with RCSBs, this is because Bragg scattering and
destructive interference existed in the structure took the effect due to periodic changes of the
impedance [149]. Because of the co-existence of high wave impedance and wave destructive
interference in S3g1, the attenuation level found in S4s1 is not considerably higher than S3gi
subjected to transverse loading with similar amplitudes. To conclude, the S4s1 with RCSBs
exhibited better vibration and wave mitigation performance than the specimens with non-
resonant inclusions such as natural aggregate and steel ball, as the local resonance of RCSBs

inside S4s: interacted with the incident waves to mitigate the dynamic response.
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Influence of volume fraction

In this section, the performance of specimens with 9.2% (S581), 18.4% (S4s1) and 22.9%
(S6B1) volume fraction of RCSBs are compared to evaluate the effect of volume fraction. As
shown in Table 6-3, the attenuation ratio Ra-5: of S4p1 is 1% higher than that of S5gi, i.e.,
increasing the volume fraction of RCSBs from 9.2% (S581) to 18.4% (S4B1) only slightly
increases the attenuation ratio by 1%. However, Rq5: is increased from 57% to 66% by
increasing the volume fraction of RCSBs from 18.4% (S4s1) to 22.9% (S6s1). These results
indicate that attenuation ability is positively correlated to the volume fraction of RCSBs.
Similarly, as shown in Table 6-3, increasing the volume fraction of engineered aggregates
increases the attenuation performance index Ru-5:. The performance index Rm-z1 are 40%,
77% and 82% respectively for S5g1 with a volume fraction of RCSBs of 9.2%, S4g1 with a
volume fraction of 18.4%, and S6s1 with a volume fraction of 22.9%. These results indicate
that the attenuation efficiency can be substantially improved when doubling the volume
faction of RCSBs as compared to the reference structure (S1si1). It is because the mitigation
performance is enhanced via waves propagating through more RCSBs when increasing their
volume fraction. In conclusion, the out-of-plane vibration attenuation performance can be

enhanced by increasing the RCSBs’ volume fraction.
Influence of aggregate size

In order to study the effect of aggregate size on the attenuation performance, the attenuation
performance of three cantilevered specimens with randomly distributed RCBSs of the same
volume fraction but different engineered aggregate sizes, namely S7s1 (18 mm-diameter
RCSBs), S8s1 (22 mm-diameter RCSBs) and S9s1 (15 mm-diameter RCSBs), are compared.
Among the three specimens, S781 shows a slightly higher R.-5:/ value of 64% as compared
with that of S8g1 of 60% and S9s1 of 61%, as tabulated in Table 6-3. In addition, S4g1 and
S8s1 have the same volume fraction of 22 mm-diameter RCSB but the aggregates in S8gi are
randomly distributed while they are periodically distributed in S4s1. As given in Table 6-3,

Ra-1 for S8gi1is about 3% higher than that for S4s1. This is because wave scattering and
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reflection in the longitudinal and transverse mode is affected by the distributed aggregates.
Other distribution patterns would slightly change the attenuation performances. Moreover,
S7s1 has a Rm-81 value of 81%, which is higher than S4g1, S8s1 and S9gi. It is worth noting
that S7s1 demonstrates the best attenuation performance while its RCSB size is not the
smallest among them. These results indicate that although reducing the size of engineered
aggregates while keeping the volume fraction unchanged, i.e., increasing the number of
engineered aggregates, enhances the vibration mitigation efficiency, if the aggregate size is
smaller than a certain size, further reducing the aggregate size is detrimental to its attenuation
efficiency. This is because reducing the RCSB size inevitably reduces the size of the steel
core; a small steel core has less ability to trap sufficient wave energy, leading to the reduction
in attenuation efficiency [88]. For instance, the RCSBs of S951 might not be fully activated
as they are over-compacted, which made the attenuation effectiveness less prominent. Further
study on the influence of RCSB size and optimal volume percentage of RCSBs is deemed
necessary. To conclude, the attenuation capacity of the specimen is generally enhanced when
adding more numbers of RCSBs with smaller size when the RCSB size is not smaller than
an optimal value; when the aggregate size is smaller than the optimal value, further reducing

the size of RCSBs has a negative effect on vibration mitigation efficiency.
Influence of hammer force

As reported in the previous study [31], a metaconcrete beam specimen is more effective in
mitigating the longitudinal stress wave propagation when subjected to impulsive loading with
higher intensity because high-intensity loading can more effectively activate the local
vibrations of the hard cores of engineered aggregates, hence convert more loading energy to
kinetic energy of local vibrations. Besides attenuation of longitudinal stress wave
propagations, the dynamic response of metaconcrete structures under different transverse
loading intensities has not been investigated. To investigate the influences of engineered
aggregates on dynamic responses, experimental tests with the peak hammer forces ranging

from 20N-60N are conducted. The Rq-s: values for S1s1-S9s1 versus different loading
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intensities are presented in Figure 6-6(a). As shown, the metaconcrete cantilever specimen
with RCSBs (i.e., S481-S981) achieves more significant attenuation in terms of acceleration
responses than the cantilevered beam with other aggregates, especially when the hammer
force is relatively large. Moreover, the attenuation ratio of the metaconcrete cantilever
specimen increases with peak hammer impact force while the cantilever with other types of
aggregates may decrease as shown in Figure 6-7(a) (highlighted by the blue circle). This is
because the local resonance effect depends on the relative motion between the resonant
inclusion (i.e., steel core) and the mortar matrix. Increasing loading intensity causes larger
deformation of the beam and enlarged the relative movement of RCSBs. Hence, a higher
proportion of mechanical energy in the system is transferred to the kinetic energy of the steel
core inside RCSBs as well as the internal energy of rubber coating. Therefore, the percentage
in response reduction of metaconcrete cantilever specimen is higher under the higher
intensity of traverse loading, which is similar to the performance of metaconcrete structure
in mitigating longitudinal stress wave propagations reported in the previous study [31]. In
contrast, the attenuation performance generally weakened for S1s1 with the rising loading
intensity. This is because S1si1 is a uniform specimen that there is no other mechanism to
attenuate energy other than geometric attenuation, therefore, the attenuation percentage is
smaller when the input energy is higher. The attenuation level of S2g1 and S3s:1 increased
first but reduced after reaching a certain loading threshold, as highlighted by the red circle in
Figure 6-7(a). The initial rising of attenuation percentage may be because of wave scattering
and reflection. To conclude, the cantilevered metaconcrete specimens illustrate an enhanced

attenuation performance when increasing the loading intensity.

6.4.2.2 Dynamic responses of clamp-supported specimens
Influence of different types of inclusions

The damping and dynamic response of the cantilevered specimen have been presented in
Sections 6.4.1 and 6.4.2.1. In a previous study, Guo et al. [ 150] numerically investigated the

effect of boundary conditions on wave propagation in a periodic compound plate and reported
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that the attenuation of wave propagation is sensitive to the boundary conditions as well as the
number of locally resonant cells in the structure. Likewise, Raghavan and Phani [149]
revealed the effect of boundary conditions on the Timoshenko beam with periodic masses
and resonators. However, no experimental study investigating the effect of boundary
conditions on the response of metaconcrete beam structure with locally resonant aggregates
subjected to transverse loading has been reported in the literature yet. To investigate the
influences of different boundary conditions on dynamic responses of metaconcrete beam
specimens, the beam specimens with clamped boundary conditions are impact tested. As
shown in Figure 6-3(b), the specimen is clamped at two ends and impacted at the mid-span.
Four clamp-supported specimens S1s2, S282, S382 and S4Bz, are compared to examine the
influence of specimen containing different inclusions. As shown in Table 6-4, S4s2 has the
attenuation ratio Ra-82 of 43%, which is higher than S1s2 of 21%, S282 of 28% and S3s2 of
28%. Similarly, S4g2 exhibited the highest value of Rm-52 of about 76%, which 1s much higher
than S3B2 (58%) and S2B2 (27%). S4B2 shows the highest reduction percentage of the
acceleration responses among these four specimens with the same boundary condition

subjected to the similar peak hammer force input (i.e., Fpeak).

Comparing Ra-81 and Ra-52 in Table 6-3 and Table 6-4, it shows that the value of Rs-5: is, in
general, lower than the value of R.-ps, indicating a lower attenuation level for a clamp-
supported specimen than the cantilevered specimen. The primary reason is that the effective
distance (i.e., the distance between the two measurement locations) in a clamp-supported
specimen is much shorter than that of a cantilevered one, hence, the number of RCSBs
between the two locations are less excited compared to that between the two locations in the
cantilevered specimen, therefore, leading to less effective attenuation performance. A more
detailed discussion about the influence of boundary conditions is summarized in Section 6.4.3.
In conclusion, S4s2 with RCSBs under clamp-supported condition demonstrates a better
attenuation performance than the specimens with non-resonant inclusions in the same

boundary condition.
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Influence of volume fraction

In this section, the performances of specimens with three-volume fractions of RCSBs, namely,
9.2% (S582), 18.4% (S4s2) and 22.9% (S682) with the clamp-supported condition are
compared. As given in Table 6-4, R.52 increases from 40% (S582) to 56% (S6s2) with the
increasing volume fraction. S6s2 also has the highest Ru-52 value of 86% as it contains the
highest volume fraction of RCSBs among the three specimens. Thus, a higher volume
fraction of RCSBs can enhance the attenuation magnitude of metaconcrete beam with
clamped boundary condition. As shown in Table 6-4, S6s2 presents the highest reduction
percentage of acceleration responses, indicating a better mitigation capacity. Besides, it is
observed that the clamp-supported specimen has less significant attenuation performance (i.e.,
Ra-p2) than the respective cantilevered specimen (i.e., Ra-5/). In conclusion, increasing the
volume fraction of RCSBs could positively influence the attenuation capacity of the

metaconcrete specimen.
Influence of aggregate size

To determine the effect of aggregate size, four clamp-supported specimens, namely, S4s2,
S7s2, S8B2 and S9s2 subjected to similar peak hammer forces are compared. As presented in
Table 6-4, Ra-p2 increases from 43% for S4s2 to 50% for S9s2. Regarding the Rm-52, S982 has
the highest value of 80% among the four specimens as S9s2 has the highest volume fraction
of RCSBs despite the aggregate size being the smallest. It is interesting to observe that S7g2
has a lower reduction percentage than S4s, which illustrates a different trend from the
cantilevered specimens. This might be caused by the insufficient number of 18 mm RCSBs
between the two measurement locations in S7s2. Compared to the cantilevered specimen, the
distance between the two accelerometers in the clamp-supported specimen is much shorter.
In other words, the number of RCSBs to interact with the incident waves within the distance
between the two measurement locations is less. As a result, only a smaller number of RCSBs
could absorb loading energy between the two measurement locations, thereby being

detrimental to the attenuation effect.
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Influence of hammer force

In this section, hammer forces with an intensity ranging from 60N-120N are applied to the
clamp-supported specimens. It is noted that the flexural stiffness of the clamp-supported
beam specimen is much higher than that of the cantilevered one; therefore, a higher intensity
of hammer force is required to excite the specimen. R.52 values for nine specimens versus
different loading intensities are depicted in Figure 6-7(b). The attenuation ratio (i.e., Ra-52) of
metaconcrete specimens increases slightly when increasing hammer force as shown in Figure
6-7(b) and highlighted by the blue circle. The local resonance of RCSBs could help to reduce
the response of specimens under higher intensity loading, which is similar to the observations
discussed in Section 6.4.2.1. On the other side, attenuation level decreases for S1g2 and S2g2
as highlighted in Figure 6-7(b) by the red circle because there is no existence of RCSBs or
local resonance effect within those specimens. It is interesting to note that the attenuation
percentage for S3p2increased initially and then decreased when further increasing the loading
intensities. This might be because the periodic distribution enabled steel ball to effectively
interact with incident wave due to wave scattering and wave impedance. Due to the lack of
viscoelastic coating layer, and no local resonance effect, the attenuation is only attributed to
the geometric spreading as discussed above and thereby leading to the reduction in
attenuation percentage when the hammer force increased to a higher level. To conclude, the
clamp-supported metaconcrete beam with RCSBs generally achieved a better attenuation
performance with the increased loading intensity, but due to the absolute attenuation value
associated only with geometric spreading remains almost unchanged, the opposite

observation on the attenuation percentage can be drawn for the specimens without RCSBs.

6.4.3 Influences of boundary conditions on the attenuation performance

Metaconcrete beam specimens with the two considered boundary conditions in this chapter
show the same attenuation trend, but different attenuation levels as presented in Section 6.4.2.
As shown in Figure 6-7(a) and (b), the clamp-supported specimens have generally lower

attenuation percentages than the respective cantilevered specimens, i.e., Ra-82 < Ra-81. TWoO
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reasons are accounted for this observation. Firstly, the activation of local resonance of RCSBs
relies on the relative motion between the cement matrix and RCSBs. The clamp-supported
specimen is harder to be excited due to its higher flexural stiffness than the cantilevered
specimen, resulting in lower relative motion and less effectiveness in using RCSBs. Secondly,
Guo et al. [150] found that the effect of the bandgap on wave propagation depended on the
number of local resonators. In this chapter, the distance between two accelerometers for the
clamp-supported specimen is shorter than that of the cantilevered one, which indicates waves
passing less number of RCSBs, leading to a lower attenuation level. Therefore, the
attenuation efficiency of the metaconcrete specimen depends on the vibration level of the
specimen, which in turn depends on the boundary condition of the structure, and the volume

fractions of engineered aggregates.

6.5 Bandgap characteristics

In the previous studies [25, 30, 31, 83], the bandgap characteristics of metaconcrete structure
for longitudinal wave propagations are reported, while its bandgap characteristics for
transverse wave propagations have not been investigated yet. In addition, the influences and
contributions of bandgaps on the out-of-plane responses of the metaconcrete structure are
unknown. Since bandgap characteristics are related to the wave filtering and attenuation
mechanism of the metaconcrete structure, it is essential to understand the bandgap
characteristics for a better explanation of the experimental observations. In this section, the
bandgap characteristics of the tested specimens are investigated through numerical

simulations by using COMSOL Multiphysics.

6.5.1 Model calibration

The numerical model is built by using COMSOL Multiphysics and calibrated with the
available testing data reported by Ma et al. [53]. Ma et al. [53] tested the three-dimensional
locally resonant metamaterial, which is made of six locally resonant units. Each unit

consisted of a silicone-coated steel cylinder core and epoxy matrix. It has been reported that
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this epoxy-based meta-rod structure is capable of suppressing flexural wave propagation
within the bandgap. A numerical model of the specimen tested by Ma et al. [53] is built,
which is a meta-rod consisting of six units of a steel core with a silicone rubber coating in
the epoxy matrix. The rod is placed on top of the excitation plate. The transverse excitation
(inwards prescribed acceleration of amplitude 1 m/sz) is applied onto the excitation plate
along the transverse direction. Table 3-2 and Table 3-3 present more information about the
geometric and material parameters used in the simulation. The model is meshed by solid
quadratic tetrahedral elements with a minimum element size of 0.6 mm after conducting a
mesh convergence test. More detailed information about model calibration can refer to the
study conducted in Chapter 3 and Chapter 4, which investigates the bandgap properties of

meta-rod structure under longitudinal excitations.
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Figure 6-8. (a) Comparison of numerical predictions and experimental results by Ma et al. [53], (b)

Acceleration response contour.

The response function as illustrated in Figure 6-8(a) is gained by plotting the ratio of
acceleration at the top of the rod to that at the bottom (e.g., a;/a;) versus the excitation
frequencies. It demonstrates an obvious response dip at the frequency range from 1.1 kHz to
1.7 kHz (shaded area), whereas no response dip occurs outside this frequency region.

Therefore, when the excitation frequency is 1.4 kHz within the bandgap region, the response
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on the top of the specimen is significantly attenuated, as shown in Figure 6-8(b) (left). In
contrast, the specimen response at the top is not effectively mitigated, i.e., Figure 6-8(b) (right)
when the excitation frequency is 1.9 kHz outside the bandgap region. Although there are
some noted discrepancies between the numerical and the experimental results possibly due
to the slightly different supporting conditions between simulation and experiments, the
results obtained from the numerical model can reasonably predict the transverse responses of

meta-rod structure and derive the bandgap for transverse responses.

6.5.2 Modelling bandgap characteristics of metaconcrete specimen

With the calibrated model, bandgap characteristics of four specimens (i.e., S1s1, S481, S7B1
and S9s1) are numerically studied. The geometric and material parameters used in the
simulation are tabulated in Table 6-1 and Table 6-5, respectively. Similar to the numerical
modelling in Chapter 3 and Chapter 4, the response function, defined as the ratio of the top
to the bottom lateral acceleration responses, versus sweeping frequencies up to 9.6 kHz are
computed for the four specimens. It is noted that S1s1 served as the reference for comparison,
which is expected to have no bandgap. Due to different configurations of RCSBs embedded
in S4g1, S781 and S9g1, different bandgap widths or the attenuation zone in the frequency
domain are expected. It is worth noting that there have been two commonly used methods to
obtain the bandgap of LRMs i.e., dispersion relation analysis (wave dispersion property in
the medium) and wave transmission ratio/coefficient or response function (wave attenuation
performance) [31, 44, 53, 74], where later method is adopted in the present numerical study.
Figure 6-9 shows the schematic configuration of the finite element (FE) model. To reveal the
bandgap characteristics, the model can be simplified by placing mortar and metaconcrete
specimens on the excitation plate with the prescribed acceleration input along the transverse
direction, as illustrated in Figure 6-9. This method by considering wave attenuation
performance has been applied in other studies [74, 107]. Moreover, the distributions of
RCSBs for specimens such as S7s1 and S9s: in the FE model are randomly generated by

keeping the identical dimension and volume fraction, but the exact locations of RCSBs may
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not be the same as those in the tested specimens.
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Figure 6-9. Finite element models of S1g1, S4g1, S71 and S9g; under transverse excitation.

Table 6-5. Material properties in the numerical model.

Material Parameters Value
Mass density 2,200 kg/m?
Mortar Young’s modulus 29.6 GPa
Poisson’s ratio 0.2
Mass density 7,850 kg/m®
Steel ball Young’s modulus 210 GPa
Poisson’s ratio 0.3
Mass density 1,000 kg/m?3
A 0.49755889 MPa
Rubber [131] B 0.10932788 MPa
Poisson’s ratio 0.495

6.5.3 Results and discussions

In this section, the amplitude ratio (AR) spectrum of the metaconcrete specimens and mortar

specimen are derived from the test data and compared to study the attenuation mechanism.

AR spectrum is defined as the ratio between output and input signals, such as acceleration

responses in the frequency domain, which is often used to interpret the attenuation

mechanism [29, 83]. Moreover, two steps are involved in computing the AR spectrum. The

first step is to transform the time-domain acceleration responses obtained from two

accelerometers into the frequency domain (i.e., a;(f) and a,(f)) by using FFT. Then, the AR

spectrum can be computed by Eq. (6-9) [29, 83].
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a,(f)
AR =20x1 ]
og( (f)) (6-9)

It is worth noting that the AR spectrum is used to evaluate the attenuation performance in the
frequency domain as well as to study the local resonance mechanism,; it is different from the
performance parameter Rq-/ concerning attenuation in the time-domain response. Besides,
the shaded region labelled in the AR spectrum (e.g., Figure 6-10(a), Figure 6-11(a) and Figure
6-11(b)) representing the bandgap or the attenuation zone are derived from the test data. A
negative AR value in the frequency band indicates significant attenuation due to the local

resonance effect.

The AR spectrum based on Eq. (6-9) is calculated to find the attenuation band by using the
experimental results. The AR spectrum in the frequency range from 0 kHz to 9.6 kHz are
plotted. It is noted that the spectrum range derived from the FFT method is correlated to the
sampling rate in the test. As the sampling rate in the test is 19.2 kHz, half of the sampling
rate is adopted for the AR spectrum's frequency range [144]. The shaded parts in the figures
represent the estimated bandgap or the attenuation band as shown in Figure 6-10 and Figure
6-11. In comparison with the reference structure S1si, it can be found that the response of
metaconcrete specimens (S4s1, S7s1 and S9s1) are attenuated within the prescribed bandgap,
as shown in Figure 6-10 and Figure 6-11. Moreover, when the frequency is outside the
bandgap, there is no apparent response dip or sudden drop of spectral amplitude in the
metaconcrete specimens. In addition, Figure 6-10(a) presents the comparison of AR spectra
for S1s1 and S4B based on experimental results. An apparent response dip of the AR curve
only appeared in S4s1 (colored in green), whereas it did not occur in S1g1 (colored in red).
Additionally, there is an apparent frequency band between 2.4 kHz and 3.4 kHz
corresponding to the large dip in numerical response function as shown in Figure 6-10(b),

which confirmed an attenuation occurred at the predicted bandgap region.
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Figure 6-10. Comparison of bandgap region between test results and numerical prediction for S1g; and S4g::

(a) AR spectrum for Slg; and S4gi, (b) Comparison of the numerical response function of S1g; and S4g;.

Likewise, the bandgap for S7s1 has a frequency range from 6.88 kHz to 7.6 kHz, as shown
by the red shaded region in Figure 6-11(a) and (c), where the bandgap derived from
experimental results matched well with the numerical response function. Figure 6-11(b) and
(d) show the identical bandgap of S9s1 ranging from 8.38 kHz to 9.1 kHz in the blue shaded
region. Moreover, the response contours at frequency bandgap for S4s1, S71 and S9s1 are
respectively depicted in Figure 6-10(b), Figure 6-11(c) and Figure 6-11(d). As shown, when
the excitation frequency is within the bandgap region, particularly at the response dip, the
response at the top of specimens is significantly attenuated, which confirmed the contribution
of the bandgap to the attenuation. In conclusion, the response dips are observed at the
prescribed bandgap for the specimen with RCSBs according to the calculated AR spectrum
(i.e., Figure 6-10(a), Figure 6-11(a) and Figure 6-11(b)), and spectral amplitude is
substantially reduced in the corresponding bandgap. The bandgap predicted from the
numerical model is in good agreement with the attenuation band from experimental results.
The numerical results verify the existence of such bandgaps, as shown in Figure 6-10 and
Figure 6-11 for transverse responses. Thus, it can be concluded that the effectiveness of
adding RCSBs to the vibration attenuation of structures can be attributed to the local

resonance.
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Figure 6-11. Comparison of bandgap region between test results and numerical predictions for S7g; and S9g::
(a) AR spectrum for S7g1, (b) AR spectrum for S9g1, (c) Numerical response function of S7g;, (d) Numerical

response function of S9g;.

6.6 Summary

This chapter investigates the damping properties and out-of-plane dynamic responses of
cementitious metaconcrete specimens with resonant RCSBs. For comparison, similar
specimens with non-resonant inclusions of natural and steel ball aggregates are also studied.
The metaconcrete specimens with different aggregate configurations by considering three
volume fractions of RCSBs (i.e., 9.2%, 18.4% and 22.9%), three sizes of RCSBs (i.e., 22
mm, 18 mm and 15 mm) and two boundary conditions are prepared and tested. The following

conclusions can be drawn.
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(1) Specimen with resonant aggregates (i.e., RCSBs) has a higher equivalent damping
ratio and better attenuation capacity than plain mortar specimen and specimen with
non-resonant inclusions (e.g., natural aggregates and steel balls). The equivalent
damping ratio of metaconcrete specimen can substantially increase up to 96% as
compared with the normal concrete structure in this chapter.

(2) The increasing volume fraction of RCSBs leads to a higher attenuation percentage
and a higher equivalent damping ratio. The equivalent damping ratio could increase
by 20.9% when the RCSBs volume fraction increased from 9.2% to 22.9%.

(3) Specimens with similar RCSB volume fractions but the smaller aggregate size and
more numbers of RCSBs are more effective for the attenuation of dynamic response.

(4) The attenuation level of the metaconcrete specimen is more prominent as the intensity
of excitation force is increased because it could more effectively activate the local
vibrations of solid cores in RCSBs.

(5) The attenuation performance of the metaconcrete specimen is sensitive to the
boundary condition. The cantilevered specimen shows better attenuation performance
than the clamp-supported one owing to the relatively larger responses of the cantilever
specimen which induced larger local vibrations of RCSBs, and also because of less
number of RCSBs within the effective distance between the two response
measurement locations for the clamp-support specimens than the cantilevered
specimens in the present tests.

(6) The bandgap characteristics of metaconcrete specimens are derived experimentally
and numerically. Both experimental and numerical simulation results verify the
existence of the bandgap and the contributions of local resonance to the attenuation

of the dynamic response of metaconcrete structures under transverse loading.
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Chapter 7 Static mechanical properties and stress
wave attenuation of metaconcrete subjected to

Impulsive loading

7.1 Introduction

Previous numerical studies [89] have demonstrated that metaconcrete structure composed of
a conventional configuration of engineered aggregates (EAs) could reduce the compressive
and spalling strengths due to the existence of soft coating despite its excellent capability in
mitigating wave propagations [151-153]. To enhance the strength of metaconcrete specimens
whilst keeping its wave-filtering capability, engineered aggregates with a relatively stiff layer
outside the soft coating are developed. Three types of inclusions including rubber-coated steel
balls (RCSBs), 18 mm rubber-coated steel balls with the enhanced coating (ERCSBs/18) and
15 mm rubber-coated steel balls with enhanced coating ERCSBs/15 are fabricated, and they
are randomly dispersed in cementitious mortar to fabricate metaconcrete specimens.
Mechanical properties of plain mortar, concrete and metaconcrete specimens with EAs (i.e.,
RCSBs and ERCSBs) under quasi-static loading and their dynamic responses under
destructive and non-destructive tests are examined and reported. Meanwhile, the influences
of adding an enhanced layer outside RCSBs on the performance of metaconcrete specimens
are assessed. The frequency spectra obtained from the non-destructive test data are processed
to verify the existence of frequency-dependent wave-filtering capacity of metaconcrete
specimens. After that, the attenuation mechanism of the metaconcrete specimens with newly
proposed ERCSBs is revealed. Furthermore, the effectiveness of the metaconcrete specimens
in mitigating stress wave propagations induced by different impulsive loading profiles is
investigated. The failure process and failure modes for all configurations under destructive

tests are compared and discussed.

The related work in this chapter has been published in Engineering Structures.
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7.2 Experimental program

7.2.1 Specimen preparation

In the experiment, all specimens can be classified into two groups: mortar-based and
concrete-based specimens, the configuration of specimens is schematically illustrated in
Figure 7-1. S-S1 is made by plain mortar only. S-S2, S-S3 and S-S4 are made of cementitious
mortar with 10.6% volume fraction of engineered aggregates (EAs). S-S5 is composed of
cementitious mortar and natural aggregates (NAs) of 41.8% in volume. S-S6 and S-S7
consisted of mortar, natural and engineered aggregates. S-S6 contains 31.2% of NAs together
with 10.6% of ERCSBs/18. S-S7 includes 31.2% of NAs and 10.6% of ERCSBs/15. Namely,
the total volume percentage of aggregates (including NAs and EAs) remains 41.8%, while a
proportion of natural aggregates (10.6% in total volume) are replaced by respective EAs. To
fabricate mortar-based specimens, high strength mortar is utilized as the matrix of
metaconcrete specimens. The mortar consisted of Portland cement, fine sand and additives
(calcium alumina-sulphate) [124]. The use of high-strength mortar is to provide sufficient
strength and avoid potential damage under non-destructive impulsive loading; hence the
enhancement of stress wave attenuation as compared with the plain mortar is mainly due to
the local resonance mechanism instead of material damage. The mix ratio of
cement/sand/water/additives is 1/2/0.5/0.33. The mix proportions are detailed in Table 7-1.
Natural aggregates with a maximum size of 10 mm and bulk density around 1522 kg/m? (in
accordance with [154]) are used in the plain concrete mix. Natural aggregates in combination
with engineered aggregates are adopted for concrete-based metaconcrete specimens. When
the diameter of a cylindrical specimen is at least three times the maximum size of the natural

aggregate, the heterogeneity owing to the existence of aggregates can be neglected in
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dynamic impact tests [155]. In this chapter, the diameter of the specimen (i.e., 100 mm) is
five times the maximum aggregates size (i.e., 20 mm EAs), therefore the heterogeneity effect

under dynamic tests can be neglected.

Mortar-based Concrete-based

&

Plain mortar RCSBs ERCSBs/18 ERCSBs/15  Concrete ERCSBs/18 ERCSBs/15

Figure 7-1. Specimen classification.

Three types of engineered aggregates (EAs) are utilized to cast metaconcrete specimens
including RCSBs (rubber-coated steel balls) and two types of ERCSBs (RCSBs enclosed in
a steel shell), i.e., ERCSBs/18 and ERCSBs/15. All EAs are designed to have an identical
overall size of 20 mm in diameter. The configuration details of EAs, namely RCSBs and
ERCSBs are given in Table 7-2. Conventional RCSBs are made of steel balls coated with
silicone rubber. The dome-shaped rubber coating is prepared by using the moulding
technique [151]. The steel ball is then encapsulated by the upper and lower dome-shaped
rubber coating, followed by a curing process to form RCSBs. ERCSBs is made by enclosing
RCSB with steel shell. Lazar-welding is used to seal steel shell for each ERCSB. Specifically,
ERCSBs/18 is made of 18 mm RCSBs with an additional 1 mm-thick steel shell. Besides,
inspired by the granular dampers [156-158] and nonlinear spherical pendulum resonator
[159], ERCSBs/15 is made by enclosing the RCSB inside a larger steel shell with a gap
clearance, i.e., 15 mm diameter RCSB enclosed inside a 20 mm-diameter steel shell. Since
the thickness of the steel shell is 1 mm for ERCSBs/15, there is a 3 mm clearance between

the steel shell and the RCSB. Under dynamic loading, the RCSB can move inside the steel
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shell, which also could attract a certain amount of energy induced by the dynamics loading,
besides the oscillation of the steel core in conventional EA. Therefore, this type of EA is
expected to dissipate the considerable amount of energy via the combination of the motion-
caused collisions, sliding and rolling between the inner inclusions and shell walls as well as

local vibration of the solid core.

The metaconcrete specimens are cast in accordance with ASTM C192/C192M-19 [160] using
different inclusions such as RCSBs, ERCSBs/18 and ERCSBs/15. Besides, the attenuation
mechanism of metaconcrete mainly relies on the local resonance effects of EAs instead of
Bragg scattering. Since metaconcrete material with randomly distributed EAs tends to be
more practical in engineering applications [29], all inclusions (e.g., RCSBs and ERCSBs) are
dispersed randomly rather than regular deposition in the cementitious mortar when casting.
As listed in Table 7-3, a total of forty-two cylinders (i.e., six cylinders per configuration) with
a height of 200 mm and a diameter of 100 mm are prepared. Plain mortar specimen (S-S1)
with 0% EAs is regarded as the reference. In addition, S-S2, S-S3 and S-S4 are fabricated to
evaluate the effect of different embedded inclusions on the performance of metaconcrete
specimens. Concrete-based specimens (i.e., S-S5 to S-S7) are designed to mix EAs in
combination with natural aggregates. Detailed information on the mix proportions,
specimens and configuration of EAs is given in Table 7-2 and Table 7-3, respectively. A steel
rod is used to ram the specimen to minimize the voids during casting. ASTM C192/C192M-
19 [160] is followed for the specimen curing.

Table 7-1. Mix proportions.

b
Water Cement Sand NA EA© Additivel
Type kg/m?® kg/m? kg/m?® (<1 0mm) ke/m’ kg/m?
(kg/m) (kg/m’) (kg/m’) (kg/m?) (kg/m’) (kg/m’)
Mortar 204 408 816 - - 136
Plain concrete 204 408 816 863 0 136
Metaconcrete ? 204 408 816 554 637 136
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Note: ®: concrete-based metaconcrete specimens; P: 41.8% volume fraction of natural aggregates (NAs) in plain
concrete; ©: NAs (10.6% in total volume) are replaced by EAs in concrete-based metaconcrete specimens.

Calcium alumina-sulphate is used as the additive.

7.2.2 Test setup
7.2.2.1 Quasi-static test

The quasi-static compressive test is conducted by using a MATEST testing machine. The test
setup is shown in Figure 7-2. For the compressive test, three 100 X 200 mm surface-
grinded cylinders per configuration are tested with a loading rate of 0.33 MPa/min following

the ASTM C39/C39M-21 guide [161] with the equivalent strain rate of 1045,

Figure 7-2. Quasi-static compression test setup (SG: strain gauge).

Modulus of elasticity and Poisson’s ratio are determined based on the guidelines [162]. The
longitudinal strain is measured by using the longitudinal strain gauge SG1 attached to the
specimen, as shown in Figure 7-2. To measure the transverse strain, another strain gauge SG2
with a length of 50 mm is attached perpendicularly to the direction of compression at the
middle of the specimen. The reported results are the mean values of three identical specimens.

The values of modulus of elasticity and Poisson’s ratio can be calculated as follows [162]:
E=(S,-S,)/ (¢, —0.000050) (7-1)

where E is chord modulus of elasticity in MPa; S> is the stress corresponding to 40% of

ultimate load; S: is the stress in MPa corresponding to a longitudinal strain &, of 0.000050

139



and ¢, is the longitudinal strain produced by stress S-.
u=(&,—¢,) ! (g,—0.000050) (7-2)
where £ 1s Poisson’s ratio; ¢, 1s the transverse strain at mid-height of the specimen produced

by stress Sz, and ¢, is the transverse strain at mid-height of the specimen produced by stress

S1.
7.2.2.2 Dynamic test

In this chapter, two types of dynamic tests including non-destructive Figure 7-3(a)) and
destructive tests (Figure 7-3 (b)) are carried out. All the dynamic tests are conducted as
consistently as possible by using a testing apparatus composed of striker bar, bar I, bar II and
bar III with a diameter of 100 mm as well as the buffer system, as shown in Figure 7-3. The
bars are made of stainless steel with Young's modulus (Ej.) of 210 GPa [126]. It is worth
noting that the purpose of using this apparatus is not to obtain dynamic material properties,
instead, it is to examine the effectiveness in mitigating stress wave propagation of the

metaconcrete specimens.

Under the non-destructive test, the impulsive load of the test is generated by manually sliding
bar III as a striker to impact bar II, as demonstrated in Figure 7-3(a). Two 5 mm strain gauges
(i.e., SG2 and SG3) are installed near the front and rear surface of the specimen to record the
signal, i.e., 30 mm and 170 mm from the incident surface of the specimen, respectively. It is
worth noting that when measuring the mechanical properties (e.g., compressive strength) the
strain gauge should be long enough. However, the dynamic test conducted in this Chapter
intends to investigate the stress wave propagation in the designed specimens rather than its
mechanical properties. Long strain gauge is not required and the strain gauge with similar
gauge lengths to the study of concrete materials [108] and metamaterials [31] have been
applied to investigate stress wave propagation. Besides, in this study, the strain gauges are
located as far as possible to allow stress waves to propagate through sufficient numbers of
engineered aggregates. Thus, strain gauges with short gauge lengths are used. The destructive

test setup is shown in Figure 7-3(b). The striker bar for the destructive test is launched by a

140



pressure vessel to generate intensive dynamic load in order to examine the inelastic response

of the specimen. The signal recorded on bar I is used to determine the input impulsive loading.

A high-speed camera as illustrated in Figure 7-3(c) with a frame rate of 12500 frames per
second (FPS) is employed to measure the failure process of all specimens under destructive
tests. During the destructive tests, rubber pulse shapers with a diameter of 20 mm and
thickness of 3 mm are applied to eliminate the high-frequency oscillation as suggested by the
previous study [126]. It is worth noting that the specimen is placed between two bars and
hanged by two nylon ropes in the actual test setup Figure 7-3(c)). Two nylon ropes are tied
near two ends of the specimen. The purpose of using nylon rope is to hold the specimen and
align it to the testing apparatus. The specimen using nylon ropes instead of using other
supports can minimize unwanted wave dispersion caused by the interaction between the

support and stress wave [151].

(d) Non-destructive test (NDT)
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(¢) Actual setup

Ilhinatio

Figure 7-3. Dynamic test setup.

Table 7-2. Configuration of engineered aggregates (EAs).

Type Hlustration Configuration Dimension Advantages Disadvantages
Local Low stiffness
_ Steel Core D,=20 mm Strength
RCSB o resonance .
l«—Rubber Coati tc—2.3 mm reduction due to
effect )
the soft coating
D,=20 mm Stiffer Insufficient
ERCSB/18 SteelCore Di=18 mm Local .
T bonding due to
(no gap) ~Rubber Coatl £=1.5 mm resonance
smooth surface
— Steel Shell =1 mm effect
Stiffer
P .y D,=20 mm Lighter
ERCSB/15 _Gap Di=15 mm Local Insufficient
(with a ﬁ _ Steel Core t=1.3 mm resonance bonding due to
gap) Qg Rubber Coating t=1 mm effect smooth surface
"™\ Steel Shell tg=3 mm Rocking
effect

Note: D, is the diameter of engineered aggregate; D;is the diameter of inner inclusion; # is the thickness of

coating; #is the thickness of steel shell; #, is the thickness of gap.

Table 7-3. Specimen configurations and test results under non-destructive test (NDT).

Name Inclusion types Vna%  Vea% size (mm)  p,,, (kg/m®) R, wor  Rsmpr
S-S1 [ - 0 - 0 2183.8 -27% 0%
@
RCSBs 0 10.6% 20 2477.5 79% 396%
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Table 7-3 - (Continued)

LA

CRR Ny

S-S3 % ERCSBs/18 0 10.6% 20 2504.9 86% 422%

S-S4 ERCSBs/15 0 10.6% 20 23253 62% 332%

Natural gravel

- 0 - -0.49 0
S-S5 agaregates (NAS) 41.8% 0 2285.7 0.4% 98%
S-S6 NAs+ ERCSBs/18  31.2%  10.6% 20 2658.9 71% 365%
S-S7 NAs+ ERCSBs/15  31.2%  10.6% 20 2463.9 68% 354%

Note: Vya% is the volume fraction of natural aggregate; Vg, % is the volume fraction of engineered aggregate;
P e 18 the average density; R, ypris the peak reduction ratio of maximum longitudinal strain; R, ypr is the
specific reduction ratio of strain with respect to plain mortar (reference). The negative value of the peak

73R L)

reduction ratio means the magnification of amplitude; “-”” means reference specimen (S-S1).

7.3 Results and discussions

7.3.1 Quasi-static test and results

Figure 7-4 shows the failure modes of different specimens under quasi-static compression.
Cracks usually are initiated at weak locations (e.g., the interface between cement mortar and
aggregates, ITZ) and extend into the mortar matrix under quasi-static loading, leading to the
brittle failure of the cementitious matrix [ 163]. Thus, the induced cracks associated with static
loading are usually long and have an arbitrary path. The specimen with 0% NAs or EAs (i.e.,
mortar specimen S-S1) shows a columnar cracking pattern since the specimen is observed to
fail into pieces on the external surfaces of the cylinder with brittle collapse, as shown in
Figure 7-4(a). The failure mode of metaconcrete specimens with 10.6% RCSBs is
characterized as a combination of shear and split. Cracks initiating at the top are propagated
towards the bottom of the specimen and circumferential cracks are bifurcated from a major

columnar crack, as highlighted by red circles in Figure 7-4(b). Also, there is localized damage
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around RCSBs as highlighted by the red box in Figure 7-4 (b) due to the dissimilarity of
modulus and deformation between the rubber layer and mortar matrix. Besides, the failure
mode of S-S3 is similar to S-S4 with different types of ERCSBs, as shown in Figure 7-4(c)
and (d). Both S-S3 and S-S4 show the diagonal shear cracks together with several columnar
cracks and failed into more pieces, indicating more severely brittle failure. Meanwhile,
columnar vertical cracking through both ends is observed in S-S5 (Figure 7-4(e)), and the
specimen is broken into pieces. As shown in Figure 7-4(f) and (g), the concrete-based
metaconcrete specimens (S-S6 and S-S7) have similar failure characteristics as mortar-based
metaconcrete specimens. More cracks appear at the interface between ERCSBs and matrix
resulting in localized damage, which might be due to the stress concentration at the interfacial

transition zone between ERCSBs and the surrounding matrix.

Mortar-based Concrete-based

(a) S-S1 (b) S-S2 (c) S-S3 (d) S-S4 (e) S-S5 (f) S-S6 (2) S-S7
Figure 7-4. Failure modes of specimens under quasi-static loading.
Figure 7-5 shows compressive stress-strain curves for all the specimens under quasi-static
tests. All curves show a similar trend and brittle failure after reaching the peak stress. As
shown in Figure 7-5(a), the plain mortar S-S1 is failed at the average ultimate stress of 67.49
MPa and the average strain at the peak stress is around 0.380%. The plain concrete (S-S5)
has an average ultimate strength of 67.92 MPa and the average strain at the peak stress is
around 0.352%, as shown in Figure 7-5(e). Figure 7-5(b), (¢), (d), (f) and (g) show the stress-
strain curves of metaconcrete specimens. The average strain at the peak stress of
metaconcrete specimens S-S2, S-S3, S-S4, S-S6 and S-S7 are about 0.267%, 0.272%, 0.230%,

0.255% and 0.278%, respectively. As observed in Figure 7-5, the compressive strength of the
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metaconcrete specimen is considerably improved by using ERCSBs as compared to the

metaconcrete specimen with RCSBs (S-S2). These results indicate that adding EAs into the

concrete mix could reduce the concrete strength and deformation ability.
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The mean compressive strength of mortar and metaconcrete specimens with different
aggregate configurations is illustrated in Figure 7-6(a). The average compressive strength of
S-S1 is 67.49 MPa. However, the compressive strength greatly decreases to 29.98 MPa when
adding RCSBs in S-S2. Namely, the reduction in the compressive strength of metaconcrete
specimen by adding 10.6% volume percentage of RCSBs is around 55.6% in comparison
with S-S1. This result is consistent with that obtained from the detailed numerical modelling
[89], i.e., adding RCSBs into the concrete mix could reduce the concrete strength although
the local vibrations of the core in RCSBs could mitigate stress wave propagation. The reasons
for the adverse effect of mixing RCSBs into the mortar on the compressive strength of
metaconcrete specimens are attributed to: a) a soft coating with low stiffness is prone to
deform while the surrounding mortar is brittle, causing damage to the mortar matrix; b) the
mismatch of the elastic modulus and deformation capacity made the surrounding matrix
vulnerable to be damaged. As shown, adding a hard steel shell can improve the average
compressive strength of metaconcrete specimens to 54.97 MPa and 55.57 MPa for S-S3 and
S-S4, which increase around 80.3% and 85.4% as compared to S-S2, respectively, but are
still lower than the mortar specimen (S-S1). The reason for the compressive strengths of S-
S3 and S-S4 being lower than S-S1 is because of the insufficient bonding between the steel
shell surface and the surrounding mortar matrix, evidenced by the debonding failure between
ERCSBs and mortar matrix shown in Figure 7-4. Nevertheless, adding the steel shell to the
conventional EAs significantly improves the compressive strength of metaconcrete
specimens mixed with the conventional EAs. Similar observations can be drawn on the
concrete-based specimens, i.e., S5, S6 and S7. The respective average compressive strength
is 67.92 MPa, 56.19 MPa, and 56.81 MPa. The strength of metaconcrete specimens with
enhanced EAs is still slightly lower than the concrete specimen (S-S5). Therefore, further
improvement is deemed necessary to enhance the bonding strength between the EAs and
cementitious matrix so that the strength of the metaconcrete specimen is not compromised

while having the excellent capability of wave propagation mitigation.

The mean modulus of elasticity (£) of the tested specimens is compared in Figure 7-6(b) and
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Table 7-4, the average value and standard deviation (SD) are listed in Figure 7-6. The elastic
modulus of metaconcrete specimens with conventional EAs is substantially smaller than that
of the reference specimen. For instance, the elastic modulus of S-S2 is 15.34 GPa, which is
39.4% lower than that of plain mortar (25.42 GPa). This is again because the soft coating of
the conventional EA caused the reduction of the elastic modulus of the metaconcrete
specimens. In contrast, the specimens with the enhanced EAs have a comparable or even
slightly higher modulus of elasticity than the reference specimen. For instance, by replacing
NAs with ERCSBs (i.e., 10.6% in total volume) in S-S3, S-S4, S-S6 and S-S7, the higher
modulus of elasticity, i.e., 26.44, 26.59, 26.91 and 26.24 GPa can be obtained, respectively.

It is because the steel shell is much stiffer than the surrounding cementitious matrix (i.e.,

Eshe” >> Ematrix ) and adding a stiff steel shell on the conventional EA overcomes the problem

of softening the metaconcrete materials. However, the overall modulus of elasticity of
metaconcrete specimens with ERCSBs is not changed significantly, implying the elastic

modulus is still governed by the mortar matrix.

The mean Poisson’s ratio (u) of the tested specimens is also depicted in Figure 7-6(b) and
Table 7-4. As shown, the mean Poisson’s ratio has an opposite variation trend to the modulus
of elasticity. All the specimens, except metaconcrete specimens made of conventional EAs,
has a similar Poisson’s ratio. The Poisson’s ratio of the conventional metaconcrete specimen
(S-S2) is slightly higher than other specimens. This is because the coating layer outside
conventional EAs is made of hyper-elastic material (silicone rubber), which has a higher

Poisson's ratio than cementitious mortar.

Table 7-4 also gives the failure strain (&¢) and specific fracture energy (Gy) of the specimens.
It is found that metaconcrete specimen has lower failure strain and specific fracture energy
than plain mortar and concrete in general as metaconcrete specimen has lower deformation
capacity and compressive strength due to weak bonding at the EAs-matrix interfaces. Hence,
it is essential to enhance the bonding strength between EAs and mortar matrix for improving

the performance of metaconcrete specimens. It should be noted that the bonding strength can
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be improved by using mechanical or chemical treatment such as roughing EAs’ surface or
adding bonding additives (e.g., epoxy resin) outside the EAs. Alternatively, the steel shell can

be replaced by cementitious materials with superior mechanical properties to the surrounding

matrix.
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Figure 7-6. Comparisons of: (a) Compressive strength, (b) Modulus of elasticity and Poisson’s ratio.
Table 7-4. Mechanical properties of mortar, concrete and metaconcrete specimens.
Specimen [ E* a & G
No. ~pPa)y P (Gpay P M SO ey S aamy  SP
S-S1 67.49 0.99 25.42 1.01  0.173 0.004 0.380 0.0067 131.02 6.00
S-S2 29.98 1.81 15.34 1.91 0222 0.003 0.267 0.0241 45091 1.96
S-S3 54.97 2.22 26.44 1.33  0.187 0.007 0.272 0.0081 81.70 4.36
S-S4 55.57 2.83 26.59 2.00 0.190 0.009 0.230 0.0073 77.50 5.50
S-S5 67.92 3.06 26.32 2.61 0.186 0.005 0.352 0.0142 13578 9.92
S-S6 56.19 1.78 26.91 2.07 0.192 0.005 0.255 0.0069 82.57 9.40
S-S7 56.81 1.52 26.24 1.17  0.195 0.006 0.278 0.0062 90.01  13.55

Note: # is the 28-days mean value; f', is compressive strength; E is the modulus of elasticity; p is Poisson’s ratio;
& is failure strain; Gy is specific fracture energy, i.e., the enclosed area under the stress-strain curve, in kJ/m’;

SD is standard derivation.

7.3.2 Dynamic test results and discussion

To quantify the effectiveness of wave propagation mitigation of specimens, three groups of
performance metrics are considered in this chapter. The definition of each performance metric

is specified as follows.

(1) R, ypr O R, 7 is defined as the peak reduction ratio of maximum longitudinal strain given

148



by Eq. (7-3), corresponding to the non-destructive (NDT) or destructive (DT) test.
Specifically, it is used to quantify the effectiveness in mitigating stress wave propagation by
calculating the ratio of peak strain at the front and rear end of the specimen (i.e., SG2 and

SG3), as shown in Figure 7-3(a) and (b).

R R, o =(1 El s 100%
p-not OF Ry oy = (1 ——"7) % 0 (7-3)

&5 | peak

(11) R, ypr o1 R, 7, the specific reduction ratio of strain at SG3 with respect to the reference

(S-S1), is computed by Eq. (7-4).

25 5 peak 833 -si

Ry nor OF Ry o = (1— b )x100% where i=1,2---7

(7-4)

25—51

&3
peak S-S1 peak

(ii1) Transmission ratio (TR) is defined as the ratio of output (SG3) to input (SG2) amplitudes
in the frequency domain within the specimen by using Eq. (7-5), which has been used in the
previous studies [8, 151]. The negative TR value indicates that the response near the rear end

of the specimen is less than the response near the loading end of the specimen.

TR =20x Iog(%) (7-5)

Where &,(f)and &,(f) are the longitudinal strain at SG2 and SG3 of the tested specimens,

respectively; £1| and g3|peak represent the peak strain value recorded by the

peak ° & | peak

attached three gauges, as shown in Figure 7-3(b). 851|pea is the peak strain recorded in the

k
plain mortar (S-S1) as the reference, and subscript i represents the specimen number for each
configuration, as shown in Figure 7-1; &, ( f) is the amplitude of longitudinal strain in the
frequency domain recorded by SG2, and &, ( f) is the amplitude of longitudinal strain in the
frequency domain recorded by SG3.

7.3.2.1 Response of specimen under non-destructive test (NDT)

The specimens are subsequently investigated under non-destructive tests with the relatively

low-amplitude impulses generated by manually striking bar III to bar II (shown in Figure
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7-3(a)). When the specimen is impacted, the stress waves are generated at the impactor-
specimen interface and propagated through the specimen. The primary or longitudinal stress
waves then propagated along the loading direction [164]. In order to examine the wave

attenuation in the specimens, wave signals near the loading and rear ends are recorded (i.e.,

82('[) and Eg(t) ). Figure 7-7 shows the strain time histories of 52(t) and gg(t) for seven

specimens subjected to non-destructive loading. As shown in Figure 7-7(a), there is no
apparent wave attenuation in terms of peak strain reduction in S-S1, instead, the strain peak
is enlarged. Amplification of the stress is caused by wave interaction (i.e., superposition)

between the incident and the reflected wave near the end of the specimen. As shown in Figure

) is found in S-S2, indicating

7-7(b), the apparent peak stain reduction (i.e., £3|
peak

peak <&

that the elastic stress waves are attenuated greatly when the waves passed through the RCSBs.

. 1s greatly reduced in S-S3 (Figure 7-7(c)) and S-S4 (Figure

Similarly, the value of &,

peal
7-7 (d)), demonstrating the metaconcrete specimens consisting of ERCSBs also exhibits
favorable wave attenuation properties. Figure 7-7(e) shows the strain time histories of plain

. 1s also higher than &, | peak due to

concrete (i.e., S-S5). It is observed that the value of 6‘3| pea

the wave interaction (i.e., superposition). As observed in Figure 7-7(f) and (g), the values of

&3 peaic however, are greatly reduced in S-S6 and S-S7. It can be concluded that all specimens

with ERCSBs are capable of mitigating the propagation of elastic stress waves.
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Figure 7-7. Strain-time histories of all specimens under non-destructive tests. Note: SG2 and SG3 represent

the input and output strain.
Moreover, the performance metric R, yr, i.€., peak strain reduction ratio, is summarized in
Table 7-3, where the higher value means superior capacity in attenuating stress wave
propagations. By using Eq. (7-3), the peak strain reduction R, ,,, of S-S1 is calculated as -
27%. The negative value of R, ,,; signifies the magnification of amplitude owing to the
superposition of incident and reflected waves. The corresponding one for metaconcrete
specimen with RCSBs (S-S2), mortar with ERCSBs/18 (S-S3) and ERCSBs/15 (S-S4) is
79%, 86% and 62%, respectively, as listed in Table 7-3. S-S3 shows a higher R, ,,; than S-

S2 owing to the more pronounced difference of wave impedances between steel shell and
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mortar matrix as compared to that between rubber coating and mortar matrix. When an elastic
wave approaches the interface between steel shell and cementitious matrix with different
impedances, the incident stress wave partially reflects and the rest refracts into other material
[165]. As a result, more stress wave attenuation can be achieved. S-S3 also presents a higher
value of R, y,; than S-S54 because the steel core inside ERCSBs/18 is larger than that inside
ERCSBs/15. S-S3 also displayed a higher R_ ,,; (i.e., the specific reduction ratio of strain
with respect to plain mortar) of 422% than 396% of S-S2 and 332% of S-S4, as calculated
by Eq. (7-4). Table 7-3 tabulates the values of R, ,,; and R, for S-S5, S-S6 and S-S7.
Among concrete-based specimens, S-S6 has the highest reduction value of 71% (R, ;) and
365% (R, pr), Which are greater than S-S5 of -0.4% and 98% as well as S-S7 of 68% and
354%, respectively. Based on the above results, it can be concluded that using the enhanced
EAs proposed in this chapter can achieve comparable or even slightly better wave
propagation attenuation than the conventional EAs, and the design of ERCSB/18 performed
better than ERCSB/15, indicating the idea of allowing RCSB sliding inside the steel shell did
not lead to better energy absorption probably because the steel core vibration in RCSB is less

excited.

Furthermore, the wave attenuation mechanism associated with the above observation could
be inferred from the frequency domain analysis, which has been widely used in previous
studies [30, 31, 94]. The transmission ratio (TR) with respect to the longitudinal strain is
calculated by Eq. (7-5). The curves of TR versus frequencies ranged from 0 kHz to 15 kHz
for S-S1 to S-S4 are presented in Figure 7-8. As shown in Figure 7-8(a), there is no significant
drop in spectral amplitudes in the TR curve of the plain mortar (S-S1), implying that no
noticeable wave filtering effect is found. S-S2 with randomly dispersed RCSBs displays a
frequency-dependent attenuation, in which a minimum TR value of -32.8 dB at 3.6 kHz (i.e.,
frequency dip) is observed. Therefore, the local resonance effect plays an important role in
mitigating stress wave propagation. As the loading frequency approaches the resonant
frequency of RCSBs, a large proportion of wave energy is transferred to the local vibration

of the cores, which reduces the wave energy transmitting across the mortar matrix. This
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attenuation phenomenon is consistent with the experimental results reported in the previous

studies [28-30, 94].
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Figure 7-8. Comparisons of transmission ratio (TR) of different specimens.

As compared to S-S2, both S-S3 and S-S4 exhibit analogous frequency-depended attenuation
effects. For S-S3 with ERCSBs/18, an apparent frequency dip occurs at 5.6 kHz as shown in
Figure 7-8(a), in which the minimum TR is around -41.0 dB. Similar to S-S2, the local
resonance of the core inside ERCSBs could dissipate wave energy, resulting in favorable
wave attenuation performance. In addition, S-S4 displays a less significant attenuation effect
in which the minimum TR is around -39.9 dB at 8.8 kHz. The frequency-dependent wave-
filtering capacity and attenuation behaviors found in S-S3 and S-S4 with ERCSBs, as well
as in S-S2, can be attributed to the local resonance effect. Likewise, the frequency spectra for
concrete-based specimens are shown in Figure 7-8(b). There is no substantial reduction in
spectral amplitude of plain concrete (S-S5) owing to the nonexistence of local resonant
aggregates. In contrast, apparent frequency dips are observed in S-S6 and S-S7, in which the
minimum TR is around -36.5 dB at 5.8 kHz and -33.6 dB at 8.9 kHz, respectively. Again, the
metaconcrete specimens consisting of both conventional (i.e., RCSBs) and enhanced EAs
(i.e., ERCSBs) shows the frequency-dependent wave-filtering effect within the prescribed
frequency range or bandgap. Specifically, the EAs are tuned within the prescribed bandgap
leading to an out-of-phase vibration of the inner metal core. This local vibration of the core

could interact with stress waves induced by impulsive loading, hence mitigating the stress
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wave propagation throughout the matrix. The details of deriving the prescribed frequency
range are not presented herein but can refer to Chapter 3 and Chapter 4 as well as previous
studies [151-153]. In conclusion, adding ERCSBs is effective for elastic wave propagation

attenuation under the non-destructive impulsive load.
7.3.2.2 Response of specimens under destructive test (DT)

Figure 7-3(b) shows the setup of the destructive test. It is worth mentioning that this
experiment mainly focuses on the effectiveness in mitigating stress wave propagation of each
specimen rather than its dynamic material properties. Stress equilibrium condition [166] is
thus not required for this test. Besides, three loading cases with different peak incident stress
(i.e., impulses I, II and III as shown in Figure 7-9 by varying striker velocities through
changing air pressure in the pressure vessel) are utilized to examine the dynamic responses

of each specimen.
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Figure 7-9. Typical input impulses I, II and III.

Failure process and failure modes

The typical failure process of all the specimens under intermediate impulsive loading
(impulse II) is shown in Figure 7-10(a) and (b) captured by using a high-speed camera. For
impulse I, specimens experience less severe damage while specimens are rapidly pulverized
into fragments under impulsive III. To better demonstrate the damage initiation and
development before the specimens completely failed, the failure processes subjected to

impulse II are demonstrated herein. 0 ps represented the moment when the specimen is
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initially stressed. For plain mortar (S-S1), cracks are initiated from the loading side of the
specimens and developed into the mid-region. Afterwards, more cracks are initiated within
the mid-region and developed further. As shown in Figure 7-10(a), S-S1 is experienced spall
damage, i.e., clear tensile damage, owing to the reflected stress wave. This damage mode of
plain mortar is consistent with the experimental results reported in the previous study [166,
167]. Metaconcrete specimen with RCSBs develops cracks earlier than the plain mortar due
to its lower compressive strength, i.e., S-S2 shows severe cracks in the middle region at 320
us, while only a minor crack is found on the S-S1 at 320 ps. In addition, the metaconcrete
specimen with RCSBs is suffered severe failure as shown in Figure 7-10(a), the cracks are
parallel to the loading direction concentrated in the middle region, showing a splitting failure
mode. S-S2 at 640 ps shows more cracks than S-S1 at the same time instant. At 640 ps, two
major cracks are nearly parallel to the loading direction together with numerous minor cracks
extended from arbitrary directions as observed in Figure 7-10(a). Severe diagonal fractures

are observed in S-S2 at 960 ps owing to its low compressive strength.

For the metaconcrete specimen with ERCSBs/18 (S-S3), the cracks are initiated at the loading
surface of the specimen and propagated to the middle region at 320 ps. Besides, the number
of cracks at all-time instants for S-S3 is less than that of the metaconcrete specimen with
RCSBs (S-S2) owing to the higher compressive strength of S-S3. S-S4 also is experienced
fewer cracks than S-S2 at all-time instants due to the existence of hard steel shells. The
previous study [27, 31] reported that the effect of local oscillation of heavy cores may lead
to a reduction in the crack development as the local vibration of EAs could dissipate a certain
amount of wave energy. However, S-S2 displays lower resistance and less mitigation capacity
due to early damage to the matrix. By adding steel shells, the mitigation capacity and damage
resistance are improved as compared to metaconcrete specimen with RCSBs (S-S2).
Eventually, both S-S1 and S-S2 are shattered into small pieces because of the brittle nature
of the mortar matrix as shown in Figure 7-10(a). In contrast, the majority part of metaconcrete
specimens with ERCSBs (i.e., S-S3 and S-S4) remained intact. It is also noted that no tensile

crack is observed in S-S3 and S-S4, implying the ERCSBs reduced the stress wave amplitude
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such that the reflected tensile stress wave is small to cause tensile failure in S-S3 and S-S4.

Loading direction
0 us 320 us 640 us 960 us

S-S1

(a) Mortar-based specimen

320 us 640 us

(b) Concrete-based specimen

S-S5

53920 us

(c) Failure process comparison of S-S5 and S-S6 under impulse II
Figure 7-10. Failure process of specimens subjected to impulse II.

The fracture pattern observed in the plain concrete (i.e., S-S5) is similar to S-S1 under
impulse II. As shown in Figure 7-10(b) and (c), the plain concrete specimen is broken into
two parts owing to tensile failure. This damage mode of plain concrete is consistent with the
experimental results reported in the previous study [115, 166, 168]. For metaconcrete
specimens (i.e., S-S6 and S-S7), however, it is experienced brittle crushing damage on the
loading end as shown in Figure 7-10(c). It is noteworthy that cracks in specimens are usually

initiated at weak sections (i.e., ITZ or air voids) and then are extended. For metaconcrete
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specimens with ERCSBs, the induced cracks in the specimens associated with impulsive
loading are originated from the interface between ERCSBs and the surrounding matrix and
then propagated either parallel (i.e., longitudinal cack) or perpendicular (i.e., transverse crack)
to the loading direction. As shown in Figure 7-10(c), S-S5 is experienced dynamic fracture
(i.e., spalling) in the middle at the time instant of 53920 ps and S-S6 is experienced severe
crushing at the loading end at the same moment, which could absorb a significant amount of
energy and result in less amount of wave energy transmitting to the remaining part of the
specimen. Based on the above observations, it can be concluded that mixing EAs with a stiff
shell in metaconcrete specimens can greatly enhance the structural capacity to resist

impulsive loading.

Figure 7-11 shows the final failure modes of the specimens with various configurations under
different input loading (impulses I, IT and III). As observed, plain mortar (S-S1) and plain
concrete (S-S5) are experienced significant dynamic fracture (i.e., spalling) and they are
disintegrated into two parts under impulse I owing to insufficient tensile strength. These
failure modes of plain mortar and concrete are consistent with the experimental results
reported in the previous studies [115, 166, 167], and the fracture profile agreed with the
results reported by Klepaczko and Brara [168]. Metaconcrete specimen with RCSBs (S-S2)
experienced columnar cracking through both ends, and severe localized damage is found in
the middle region due to stress concentration at the interfacial area around RCSBs. This
damage mode is also consistent with the results reported in the previous studies [31, 88, 89].
Besides, metaconcrete specimens with both types of ERCSBs (i.e., S-S3, S-S4, S-S6 and S-
S7) are experienced localized damage and only several cracks appeared near the loading end
under impulse I, as illustrated in Figure 7-11(a) and (b). Based on the above results,
metaconcrete specimen with ERCSBs demonstrates better impulsive loading resistance as
compared to metaconcrete specimen with RCSBs (S-S2) as well as plain specimens (S1-S1

and S-S5) under impulse 1.

With the applied load increased to impulse II, plain mortar (S-S1) is shattered into several
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fragments as shown in Figure 7-11(a). Metaconcrete specimen with RCSBs (S-S2) exhibits
unsatisfactory loading resistance, in which the diagonal fracture with several cracks through
the rear ends is observed and the front part is crushed into numerous pieces owing to its lower
compressive strength. For S-S3 under impulse 11, it is experienced damage in the middle
region and an obvious crack is observed perpendicular to the loading direction but the overall
specimen is still intact. For S-S4, a relatively large piece at the mid-section of the specimen
is fell off while the rest of the part is intact. Thus, metaconcrete specimens with ERCSBs/18
and ERCSBs/15 has higher loading resistance as compared to other specimens (S-S1 and S-
S2) under impulse II as these specimens are shattered into small pieces. Plain concrete (S-S5)
is broken into two disconnected parts under impulse II owing to the reflected tensile stress
wave. As shown in Figure 7-11(b), approximately 1/3 of S-S6 on the loading side is crushed
but the remaining part of the specimen is kept its integrity with some peel-off damage on the
specimen surface. S-S7 is also experienced local damage near the loading end. Peel-off
damage to specimen appears more severe in S-S3, S-S4, S-S6 and S-S7. This could be
attributed to poor bonding between steel shell and mortar matrix. Under axial impact loading,
the specimens expand laterally owing to Poisson’s ratio effect, poor bonding between mortar
and EAs causes the specimen more vulnerable to peel-off damage. Therefore, improving the
bonding strength between EA and mortar matrix is important. Moreover, peel-off damage
may be caused by the wave impedance mismatch between steel shell and cementitious matrix,
so that significant wave reflection is induced leading to serious interfacial failure. Hence, the
enhanced coating material with wave impedance closed to the matrix material is suggested
to ensure smooth transmission of stress waves inside the engineered aggregate, which could

potentially reduce the interfacial failure.

Higher loading intensity greatly affects the failure mode of metaconcrete specimens. Under
impulses I and I, a certain level of specimen integrity is maintained. When a more intensive
load (i.e., impulse III) is applied, all the specimens are shattered into smaller pieces. For
instance, S-S1 is crushed into chunks, while metaconcrete specimen with RCSBs,

ERCSBs/18 and ERCSBs/15 are broken into various pieces, as shown in Figure 7-11(a) and
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(b). Smaller fragments (broken pieces) are generated in metaconcrete specimens than in plain
specimens owing to the insufficient interfacial strength between EAs and cementitious matrix.
Based on the above results, metaconcrete specimens consisting of EAs with the enhanced
coating (i.e., ERCSBs) shows a higher loading resistance capacity than metaconcrete

specimen with RCSBs in all loading cases.

Impulse I Impulse 11 Impulse 111
S-S1
Fragment 1 Fragn;enll
e ~=
S-S2 L. :
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(a) Mortar-based specimen
Impulse I Impulse I1 Impulse IT1
5-85 ' L " \ N
; > « ' -
l'"ragn:enll Frag‘menl'.’ Fragment 1 Fragmehll
L 7 \ » %
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(b) Concrete-based specimen

Figure 7-11. Failure modes of specimens subjected to impulses I, IT and III.

Comparison of stress wave attenuation performance

To further examine the effectiveness of wave attenuation in metaconcrete and plain

specimens, strain-time histories for all the specimens subjected to impulses I, II and III are

compared in Figure 7-12. S-S2 has the highest value of €2|peak owing to its lowest modulus
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of elasticity or stiffness of the material, as shown in Figure 7-12(b). Meanwhile, the strain
gauge near the loading end (i.e., SG2) is broken at an early stage because of the specimen
damage (see Figure 7-12(a)), which is due to its lower compressive strength when subjected

to impulses I, II and III. As shown in Figure 7-12(c) and (d), S-S3 and S-S4 have smaller

values of 82|peak as compared to S-S1 owing to their higher modulus of elasticity. It is worth

noting that the stress wave propagating along the specimen is inhibited if a substantial
reduction in the transmitted peak strain (i.e., SG3) is obtained. No significant peak strain

reduction indicates that there is no noticeable stress wave attenuation effect, whereas a

noticeable reduction of peak transmitted strain ( g3|peak) indicates the wave propagation

mitigation. As shown in Figure 7-12(a), S-S1 exhibits no significant wave attenuation effect
as the reduction of transmitted peak strain is not obvious for each loading scenario. In contrast,
noticeable peak strain reduction is found in S-S2 (see Figure 7-12(b)), implying that the stress
wave is attenuated after passing through the conventional RCSBs owing to the local
resonance effect, in which this attenuation phenomenon is consistent with the experimental
observation reported in the previous study [31]. Besides, considerable peak strain reduction
is also observed in S-S3 and S-S4 (see Figure 7-12(c) and (d)), demonstrating the addition of
the hard shell does not significantly affect the wave mitigation performance of the engineered
aggregates. In fact, ERCSB could provide a comparable or even better wave mitigation effect

than conventional RCSB. For plain concrete (S-S5), the value of peak transmitted strain

(£3|peak) is close to the peak incident value (£2|peak), namely, there is no noticeable wave

propagating attenuation, as observed in Figure 7-12(e). In contrast, the values of ¢, ek for

S-S6 and S-S7, as displayed in Figure 7-12(f) and (g), are considerably reduced, indicating
the specimens with ERCSBs achieves enhanced stress wave attenuation performance than
plain concrete due to the local resonance of engineered aggregates. To conclude,
metaconcrete specimens consisting of enhanced EAs proposed in this chapter can improve

the strength of metaconcrete specimens and also maintain its stress wave attenuation capacity.
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Figure 7-12. Comparison of strain-time histories of specimens subjected to impulses I, I and II1.

Moreover, the peak reduction ratios of the maximum longitudinal strain (R, ;) derived by

using Eq. (7-3) are summarized in Table 7-5 to qualitatively compare the performance of
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wave propagation mitigation. A higher value of R, ,; means a greater reduction in the
maximum longitudinal strain within the specimen, namely, better wave propagation
mitigation performance. As shown in Table 7-5, the specimen with RCSBs generally has a
greater value of R, ;- than the plain specimens (e.g., S-S1) in all loading cases. For instance,
R, pr under impulses I, IT and IIT in S-S2 is 20%, 26% and 35%, which are greater than S-S1
of 5%, 6% and 8%, respectively. This is because the local resonance of the core can attenuate
the stress waves propagating through the specimen. However, owing to the lower strength of
metaconcrete specimen with RCSBs, S-S2 is experienced severe damage to the surrounding
matrix at an early stage, which limits the local resonance effectiveness. This observation is
consistent with those reported in the previous numerical studies [88, 152]. Thus, its wave
propagation attenuation effect is not significant as compared to metaconcrete specimens with
ERCSBs. By adding a steel shell, metaconcrete specimens with ERCSBs show a higher
reduction value. For instance, R, ,; of S-S3 under impulses I, II and III are 52%, 57% and
61%, which are greater than S-S2 of 20%, 26% and 35%, respectively, as given in Table 7-5.
This is because metaconcrete specimen with ERCSBs has higher strength, which can prolong
the local resonance effect and lead to an improved mitigation performance. Besides, S-S3
generally has a higher R, ,; value than S-S4. This is because ERCSBs/18 with a larger steel
core than ERCSBs/15 results in a more prominent local resonance effect, and the gap between
RCSB and steel shell in ERCSB/15 might also lead to the less activated steel core vibration
as discussed above. In addition, as shown in Table 7-5, localized matrix material damage
could also dissipate energy and a lower proportion of input energy are transmitted to the rest
part of the specimen. For instance, the front parts of S-S6 and S-S7 are significantly crushed
and the rest parts experienced less damage. The failure of the front part dissipated a large
amount of energy, which results in a lower proportion of energy being transmitted to the rest
part. Therefore, the energy dissipation is contributed by the matrix fracture damage and the
local resonance effect. As given in Table 7-5, R, ,; is 70%, 89% and 90% for S-S6, and 60%,
70% and 75% for S-S7, which are substantially greater than 1.7%, 2% and 5% of S-S5 (i.e.,

plain concrete). Furthermore, with the increase in loading intensity (i.e., from impulse I to
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Il), R, »; gradually increases for metaconcrete specimens with ERCSBs. It can be explained
as follows: a) higher loading amplitude induces larger local vibrations of hard core inside
engineered aggregate so that more wave energy is absorbed by the engineered aggregates
[151, 152]; b) more severe matrix material damage with the rising loading intensity could
dissipate substantial amounts of energy; c¢) damage of steel shell (e.g., shell opening) outside
the ERCSBs (see Table 7-5) could also absorb considerable amounts of wave energy leading

to more effective mitigation effect.

As given in Table 7-5, R, (i.e., the specific reduction ratio of strain with respect to plain
mortar) slightly varies for metaconcrete specimens with ERCSBs under different loading
scenarios. Metaconcrete specimens with ERCSBs has a higher value of R,,; than
metaconcrete specimens with RCSBs and followed by plain mortar and plain concrete. For
instance, by using Eq. (7-4), a similar trend for the value of R, ,,; is observed in all specimens.
Especially, when it is subjected to impulse II, S-S6 has the highest R_,,; of 93%, followed by
S-S7 0f 91%, S-S3 of 89% and S-S4 of 87%. R, ,; of S-S5 is calculated as -200%, indicating
S-S5 (R, pr = 2%) has a lower mitigation capacity of stress wave propagation than S-S1 (R, pr
= 6%) as given in Table 7-5. It should be noted that the negative value of R_,, indicates that
the level of stress wave propagation mitigation in the specific specimen is less than that in
the reference specimen (S-S1).

Table 7-5. Summary of destructive testing (DT) results under impulses I, IT and III.

No. Specimen Fpor Roor
I In 1 I I 1t

S-S1 Plain mortar 5% 6% 8% - - -
5-52 Mortar with RCSBs 20%  26%  35%  73% 77% 75%
S-S3  Mortar with ERCSBs/I8 ~ 52%  57%  61%  90% 89% 86%
S-S4  Mortar with ERCSBs/IS  40%  47%  52%  87% 87% 84%
S-S5 Plain concrete 1.7% 2% 5% -174% -200% -73%
5-56 Conerete with 0%  89%  90% 9% 9% 9%
$-87 Conerete with 60%  T0% 7%  91% 91% 89%

ERCSBs/15
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7.4 Summary

In this chapter, a new kind of engineered aggregate (ERCSB) is proposed to enhance the
mechanical properties of conventional metaconcrete material. Quasi-static mechanical
properties and dynamic responses of plain mortar, normal concrete and metaconcrete
materials with RCSBs or ERCSBs under destructive and non-destructive dynamic loading
are experimentally investigated. The experimental results confirm the effectiveness of using
ERCSBs in metaconcrete material in enhancing the compressive strength while preserving
the wave attenuation ability in comparison with metaconcrete material with conventional

RCSBs. The main findings are summarized as follows.

(1) Metaconcrete specimen with randomly dispersed RCSBs could exhibit frequency-
dependent attenuation properties, which can mitigate elastic and inelastic stress wave
propagation owing to the local resonance effect.

(2) The quasi-static compressive property of metaconcrete specimen with RCSBs is
reduced due to the soft coating of conventional EAs (RCSBs). It can be addressed by
adding a hard shell outside RCSBs to form ERCSBs, which can increase compressive
strength by 80.3 % and modulus of elasticity by 72.3% as compared to the
metaconcrete specimen with RCSBs.

(3) Metaconcrete specimen with ERCSBs also exhibits frequency-dependent wave
filtering capacity, resulting in favorable wave attenuation performance. The
specimens with both types of ERCSBs (without/with a gap between the external shell
and RCSB) are effective in mitigating stress wave propagation induced by non-
destructive and destructive dynamic loading.

(4) Insufficient bonding between the matrix and EAs negatively impacts both the static
mechanical properties and dynamic responses of metaconcrete material. To improve
the performance of metaconcrete material, mechanical or chemical treatment on

ERCSBs’ outer layer is recommended to improve its bonding strength.
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Chapter 8 Dynamic compressive properties of

metaconcrete materials

8.1 Introduction

The responses of metaconcrete structures subjected to vibration and impulsive loading and
their stress wave attenuation performances have been discussed in Chapter 3 to Chapter 6.
Metaconcrete materials, therefore, have great potential for application in the construction of
engineering structures against multi-hazardous loading such as earthquakes, dynamic
impacts and explosions. In Chapter 7, static mechanical properties of metaconcrete materials
with different types of engineered aggregates have been studied. For the practical application
of metaconcrete material in construction, the dynamic material properties need to be defined
for structural designs, however, it has not been reported yet in the literature. The dynamic
compressive properties of metaconcrete materials containing three types of engineered
aggregates are therefore examined and reported in this chapter. Dynamic compression tests
on the mortar-based and concrete-based metaconcrete materials are conducted by using the
Split Hopkinson Pressure Bar (SHPB) system. Failure process, failure modes, dynamic
compressive strength as well as energy absorption capacities at different strain rates of
metaconcrete specimens are obtained. Using the static material properties obtained in Chapter
7 as a reference, dynamic increase factor (DIF) for compressive strength and energy
absorption capacity of metaconcrete materials are derived and the corresponding empirical
formulae are proposed. The results can be used to model the dynamic properties of

metaconcrete materials in structural designs to resist dynamic loads.

The related work in this chapter has been submitted to a journal for review.

Xu C, Chen W, Hao H, Pham TM, Li Z and Jin H. Dynamic compressive properties of metaconcrete

materials (Under review).
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8.2 Experimental program

8.2.1 Specimen preparation

As introduced above, in this chapter, three types of engineered aggregates (EAs) are used to
cast metaconcrete specimens, they are rubber-coated steel balls (RCSBs) and two types of
RCSBs with an enhanced coating (i.e., ERCSBs). Specifically, RCSBs are made of steel balls
coated with silicone rubber. The dome-shaped rubber coating is prepared by using the
moulding technique. The steel ball is subsequently encapsulated by the upper and lower
dome-shaped rubber coating, followed by a curing process. ERCSBs are made by adding a
steel shell outside the RCSB. ERCSB/18 is made by adding a 1 mm-thick steel shell directly
on the 18 mm RCSB, while ERCSBs/15 is made by adding the same 18 mm internal diameter
steel shell on the 15 mm RCSB, which therefore leaves a 3 mm clearance between RCSB

and the external steel shell wall as shown in Figure 8-1.

All specimens can be classified into two groups, namely mortar-based and concrete-based
specimens, as illustrated in Figure 8-1. There are no natural aggregates (NAs) in the mortar-
based specimens. High strength mortar is used as the matrix of all specimens. The mortar is
produced by Sika Australia Pty Ltd consisted of Portland cement, fine sand and additives
(calcium alumina-sulphate) [124]. The mix ratio of cement/sand/water/additives is
1/2/0.5/0.33. D-S1 is made of plain mortar only. D-S2 is made of plain mortar and RCSBs.
D-S3 and D-S4 with two kinds of ERCSBs are fabricated to evaluate the effect of different
embedded inclusions on the dynamic behaviors of mortar-based metaconcrete specimens.
The volume percentages of the EAs in D-S2, DS-3 and DS-4 are all 10.6%. DS-5 is a normal
or plain concrete specimen with 41.8% volume fraction of natural aggregates. DS-6 is a
metaconcrete specimen made by replacing 10.6% volume fraction of natural aggregates in
DS-5 by ERCSBs/18, while DS-7 is made by replacing 10.6% natural aggregates in DS-5 by
ERCSBs/15. In another word, concrete-based metaconcrete specimens consisted of 10.6% of
engineered aggregates in combination with 31.2% of natural aggregates. The maximum size

of natural aggregates (NAs) is 10 mm and that of EAs, including RCSBs and ERCSBs, are
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all 20 mm. The mix proportions are listed in Table 7-1 in Chapter 7. It is worth noting that
the heterogeneity effect of aggregates can be ignored when the diameter of the specimen is
at least three times the maximum size of coarse aggregate, as reported in [155]. In this chapter,
the diameter of the specimens is 5 times the size of the maximum aggregate (i.e., 20 mm),
therefore, the heterogeneity effect can be neglected. The disc-like specimens with a height of
50 mm and a diameter of 100 mm (see Figure 8-2(a)-(c)) for the dynamic test are prepared
by using the moulding technique. In total, 84 discs (@100 X 50 mm ) for dynamic
compression tests are prepared. A plain mortar specimen (D-S1) without aggregates is
regarded as the reference. RCSBs and/or ERCSBs are randomly mixed with a mortar or
concrete matrix by using a 70L pan mixer. The average density for each specimen is
determined in accordance with [154] and listed in Table 8-1. More detailed information on

the specimen configuration is also presented in Table §-1.

Mortar-based Concrete-based

RCSBs/20 ERCSBs/18 ERCSBs/15

Core Coating Shell Gap f

Figure 8-1. Configuration of specimens and engineered aggregates.
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Figure 8-2. Illustration of specimens after surface-grinding: (a) Mortar-based specimen, (b) Plain concrete, (c)

concrete-based metaconcrete specimens.

Table 8-1. Summary of specimen configuration.

Specimen  Description Inclusions V%  Vea% p,,, (kg/m’)
D-S1 Plain mortar - 0 - 2183.8
D-S2  Mortar with RCSBs Rubber-coated steel balls (RCSBs) 0 10.6% 2477.5
bs et e e s
bst M STowbecmtmieann o s
D-S5 Plain concrete Natural aggregates (NASs) 41.8% 0 2285.7
ps  Conerete with NAs + ERCSBs/18 312%  10.6%  2658.9

ERCSBs/18
p.s7  Conerete with NAs + ERCSBs/15 312%  10.6%  2463.9
ERCSBs/15

Note: Vya% is the volume fraction of natural aggregates; Vga % is the volume fraction of engineered aggregates,

.. is the average density.

8.2.2 Dynamic compression test setup

Dynamic compression tests are conducted by using the Split Hopkinson pressure bar (SHPB)
system, which has been widely used to determine the dynamic properties of concrete-like
materials [126, 169-174]. As illustrated in Figure 8-3, the SHPB system with a diameter of
100 mm consisted of a cylindrical striker, incident and transmitted bars together with
absorption bar with the length of 600 mm, 5500 mm, 3000 mm, and 1000 mm, respectively.
A total of 84 disc-like specimens are tested. For each configuration, three specimens are
repetitively tested under a similar strain rate as close as possible. Stress wave signals are
recorded from the strain gauges attached to the incident and transmitted bars. To minimize

the effect of end friction, the grease is attempted to apply to the interfaces between specimens
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and bars. Moreover, a 3 mm-thick @20 mm rubber pulse shaper as shown in Figure 8-3(b) is
used to facilitate stress equilibrium [175]. The failure progress of each specimen is recorded

by using a high-speed camera.

3mm & 20 mm

( Rubber pulse shaper

(b)

Figure 8-3. Experimental set-up: (a) Schematic illustration, (b) Photograph.
8.3 Results and discussions

8.3.1 Quasi-static test results

Quasi-static tests are conducted in Chapter 7 and the results are presented in Section 7.3.1. A
total of 21 @100 X 200 mm cylindrical specimens are fabricated in accordance with ASTM
C192/C192M-19 [160] and the quasi-static compression test on these specimens is conducted
with a loading rate of 0.33 MPa/min (the equivalent strain rate of 10*s™") according to ASTM
C39-18 [161]. The results from the quasi-static test reported in Section 7.3.1. are presented
in Figure 8-4 for comparison. As shown, the quasi-static compressive strength is decreased
when adding RCSBs. Specifically, the compressive strength of plain mortar (D-S1) is 67.49
MPa. As compared to D-S1, the compressive strength of D-S2 is decreased by 55.6% to 29.98
MPa, which is due to the existence of a soft coating layer of RCSB. As compared to the

mortar-based metaconcrete specimens with RCSBs, the compressive strength of
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metaconcrete specimens D-S3 and D-S4 are increased by 80.3% and 85.4% to 54.97 MPa
and 55.57 MPa in comparison with D-S2 by replacing 10.6% RCSBs with ERCSBs/18 and
ERCSBs/15, respectively in the mortar matrix. Moreover, the compressive strengths of
concrete-based specimens are 67.92 MPa (D-S5), 56.19 MPa (D-S6) and 56.81 MPa (D-S7).
It is observed that although the quasi-static compressive strength of metaconcrete material is
substantially improved by adding a relatively stiff layer outside the conventional RCSBs,
metaconcrete specimens with ERCSBs still have lower compressive strength than the
respective plain mortar (D-S1) and plain concrete (D-S5) owing to the poor bonding between
ERCSBs and the surrounding matrix at the interfacial transition zone (ITZ) because of the
smooth surface outside the steel shell of ERCSBs. The effect of poor bonding between
inclusions and cementitious matrix on the reduction of compressive strength has been
reported and discussed in previous studies [126, 169]. As a consequence, it is suggested that
the bonding between ERCSBs and cementitious matrix needs to be enhanced through a
mechanical or chemical treatment to improve its mechanical strength. A more detailed
discussion about the quasi-static mechanical properties of metaconcrete materials can refer

to Chapter 7 in Section 7.3.1.

100

Mortar-based Concrete-based
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Figure 8-4. Summary of quasi-static compressive strengths of plain mortar, concrete and metaconcrete

specimens.
8.3.2 Validity and strain rate determination of SHPB dynamic tests

Figure 8-5 shows the typical recorded signals at the incident and transmitted bars. One-

dimensional wave propagation theory is applied. The stress (o), strain (€) and strain rate (€)
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of the specimens can be derived from Eq. (8-1) ~ Eq. (8-3), respectively [170, 171, 176-178].

6, =E, (%)eT ® oy

. 2C (8-2)
8= (0

e(t)= [, &)at

(8-3)

where E,, 4, and C, respectively denote the modulus of elasticity, cross-section area and
wave velocity of the pressure bars; 4, and L represent the cross-section area and length of the
specimen, respectively; &, (t) and &,(t) are the time-dependent transmitted and reflected

strain, respectively.
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Figure 8-5. Typical signals recorded at the incident and transmitted bars.

Stress equilibrium must be achieved to ensure the validity of the SHPB test data. Hence,
stress equilibrium is checked for each test data by comparing the sum of the incident and
reflected stress waves with the transmitted wave. For strain rate determination, two
frequently used approaches to determine the strain rate are reported in the previous studies
[126, 169, 171, 178, 179]. One method is based on the peak dynamic compressive stress at
which the corresponding strain rate is determined. Another method adopted the averaged
strain rate values from the plateau of the strain rate curve. In this chapter, the strain rate is
determined based on the peak compressive stress, as exemplified in Figure 8-6.
Subsequently, stress equilibrium in all testing samples is assessed and verified by applying
the abovementioned method. All the reported data are from those specimens that achieved
the stress equilibrium while invalid data are discarded. The stress equilibrium of

representative plain mortar, concrete and metaconcrete specimens is demonstrated in
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Figure 8-7. As shown, the incident + reflected and transmitted waves match well from the
beginning to the peak value, indicating that the stress equilibrium is achieved until the peak
stress. After the peak stress, the deviation between transmitted and incident + reflected
waves in all the specimens is observed, especially at higher strain rates. It is because the
cementitious matrix displays brittle post-peak behavior and the compressive stress reduces
significantly after the peak [126, 163, 169, 172]. Accordingly, the stress equilibrium at the
later stage is more difficult to achieve as shown in Figure 8-7 owing to the damage to the
specimen. Besides, the surface-to-surface contact between steel bars and specimens may
also affect the stress equilibrium condition. It is noted that the end faces of the specimens
could not be perfectly parallel to achieve full surface contact despite the use of the
automatic surface grinder to smoothen the surface as much as possible. The variation of
thickness can be up to 0.5 mm [172], which might cause stress localization. This non-
uniform contact would be intensified by the specimen damage. Additionally, the contact
between engineered aggregates and steel bars as well as the damage of steel shells outside
the ERCSBs may also affect the distribution of stress at the later post-peak stage.
Consequently, the distribution of stress would not be uniform, therefore, it is difficult to
achieve a perfect stress equilibrium condition in the high-speed dynamic tests after damage
to specimen that has occurred. Although the perfect stress equilibrium as shown in Figure
8-7 is hard to achieve after the peak stress, the reported data in this chapter is still
acceptable because the primary interest in the test is to investigate the increment in the
dynamic strength with the strain rate, the dynamic strength, i.e., the peak stress is obtained
when the dynamic equilibrium condition is still satisfied.
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Figure 8-6. Strain rate determination.
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Figure 8-7. Illustration of stress equilibrium for each configuration.



8.3.3 Failure process

Figure 8-8 depicts the failure process of all types of specimens under strain rates around 120

s recorded by a high-speed camera with a frame rate of 12500 frames per second. The image
at 0 us denotes the time instant when the specimen started being stressed. For the plain mortar
specimen D-S1 at 80 ps, cracks are initiated at both ends and propagated towards the centre
of the specimen, indicating the stress equilibrium [126]. Afterwards, the initial cracks are
widened and extended and more cracks have appeared in the specimen. At the same instant,
D-S2 exhibits more cracks than plain mortar (D-S1). Figure 8-8(b) shows more than ten
cracks developed in D-S2 at 80 ps, while there are three major cracks and four minor cracks
in D-S1 (see in Figure 8-8(a). This is because: a) D-S2 has much lower compressive strength
and b) the cementitious matrix is vulnerable to damage due to the mismatched modulus of
elasticity and deformation capacity between mortar and silicone rubber. Adding a steel shell
could slow down the crack development, as observed in D-S3 and D-S4, as shown in Figure

8-8(c) and (d). This is because adding a steel shell enhanced its compressive strength as

compared to D-S2.

At 160 ps, more fine cracks are initiated and propagated to the centre of the specimens with
some other cracks spreading in different directions for all the specimens. From 160-240 ps,
plain mortar and concrete specimens (i.e., D-S1 and D-S5) have several major cracks running
almost parallel to the loading direction plus several smaller cracks. More fine cracks are
observed in the metaconcrete specimens because of their relatively lower compressive
strength. In particular, numerous cracks are observed at the surface edge of D-S2. Although
the cracks are inhibited at an earlier stage (<160 ps) for D-S3, numerous fine cracks are found
at 240 ps due to the poor bonding between ERCSBs and the mortar matrix at the interfacial
transition zone (ITZ), leading to more severe damage. A similar phenomenon is observed for
D-S5, D-S6 and D-S7. At 320 ps, all the specimens are almost broken into pieces. The
numbers of major cracks are unchanged while the existing cracks are widened. Eventually,

all the specimens are shattered into pieces due to the brittle nature of the mortar matrix. It is
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observed that the metaconcrete specimens with ERCSBs are shattered into relatively larger
pieces than the specimens with RCSBs.
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Figure 8-8. Illustration of failure process of representative specimens at the strain rate about 120 s™.

8.3.4 Failure mode and failure mechanism

Figure 8-9 compares the failure modes of all types of specimens at different strain rates. In
general, the damage level is increased with the rising strain rate for all the specimens. The
final failure modes for all the specimens can be categorized as: 1) a dominant crack
penetrating through the specimen under low to medium strain rate, and 2) crushing into
chunks and pulverized in numerous fragments under high strain rate. The fragment size is
dependent on the applied strain rates as the fragment size is decreased with the increase of
strain rates, consistent with those reported in [179-181]. Under low to medium strain rate
around 45.72 ~ 63.54 s™' as shown in Figure 8-9, plain mortar (D-S1) is experienced a major
crack cutting through the specimen together with several edge cracks. Plain concrete (D-S5)
is failed at the outer edges, in which several chunks are stripped away from the centre part.
A similar failure mode is observed for all metaconcrete specimens with ERCSBs (i.e., D-S3,
D-S4, D-S6 and D-S7), which are failed from the outer edges and the central part remained
intact. Nevertheless, D-S2 is experienced more severe damage and shattered into several

chunks. This is mainly because of its lower compressive strength.

At the strain rate of 74.28 ~ 76.12 s™!, the primary difference among the specimens is that

cracks start to cut through natural aggregates as shown in concrete-based specimens. When
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the strain rate reached 83.32 ~ 96.37 s, mortar-based specimens are broken into smaller
pieces. With a further increase in strain rate, the fragment size becomes smaller, leading to
higher energy absorption during the brittle fracture of the matrix/and or normal aggregates.
When the strain rate is 110.71 ~ 119.35 s™!, cracks are developed by cleaving the matrix into
even smaller pieces, leading to numerous fragments. All the specimens are drastically
pulverized into fragments when the strain rate reached above approximately 140 s™'. For
concrete-based metaconcrete specimens (D-S6 and D-S7), the damage is observed in natural
aggregates due to cracks cutting through natural aggregates. Besides, the steel shell of
ERCSBs is damaged by creating an opening or being detached when the specimen
experienced damage beyond a certain strain rate threshold, as shown in Figure 8-9. It is also
observed that for ERCSBs with the gap (ERCSBs/15), the steel shell is experienced

indentation or deformation due to dynamic crushing.

Meanwhile, the mortar-based specimens containing ERCSBs (i.e., D-S3 and D-S4)
demonstrate a better loading resistance than the specimens without the hard shell (i.e., D-S2)
under a relatively low strain rate. For instance, at the strain rate of 45.72 s' ~ 63.54 !, the
metaconcrete specimens with ERCSBs are suffered less damage than the metaconcrete
specimens with RCSBs. This is because the enhanced coating layer of ERCSBs has higher
stiffness than rubber coating, which enhances the compressive strength of the metaconcrete
specimen. On the other hand, when the strain rate is increased above a certain threshold, i.e.,
between 106.94 s 1~ 125.60 s™!, the steel shell outside the ERCSBs starts opening/detaching.
With further increasing in strain rate, the steel shell outside the ERCSB is completely
detached and the enclosed RCSB is exposed as shown in Figure 8-9. Besides, the number of
ERCSBs in metaconcrete specimens that experienced shell damage is increased and the

severity of shell damage is positively correlated to the increase in strain rate.
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Figure 8-9. Comparison of failure modes for each configuration at various strain rates.
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It is commonly observed that the failure mechanisms of concrete-like materials can be
divided into different stages with the increased strain rates, i.e. matrix cleavage, and cutting
or fracture of aggregates [178]. However, the observed failure modes of metaconcrete
specimens with engineered aggregates are different from those of normal concrete with
natural aggregates. Under a relatively low strain rate, for normal concrete (i.e., left of Figure
8-10(a)), the cracks are developed and propagated inside the matrix without damaging the

coarse aggregates. For metaconcrete specimens with RCSBs (i.e., left of Figure 8-10(b)), the



cracks are initiated at the interfacial area between EAs and mortar, then propagated within
the matrix. Similarly, this failure mechanism is also observed in the metaconcrete specimens
with ERCSBs (i.e., left of Figure 8-10(c) and (d)). Consequently, the specimen is failed into
large pieces due to matrix damage. With the increase of the strain rates, the cracks are
propagated along the shorter path in the normal concrete, resulting in fracture of stiffer coarse
aggregates (i.e., the centre of Figure 8-10(a)). However, this failure mechanism is not
observed in metaconcrete specimens with RCSBs. For metaconcrete specimens with RCSBs,
more cracks are developed without cutting through RCSBs (i.e., the centre of Figure 8-10(b))
due to the high strength of the solid steel core. For metaconcrete specimens with ERCSBs,
the cracks are propagated along a short path and the steel shell started detaching (i.e., centre

of Figure 8-10(c) and (d)).
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Figure 8-10. Illustration of failure mechanism associated with the specimen in different configurations.

When further increasing the strain rate, larger numbers of cracks are developed, and more
coarse aggregates are fractured in the normal concrete (i.e., right of Figure 8-10(a)). For
metaconcrete specimens with RCSBs, the matrix is shattered into smaller pieces without
damage to RCSBs. For metaconcrete specimens with ERCSBs without gap (i.e., ERCSBs/18),
the steel shell is separated into two pieces and severe matrix cracking is observed (i.e., right

of Figure 8-10(c)). For ERCSBs with the gap, the increasing numbers of cracks are observed
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with the increase in strain rate. Meanwhile, the shell separation in combination with
indentation and deformation of the shell wall is also noticed (i.e., right of Figure 8-10(d)). As
expected, increasing the loading intensity causes more severe damage to the steel shell

outside the ERCSBs.

8.3.5 Comparison of stress-strain relationships

The stress-strain curves for each configuration at the representative strain rates are illustrated
in Figure 8-11(a) to (e). As observed, the dynamic compressive strength increases with the
increase in strain rates for all the specimens, consistent with the previous findings regarding
the strain rate effect on the dynamic compressive properties of concrete-like materials [179-
181]. The stress-strain curves also showed that plain mortar (D-S1) and plain concrete (D-
S5) have higher dynamic compressive strength than metaconcrete specimens with ERCSBs
and metaconcrete specimens with RCSBs under similar strain rate. It is because the static
compressive strength of the plain specimens is higher than that of the metaconcrete
specimens as shown in Figure 8-4. Specifically, the dynamic compressive strength of the
plain mortar (D-S1) increases from 85.89 MPa at 61.46 s to 167.19 MPa at 142.33 s’'. The
dynamic compressive strength of plain concrete (D-S5) increases from 81.69 MPa at 53.12
s'to 169.35 MPa at 148.36 s!. Figure 8-11(b) shows that the dynamic compressive strength
of metaconcrete specimens with RCSBs (D-S2) increases from 56.05 MPa at 63.54 s to
126.21 MPa at 152.92 s!, indicating the compressive strength of metaconcrete specimens
with RCSBs is highly sensitive to strain rate. Figure 8-11(c) and (d) show that the dynamic
compressive strength of metaconcrete specimens with ERCSBs/18 (D-S3) increases from
71.13 MPa at 55.23 s”! to 176.58 MPa at 148.62 s™! and the dynamic compressive strength of
metaconcrete specimens with ERCSBs/15 (D-S4) increases from 68.78 MPa at 45.72 s™! to
163.44 MPa at 144.35 s’ A similar trend is also observed in concrete-based specimens, as

shown in Figure 8-11(e)-(g).
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Figure 8-11. Dynamic compressive stress-strain curves.
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Moreover, the failure mechanism as discussed in Section 8.3.4 can help to explain the strain
rate effect on the dynamic compressive strength of tested specimens. For plain mortar (D-
S1), the sand-matrix interfacial transition zone is weaker than the cement pastes and sand
particles themselves. Therefore, the cracks are prone to pass these weak spots or air voids at
a low strain rate, while the cracks are forced to cut off stiffer sand particles with a rising strain
rate. Thus, it causes an increment of the dynamic strength. Similarly, when plain concrete is
experienced intensive impact loading, the cracks are prone to propagate along shorter and
straighter paths by means of cutting through stronger and stiffer coarse aggregates, leading
to a higher strength. For metaconcrete specimens with ERCSBs, the induced cracks tend to
cause the breakage or/and deformation of steel shells, resulting in an increase in dynamic
strength. Therefore, crack propagation could influence the dynamic compressive strength and
energy absorption capacities of the specimen. There are also other mechanisms such as the
viscosity effect of free water on cementitious material (e.g., matrix) that could also contribute

to the enhancement of the dynamic strength of materials [182, 183].

8.3.6 Strain rate effects on dynamic compressive strength

The conventional approach to calculate the dynamic increase factor (DIF) of the compressive
strength is to normalize the dynamic compressive strength with the quasi-static compressive
strength [171, 172, 178]. However, as commonly agreed now that some other factors not
related to material properties may also result in an increase in the dynamic compressive
strength, including lateral inertial confinement and the end friction produced between the
impact bars and specimen. This could result in overestimating the DIF, especially under a
high strain rate [116, 184]. In this chapter, the end friction is minimized by using grease at
both ends of the specimens as well as the attached bars. Meanwhile, the contribution of lateral
inertia confinement to the DIF of compressive strength is removed according to the approach
suggested in the previous studies [116, 184]. The method has been commonly adopted to
eliminate the lateral inertia effect in dynamic tests on the dynamic compressive strength of

concrete-like materials [170, 178, 180]. The true DIF (DIFT) can be obtained based on the
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following equation [116, 184]:
DIF, =DIF. -DIF, +1 (8-4)

where DIFg stands for DIF directly obtained from dynamic tests; DIFi represents the
contribution of lateral inertia confinement to the obtained DIF in tests, which can be obtained

from numerical simulations without considering strain rate effect as reported in [116, 184].

In this chapter, only 10.6% of engineered aggregates are used in metaconcrete specimens. As
a result, the maximum ratio of average density between metaconcrete specimens (e.g., D-S6)
and referenced one (D-S5) is only 1.16 as given in Table 8-1, indicating the variation of total
weight between concrete specimens and metaconcrete specimens is limited. The empirical
formula suggested for normal concrete to remove the lateral inertia confinement effect is
therefore approximately adopted to remove the lateral inertia confinement effect on
metaconcrete specimens in this chapter. As stated in the previous studies [116, 184], SHPB
tests on concrete specimens at different strain rates are numerically simulated by defining the
material DIF value as 1.0, namely, the strength increment of the material is purely attributed
to the lateral inertia confinement. The suggested empirical formula reported in [116, 184] for
estimating the contribution of lateral inertia confinement of 100 X 50 mm specimens is
then derived. The true DIF (DIFr) is obtained by Eq. (8-4). Table 8-2 to Table 8-8 give the
dynamic compressive strength and compressive strength DIFs of all the specimens at various
strain rates. For comparison, Figure 8-12 depicts the relationship of DIF for compressive
strength versus strain rates for each configuration. The DIF of compressive strength for all
the specimens is sensitive and positively correlated to the strain rate. Specifically, the DIFr
of plain mortar (D-S1) increases from 1.166 at 61.46 s to 2.273 at 149.69 s'. The
metaconcrete specimens with RCSBs (D-S2) exhibit the highest sensitivity of dynamic
compressive strength to the strain rate and its DIFris 1.430 at 54.26 s™! and increased to 3.678
at 152.92 s, and it is 61.8 % and 68.4 % higher than that of plain mortar and plain concrete
at the similar strain rate, respectively. Besides, DIFr for metaconcrete specimens with

ERCSBs/18 (D-S3) is 1.066 at 47.06 s and increases to 2.812 at 148.62 s!, followed by
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metaconcrete specimens with ERCSBs/15 (D-S4) increases from 1.027 at 43.87 s™' to 2.632
at 149.23 s!. The CEB recommendation [185] for normal concrete is also plotted for
comparison, which shows a similar trend as plain concrete (D-S5). For concrete-based
specimens, DIF for plain concrete (D-S5) increases from 1.093 at 46.87 s"'t0 2.183 at 148.36
s'l. DIF7 of metaconcrete specimens with ERCSBs/18 (D-S6) increases from 1.031 at 43.62
s to 2.647 at 149.92 s!, followed by metaconcrete specimens with ERCSBs/15 (D-S7)

increases from 1.073 at 42.67 s™' to 2.465 at 149.33 s,

Among all the mortar-based specimens, D-S2 displays the highest strain rate sensitivity on
the compressive strength. It is then followed by metaconcrete specimens with ERCSBs/18
(D-S3) and then ERCSBs/18 (D-S4), while plain mortar (D-S1) exhibits the lowest strain rate
sensitivity. The concrete-based specimens exhibit a similar trend as mortar-based specimens.
Metaconcrete specimens with ERCSBs have a higher sensitivity of strain rate on the
compressive strength than plain concrete. It is mainly due to different types of failure
mechanisms, cracking characteristics and damage modes at different strain rates as discussed
in Section 8.3.4. Specifically, the reason that the metaconcrete specimens with RCSBs (D-
S2) exhibit the highest strain rate sensitivity on the compressive strength can be explained as
follows: 1) D-S2 has the lowest static compressive strength due to the existence of soft
coating and thus the similar strength enhancement under dynamic loading could lead to
higher DIF; 2) although steel cores of RCSBs in metaconcrete specimens are not damaged
under dynamic loading, the damage to the soft coating of RCSBs could dissipate a certain
amount of energy. In addition, the crack arresting mechanism of the rubber coating may
contribute to the enhanced dynamic strength of rubberized concrete as reported in the
previous studies [126, 186]; 3) more cracks are generated at the interface of D-S2 and more
wave energy are dissipated, leading to a more pronounced effect on strength enhancement;
4) metaconcrete specimens with 10.6% of engineered aggregates such as RCSBs could lead
to higher compressive DIF than normal concrete due to slightly higher inertial effect induced
by dense steel core of engineered aggregates. For metaconcrete with ERCSBs, stress wave

propagation in ERCSBs causes the deformation or/and damage of steel shell, resulting in the
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dissipation of impact energy and the enhancement of dynamic strength. Besides the shell
damage, soft coating damage and the contribution of inertia effect from steel inclusion
contribute to the enhancement of dynamic strength, resulting in higher strain rate sensitivity.
It is worth noting that the dynamic strength of metaconcrete specimens with RCSBs is lower
than that of metaconcrete specimens with ERCSBs at a similar strain rate, indicating lower
impact resistance, despite the dynamic compressive strength of the metaconcrete specimens

with RCSBs being the most sensitive to strain rate.
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Figure 8-12. Comparison of DIF for the compressive strength under different strain rates.

Based on Figure 8-12, the empirical equations for the best-fit curves between DIF for

compressive strength and strain rate (€) of different types of specimens are given as follows.

For D-S1 (Plain mortar):

DIF =2.863l0g,,(£)—4.043 for 61.46s™ <£<153.75s™" (R* =0.976) (8-5)
For D-S2 (Mortar with RCSBs)

DIF =4.931log,,(¢)-7.359 for 54.265 " <£<152.92s ™" (R* =0.927) (8-6)
For D-S3 (Mortar with ERCSBs/18)

DIF =3.331log, (¢)-4.744 for 47.06s™ < £<148.62s™ (R* =0.895) @7
For D-S4(Mortar with ERCSBs/15)

DIF =2.791log,,(¢)-3.671 for 43.87s™ < £ <149.235™* (R? =0.898) (8-8)
For D-S5 (Plain concrete)

DIF =2.0999l0g,,(£)-2.518 for 46.87s™ <£<148.36s™ (R* =0.958) (8-9)

For D-S6 (Concrete with ERCSBs/18)
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DIF =2.964l0g,,(£)-3.936 for 43.625™ < £ <149.92s™ (R* =0.965) (8-10)

For D-S7 (Concrete with ERCSBs/15)
DIF =2.631log,,(£)-3.385 for 42.67s ™" < ¢ <149.33s™ (R =0.960) (8-11)

8.3.7 Strain rate effect on energy absorption capability

Energy absorption capacities (W) can be calculated by the enclosed area of stress-strain

curves (e.g., Figure 8-11(a) to (g)) through the equations below [171, 172, 178],

W= [ ot)de(t) (8-12)

0

W = j:a(t)dg(t)/ f'c

where W denotes the energy absorption capacity, o(t) stands for the time-dependent stress,
g(t) represents time-dependent strain, W* is the normalized energy absorption capacity by
dividing its corresponding quasi-static compressive strength (f* ). As shown in Figure 8-13(a)
and (c), the energy absorption capacities (/) of all the specimens increase with the rising
strain rate. Metaconcrete specimens with ERCSBs/15 have the highest absolute energy
absorption capacity among all types of specimens at a similar strain rate, followed by
metaconcrete specimens with ERCSBs/18 and plain mortar specimens. Although the
compressive strength is reduced when introducing EAs such as ERCSBs to metaconcrete
specimens, the energy absorption increases possibly due to the following reasons. Firstly,
adding a hard shell outside the RCSBs could prolong the local resonance effect and thus the
core vibration of ERCSBs could contribute to the improvement of energy absorption before
the damage of the cementitious matrix, which is also observed in the previous impact tests as
reported in Chapter 7. Secondly, shell damage (e.g., opening or detaching) could absorb a
considerable amount of wave energy. Namely, if the increase in the energy absorption caused
by core vibration and shell damage overtakes the loss in the energy absorption due to the

reduced strength, metaconcrete material could exhibit an improvement in energy absorption.

Moreover, metaconcrete specimens with RCSBs (D-S2) have the lowest absolute energy

absorption capacity. Namely, adding RCSBs to concrete reduces the overall energy

186



absorption capacity of the specimen due to its lowest compressive strength. However, the

increment in the DIF for energy absorption capacities of the metaconcrete specimens with

RCSBs (D-S2) is more prominent than that of plain mortar (D-S1).
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Figure 8-13. Energy absorption capacities of all kinds of specimens under different strain rates.

As shown in Figure 8-13(b) and (d), the energy absorption capacity of all the specimens is

normalized with their quasi-static compressive strength for further comparison. The

normalized energy absorption capacity (#*) of metaconcrete specimens with RCSBs (D-S2)

is substantially increased and is higher than that of plain mortar. For instance, the normalized

energy absorption capacity of metaconcrete specimens with RCSBs (D-S2) is 35.0%~51.5%

higher than that of plain mortar at strain rate 144 s' ~ 153 s’!. For metaconcrete specimens

with ERCSBs/15 (D-S4), the value of W* is respectively 34.4% and 49.5% higher than that

of metaconcrete specimens with RCSBs (D-S2) and ERCSBs/18 (D-S3) at strain rate around
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144 s7!. This can be explained as follows: a) adding engineered aggregates could trigger local
vibration of steel cores besides material failure, which would contribute to the energy
absorption; b) steel shell added outside the inner inclusion can be detached and/or damaged
under high strain rate loading, so that considerable amount of wave energy can be dissipated
by the shell damage. In addition, the experimental results demonstrate a similar trend
regarding the strain rate sensitivity for the concrete-based specimens. Specifically, the W*
values for metaconcrete specimens are greater as compared to plain concrete (D-S5) under
intensive impact loading. Besides, D-S7 has slightly higher W* values than D-S6. This may
be caused by more significant shell indentation/damage due to the existence of a gap between

inner inclusion and shell wall, as well as the movement of RCSB inside the steel shell.

Based on Figure 8-13, the empirical equations for the best-fit curves of energy absorption

capacities (W) and strain rate (€) of different types of specimens are given as:

For D-S1(plain mortar):

W =0.0229¢° + 15.064¢ - 329.37 for 61.465" < £ <153.755 " (R* =0.983) (8-13)
For D-S2 (Mortar with RCSBs):
W =0.0032¢° + 8.708¢ — 225.83 for 54.265™" < ¢ <152.92s5™ (R* =0.975) (8-14)

For D-S3 (Mortar with ERCSBs/18):
W =0.1165¢> — 2.7198¢ + 431.97 for 47.065™ <& <148.62s" (R* =0.974) (8-15)

For D-S4 (Mortar with ERCSBs/15):

W =0.13545° + 4.957¢ + 184.99 for 43.87s™" < ¢ <149.23s™ (R* =0.985) (8-16)
For D-S5 (Plain concrete):

W =0.06485° + 7.405¢ + 78.35 for 46.87s™ <& <148.36s™ (R* =0.940) (8-17)
For D-S6 (Concrete with ERCSBs/18):

W =0.0887£ + 10.561¢ — 243.05 for 43.62s" < ¢ <149.92s™ (R* =0.984) (8-18)
For D-S7(Concrete with ERCSBs/15):

W =0.12787£° + 4.789¢ +48.309 for 42.67s™ < &<149.33s™ (R* =0.993) (8-19)
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Table 8-2. Experimental results for D-S1 (plain mortar).

e e DIk DiE W amy e
D-S1-1 61.46 85.89 1273 1166 73236 10.85
D-S1-2 63.18 86.07 1275 1168  754.93 11.19
D-S1-3 73.46 88.05 1305 1.188  780.29 11.56
D-S1-4 83.32 105.42 1.562 1414 1055.77 15.64
D-S1-5 84.75 110.17 1.632 1477  1087.62 16.12
D-S1-6 87.78 115.34 1,709 1543 110021 16.30
D-S1-7 109.86 134.45 1992 1.778 162831 24.13
D-S1-8 114.40 137.29 2.034 1811  1680.22 24.90
D-S1-9 116.67 136.47 2022 1.799 170123 25.21
D-S1-10 142.33 167.19 2477 2175  2242.00 33.22
D-S1-11 153.75 170.26 2523 2203 2580.36 38.23
D-S1-12 149.69 175.31 2.598 2273 2400.12 35.56

Note: DIFg denotes the dynamic increase factor (DIF) for compressive strength directly attained from the
experiment; DIFr is the true DIF by removing the contribution of lateral inertial confinement; W represents

the energy absorption capacity. W* stands for the normalized energy absorption capacity.

Table 8-3. Experimental results for D-S2 (mortar with RCSBs).

Sy Do btk b wamy Wy’
D-S2-1 54.26 46.58 1.554 1430  307.12 10.24
D-S2-2 63.54 56.05 1.870 1.711  343.44 11.46
D-82-3 61.23 54.10 1.804 1.654  323.09 10.78
D-S2-4 86.52 67.10 2238 2.023  617.06 20.58
D-S2-5 80.94 60.51 2018 1.830  587.08 19.58
D-S2-6 81.68 62.94 2100 1.902  596.06 19.88
D-S2-7 92.57 70.14 2340 2107 1186.35 39.57
D-S2-8 106.94 83.17 2774 2480 121137 40.41
D-S2-9 100.83 77.52 2.586 2319 119834 39.97
D-S2-10 144.20 113.85 3797 3332 1509.63 50.35
D-S2-11 146.18 121.14 4.041 3542 153630 51.24
D-S2-12 152.92 126.21 4210 3.678  1547.63 51.62
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Table 8-4. Experimental results for D-S3 (mortar with ERCSBs/18).

Specimen ~ Strainrate  pyvpamic compressive W+ (kJ/m3
No. & (s-1) strength (MPa) DIFz  DIFr W (kJ/m3) /MPa)
D-S3-1 59.48 69.84 1.271 1.164 595.87 10.84
D-S3-2 55.23 71.13 1.294  1.190 620.93 11.30
D-S3-3 47.06 63.38 1.153 1.066 610.37 11.10
D-S3-4 96.37 95.42 1.736  1.560 1125.66 20.48
D-S3-5 86.89 90.88 1.653 1.494 1078.26 19.62
D-S3-6 81.26 88.76 1.615 1.463 1100.33 20.02
D-S3-7 110.99 119.60 2.176  1.941 1587.96 28.89
D-S3-8 113.28 127.65 2.322  2.069 1769.48 32.19
D-S3-9 125.60 132.43 2.409 2.133 1699.24 3091
D-S3-10 139.78 155.37 2.826 2.485 2479.01 45.10
D-S3-11 143.27 164.89 3.000 2.633 2487.36 45.25
D-S3-12 148.62 176.58 3212 2812 2505.90 45.59
Table 8-5. Experimental results for D-S4 (mortar with ERCSBs/15).
Specimen ~ Strainrate  pypamic compressive W+ (kJ/m3
No. & (s-1) strength (MPa) DIFz  DIFr W (kJ/m3) /MPa)
D-S4-1 45.72 68.78 1.238 1.141 718.39 12.93
D-S4-2 43.87 61.62 1.109 1.027 630.27 11.34
D-S4-3 51.12 66.39 1.195 1.105 689.64 12.41
D-S4-4 76.56 92.36 1.662  1.508 1503.16 27.05
D-S4-5 79.54 95.24 1.714  1.555 1527.07 27.48
D-S4-6 78.82 89.78 1.616 1.468 1478.23 26.60
D-S4-7 105.10 110.79 1.994 1.779 2387.05 42.96
D-S4-8 123.76 121.36 2.184 1.938 2420.36 43.56
D-S4-9 110.01 115.81 2.084 1.858 2366.93 42.59
D-S4-10 137.16 158.33 2.849 2.508 3680.43 66.23
D-S4-11 149.23 167.12 3.007 2.632 3892.12 70.04
D-S4-12 144.35 163.44 2.941  2.580 3760.13 67.66
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Table 8-6. Experimental results for D-S5 (plain concrete).

Specimen ~ Strainrate  pypamic compressive W+ (kJ/m3
No. & (s-1) strength (MPa) DIFz  DIFr W (kJ/m3) /MPa)
D-S5-1 53.12 81.69 1.203 1.108 566.27 8.34
D-S5-2 46.87 80.32 1.183 1.093 504.58 7.43
D-S5-3 59.72 85.78 1.263 1.159 604.63 8.90
D-S5-4 77.32 103.23 1.520 1.381 1278.81 18.83
D-S5-5 79.71 110.95 1.634  1.482 1322.75 19.48
D-S5-6 74.61 108.77 1.601 1.457 1171.02 17.24
D-S5-7 109.65 125.45 1.847 1.649 1475.83 21.73
D-S5-8 119.35 139.76 2.058 1.828 1627.57 23.96
D-S5-9 111.59 129.35 1.904 1.698 1525.16 22.46
D-S5-10 135.88 150.32 2213 1.950 2499.92 36.81
D-S5-11 148.36 169.35 2.493  2.183 2637.75 38.84
D-S5-12 144.54 160.23 2.359 2.069 2528.37 37.23
Table 8-7. Experimental results for D-S6 (concrete with ERCSBs/18).
Specimen ~ Strainrate  pypamic compressive 3 W+ (kJ/m3
No. &(s) strength (MPa) DIFz  DIFr W (ki/m’) /MPa)
D-S6-1 46.52 66.53 1.184 1.095 474.95 8.45
D-S6-2 51.21 69.72 1.241 1.144 490.26 8.73
D-S6-3 43.62 62.53 1.113  1.031 448.76 7.99
D-S6-4 76.12 97.14 1.729  1.571 1101.74 19.61
D-S6-5 86.06 103.29 1.838  1.662 1137.29 20.24
D-S6-6 88.51 107.26 1.909 1.723 1250.34 22.25
D-S6-7 110.71 128.18 2.281 2.035 2146.13 38.19
D-S6-8 114.06 131.26 2.336  2.081 2237.36 39.82
D-S6-9 117.71 132.87 2.365  2.102 2306.14 41.04
D-S6-10 142.84 163.59 2911  2.556 3100.78 55.18
D-S6-11 145.60 168.04 2991 2.622 3121.52 55.55
D-S6-12 149.92 169.99 3.025 2.647 3269.45 58.19
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Table 8-8. Experimental results for D-S7 (concrete with ERCSBs/15).

; Strain rate ; ; % 3
Srgmen | S Dymmicsmpestt pire b waamy e
D-S7-1 50.09 66.42 1.169 1.079 501.59 8.83
D-S7-2 42.67 65.78 1.158 1.073 485.71 8.55
D-S7-3 44.62 63.26 1.114  1.027 496.33 8.74
D-S7-4 76.82 90.62 1.595  1.449 1208.37 21.27
D-S7-5 79.87 92.43 1.627 1.476 1335.23 23.50
D-S7-6 74.28 88.64 1.560  1.420 1152.11 20.28
D-S7-7 110.85 120.31 2.118 1.889  2067.79 36.40
D-S7-8 120.75 132.76 2337 2074 243580 42.88
D-S7-9 112.42 125.42 2208 1.968 2288.26 40.28
D-S7-10 142.16 152.76 2.689 2361 3117.80 54.88
D-S7-11 149.33 160.03 2.817 2.465 3730.04 65.66
D-S7-12 144.32 155.21 2732 2397 3463.58 60.97

8.4 Summary

This chapter investigates the dynamic compressive properties of metaconcrete material
consisting of engineered aggregates, i.e., RCSBs and two types of newly proposed ERCSBs
by using the SHPB technique. The failure process, failure mode and dynamic stress-strain
curves of the tested specimens are presented and discussed. The strain rate sensitivity on the
dynamic compressive strength and energy absorption capacity of metaconcrete material is
studied. Empirical formulae of dynamic increase factor (DIF) for compressive strength and
energy absorption capacity are proposed. The main findings from this chapter are
summarized as follows.

(1) The failure mode of all the specimens under dynamic loading is sensitive to strain
rate and the average fragment size reduces with the increasing strain rate. The
dynamic compressive strength of metaconcrete material is sensitive to strain rate. The
metaconcrete material with conventional engineered aggregates RCSBs (D-S2)

exhibits the highest strain rate sensitivity on the compressive strength, which can
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reach up to 3.678 at a strain rate of 152.92 s™!, and is 61.8 % and 68.4 % higher than

that of plain mortar and plain concrete, respectively.

(2) Metaconcrete material with enhanced engineered aggregates ERCSBs shows higher
dynamic strength than metaconcrete material with RCSBs under the tested strain rates,

indicating higher impact resistance.

(3) Energy absorption capacities of all the specimens increase with the rising strain rate.
Metaconcrete materials with ERCSBs demonstrate a higher strain rate sensitivity on
the energy absorption capacity than plain mortar and normal concrete, while
metaconcrete materials with RCSBs show a higher strain rate sensitivity on the
normalized energy absorption capacity (W*) only. Metaconcrete material with
ERCSBs/15 containing a gap between the RCSB and the external steel shell has the
highest strain rate sensitivity on its energy absorption capacity than other types of

specimens in the strain rate range tested in this chapter.

(4) The dynamic compressive strength of metaconcrete with conventional engineered
aggregates (RCSBs) is substantially lower than that of normal concrete, while that of
metaconcrete with enhanced engineered aggregates (ERCSBs) is higher but still
slightly lower than that of normal concrete despite its relatively higher energy
absorption capacity. To improve the mechanical properties of metaconcrete material
with ERCSBs, mechanical or chemical treatment on the EA surface is required to

enhance the bond between EA and mortar matrix.
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Chapter 9 Conclusions and recommendations for

future works

9.1 Main findings

In this thesis, bandgap characteristics and wave attenuation performance of metaconcrete
structures, as well as static and dynamic compressive properties of metaconcrete materials,
are investigated, in which the results and essential findings are presented in Chapter 3 to
Chapter 8. Chapter 3 studies the effects of various geometric and material parameters of
engineered aggregates (EAs) such as aggregate shape, size, volume fraction, and material
properties on the frequency bandgap associated with the negative effective mass density
(NEMD) (e.g., bandwidth and location) of metaconcrete unit cell structure by using finite
element software COMSOL Multiphysics so that the desired attenuation performance of
metaconcrete structures can be achieved through appropriate design of EAs to resist
impulsive loading. In Chapter 4, the numerical study is conducted to explore the influences
of different EAs on the stress wave attenuation of an example metaconcrete rod structure by
using hydrocode LS-DYNA. Meanwhile, a flowchart to design EAs with multiple resonant
frequencies for better design of metaconcrete structure with broadband attenuation range is
proposed. In Chapter 5, the effectiveness of using engineered aggregates, named rubber-
coated steel ball (i.e., RCSBs), on mitigation of wave propagation induced by longitudinal
impulsive load of an example metaconcrete rod structure is comparatively assessed by
carrying out non-destructive tests. In Chapter 6, the damping properties and stress wave
attenuation capacity of metaconcrete structures subjected to the transverse impulsive loading
are experimentally and numerically studied. In Chapter 7, a new EA by adding a relatively
stiff shell named rubber-coated steel ball with an enhanced coating (i.e., ERCSBs), to
address the issue of strength reduction caused by the soft coating of the traditional EAs (i.e.,
RCSBs) whilst maintaining its favorable wave attenuation properties, is developed. Static

mechanical properties and the effectiveness of using these retrofitted EAs on mitigation of
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wave propagation induced by impulsive loading are investigated by conducting standard
compression tests, destructive and non-destructive tests. In Chapter 8, the dynamic
mechanical properties of metaconcrete material with different types of EAs are
experimentally tested and quantified. The main findings from each chapter are summarized

as follows.

In Chapter 3, it is demonstrated that the bandgap characteristics such as bandgap location and
range depend on the geometric parameters (R.t), core density (p.) and coating modulus (E,).
When the Poisson’s ratio (v) of coating material is between 0.4 and 0.5, it can significantly
influence the location of the bandgap. The width of the bandgap is highly sensitive to the
variation of the core size (D.), volume fraction (V) and coating modulus (£,). It is also
observed that the simplified metaconcrete rod structure with purposely designed engineered
aggregates can effectively attenuate the blast wave propagation in the desired frequency

range.

In Chapter 4, it is found that the attenuation is more prominent when the metaconcrete rod
structure with an effective bandgap region coinciding with the primary dominant wave
frequency (PDWF) induced by the impulsive loading. Besides, geometric and material
parameters of engineered aggregates, e.g., core size, coating thickness, core density and
coating modulus could influence the bandgap characteristics and stress wave attenuation
performance of a metaconcrete rod structure. It is demonstrated that engineered aggregates
with larger core size (D,) could enhance performance metrics. The performance metrics are
sensitive to the change in core density (p.). However, having an over-dense core has no
significant improvement on these performance metrics. Furthermore, by using the proposed
flowchart, the specimen with multiple resonant aggregates features an enhanced wave

mitigation performance than the specimen with uniform inclusion configuration.

Chapter 5 presents the experimental investigation of the performance of cement-based
metaconcrete rod structure with conventional EAs (i.e., rubber-coated steel balls (RCSBs))

against impulsive loading by considering the effects of inclusion type, and volume fraction
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and effective bandgap region. The results show that the volume fraction of RCSBs is an
important factor affecting the wave attenuation performance under longitudinal impulsive
loading. It is also demonstrated that the specimen with the bandgap covering primary
dominant wave frequency (PDWF) leads to more effective wave filtering and better
performance in wave mitigation. Besides, the results from the numerical study suggest that
the wave mitigation performance in metaconcrete rod structure can be enhanced when

subjected to the input longitudinal impulse with a shorter duration or higher amplitude.

Chapter 6 demonstrates the damping properties and response of metaconcrete structures
under transverse impulsive loading by conducting a series of non-destructive impact tests.
The results demonstrate that the equivalent damping ratio of metaconcrete specimen can
substantially increase up to 96% as compared with normal concrete structure. It is also found
that the volume fraction, boundary conditions and impact force could affect the attenuation
performance of metaconcrete structures. In particular, the attenuation level of the
metaconcrete specimen is more prominent as the intensity of excitation force is increased.
Furthermore, the bandgap characteristics obtained from the experiment are compared with
the numerical prediction using COMSOL Multiphysics. From the numerical results, the
existence of bandgap in metaconcrete specimens under transverse impulsive loading is
observed so that the vibration attenuation of metaconcrete structures can be attributed to the

local resonance of EAs.

In Chapter 7, according to the results from the compression test, destructive and non-
destructive wave propagation tests, adding a stiffer shell externally to the conventional EAs
can significantly improve the mechanical properties of metaconcrete structure while still
keeping its good performance in mitigating stress wave propagation under both destructive
and non-destructive loading in comparison with metaconcrete specimen with conventional
EAs. Moreover, the material used for the enhanced layer outside the retrofitted engineered
aggregates (ERCSBs) is suggested to have similar wave impedance to the mortar matrix to

ensure the smooth stress transition to the inner heavy core. To further improve the
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performance of metaconcrete material with ERCSBs, mechanical or chemical treatment on

the enhanced layer of ERCSBs is recommended to improve its bonding strength.

In Chapter 8, dynamic compressive properties of metaconcrete material including failure
modes, energy absorption capacities and dynamic increase factors (DIFs) are experimentally
assessed. It is found that the metaconcrete specimen with RCSBs has the highest strain rate
sensitivity to dynamic compressive strength. Metaconcrete material with ERCSBs shows
higher dynamic compressive strength and energy absorption capacity at a similar strain rate.
Metaconcrete material containing ERCSBs with the gap between the solid core and steel shell

shows the best energy absorption capacity owing to the contribution of steel shell damage.

9.2 Recommendations for future works

In this thesis, the influences of design parameters of engineered aggregates on the bandgap
characteristics, stress wave attenuation performance and dynamic compressive properties of
metaconcrete structures and materials are investigated and summarized above. Future studies
using a similar research framework, numerical modelling approach and experimental method

are suggested as follows.

(1) A commonly used concrete model has been used to simulate the behavior of
metaconcrete structure by considering material damage when subjected to the
selected loading scenarios. It is found that the material damage may cause the change
of primary dominant wave frequency (PDWF) of the structure, while this factor is not
discussed in depth. Therefore, it is recommended to be considered in future study for

better design and analysis of metaconcrete material/structure.

(2) In this thesis, the effect of design parameters on mitigating stress wave propagation
of metaconcrete rod structure under impulsive loading is qualitatively studied.
However, the threshold value of the parameter (e.g., volume fraction) could be further

determined for design purposes in future study.
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(3) Moreover, static and dynamic tensile properties of metaconcrete materials are
recommended to be further investigated. To improve the tensile strength of
metaconcrete, cementitious matrix strengthened by using fibre reinforcement or
nanoparticles can be harnessed for better performance, which can also be an

interesting topic for further study.

(4) The single-resonant engineered aggregate has been harnessed and studied in this
thesis. The metaconcrete material/structure with engineered aggregates in a more
complex form such as dual, ternary or higher-architectural-order engineered
aggregates in conjunction with the topological optimization is recommended for

further work.

(5) Dynamic response and stress wave attenuation performance of structural components
(e.g., beam, column and panel) made of metaconcrete material subjected to impulsive
loading are suggested to be investigated. In addition, the effect of aggregate volume
fraction and distribution as well as using multiple resonant engineered aggregates on
the dynamic performance of metaconcrete structures are suggested to be explored in

future study.

(6) Metaconcrete material consisting of engineered aggregates with enhanced coating has
shown superior performance than metaconcrete material/structure with conventional
engineered aggregates. It is also found that the material properties of enhanced
coating significantly affect the static and dynamic response of metaconcrete material.
However, the steel shell with a smooth surface still causes a reduction of compressive
strength due to poor bonding. Meanwhile, engineered aggregates with steel shell as
an enhanced coating show a good wave attenuation capability under elastic wave
propagation but this might cause serious wave reflection leading to less effective
performance. Thus, proper coating material which has a rough surface and a close
wave impedance to the surrounding matrix should be suggested for design. Besides,

the dynamic performance of metaconcrete containing engineered aggregates with
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different enhanced coating candidates under impulsive loading are suggested in future
study. Besides, the effects of geometric shapes and material parameters on interfacial

damage subjected to intensive impulsive loading are recommended for future study.
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