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Abstract

The thesis aims at facing challenging topics in nonlocal continuum mechan-
ics leading to the formulation of a nonlocal finite element methodology. Fun-
damental concepts of nonlocality are first illustrated and comprehensive inves-
tigations about Helmholtz’s averaging kernel and its peculiar properties are
provided as essential aspects to reverse integral constitutive laws and to prove
inconsistencies of strain-driven nonlocal problems. A variational formulation of
nonlocal elasticity is proposed to derive abstract constitutive laws from which
well-posed elasticity methodologies can be obtained and exploited to provide
benchmark outcomes in nonlocal mechanics. To this purpose, nonlocal contin-
uum theories are advantageously applied to model nanocomposite small-scale
structures undergoing large displacements, conceived as basic components of
advanced electromechanical systems. Then, a challenging issue in nonlocal me-
chanics is tackled concerning reproducibility of a structural problem according
to which general physical laws must be applicable to any sub-part of a contin-
uum. Thus, a nonlocal model of elasticity based on the well-posed stress-driven
formulation is conceived for assembled structural systems with concentrated
and non-smooth distributed loadings, internal kinematic constraints, piecewise
regular elastic and geometric properties. A constitutive differential formula-
tion involving prescription of non-standard boundary and interface conditions
is derived and exploited to develop a nonlocal finite element methodology. The
proposed formulation is able to provide exact stress-driven nonlocal solutions
and to reproduce the typical stiffening mechanical behaviour in agreement with
the smaller-is-stiffer phenomenon affecting a wide variety of inflected micro-
and nano-structures. A peculiar feature of the proposed nonlocal finite element
method with respect to previous contributions, is that long range interactions
involve the whole structural domain. The presented computational technique
can be effectively adopted to accurately solve static, dynamic and buckling prob-
lems of nanoscopic beams and frames characterizing modern electromechanical
systems.

Keywords: nonlocal continuum mechanics, small-scale structures, finite
element method.
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Preface

According to classical notions in Continuum Mechanics, constitutive equa-
tions are those intrinsic relations providing response variables at a material point
of a continuum as functions of variables evaluated at the same material point.
Classical constitutive laws obey thus to the axiom of local action according to
which response variables at a material point are not significantly influenced by
the state of the continuum at distant material points.

However, the domain of application of local Continuum Mechanics strictly
depends on the concept of length-scale. If the external characteristic length
of a continuum (let us say: structural dimension, wavelength, etc.) is much
greater than an internal characteristic length (granular distance, interatomic
length, heterogeneities size, etc.), then classical constitutive laws can predict
accurate results. On the contrary, if the external and internal characteristic
lengths are comparable, local theories fail at predicting the effective mechanical
behavior and necessity of nonlocality arises to account for long range interatomic
attractions.

In nonlocal continuum field theories, the constitutive response at a material
point of a continuum depends on the state of all points and thus is described
by response functionals. The above mentioned concept regarding space nonlo-
cality can be also applied to memory-dependent mechanical behaviors where a
nonlocality in time is involved.

The present thesis aims at providing an in-depth treatment on nonlocal
continuum field theories of elasticity leading to the formulation of a nonlocal
finite element method. The plan is the following.

In Chapter 1, micro and nanotechnological applications concerning small-
scale electromechanical devices are discussed along with detailed descriptions
of their working mechanism. In Chapter 2 fundamental concepts of nonlocal
mechanics are elucidated with reference to the Eringen’s strain-driven integral
model of elasticity, representing a milestone in scientific literature in the frame-
work of early nonlocal theories.

Comprehensive investigations about Helmholtz’s kernel and its peculiar prop-
erties are provided as essential aspects to prove the differential elasticity model
equivalent to the integral constitutive law. The equivalent differential formu-
lation is thus derived and exploited to reverse the Eringen’s model of integral
elasticity. Then, a discussion is made about issues emerging from the applica-
tion of Eringen’s theory to bounded structural domains and inconsistencies of



relevant nonlocal structural responses are detected.

In Chapter 3, a variational formulation is proposed to derive the general
constitutive law of nonlocal elasticity in an abstract form. Firstly, a recent
nonlocal elastic theory based on a stress-driven formulation is illustrated. It is
shown that the stress-driven nonlocal model is able to overcome ill-posedness
of the strain-driven nonlocal theory applied to structural problems and thus it
is exploited in the chapter to investigate size-dependent mechanical behaviors
of nano-structures. Then, the strain-driven two-phase theory of elasticity is
illustrated along with an in-depth analysis about inconsistencies of limiting so-
lutions for a vanishing mixture parameter. The two-phase mixture elasticity is
then formulated according to the stress-driven approach and adopted to analyse
structural schemes of applicative interest.

Nonlocal theories of elasticity are exploited in Chapter 4 to model the me-
chanical behavior of a nanocomposite microbeam conceived as a basic struc-
tural component of advanced electromechanical systems undergoing large dis-
placements. The two-phase theory of elasticity is first applied to assess elastic
properties of nanofillers, according to a novel approach based on Homogeniza-
tion Theory. Then, the stress-driven integral elasticity is exploited to capture
size effects on the flexural behavior of the nanocomposite structure. Elastostat-
ics of the nano-reinforced beam undergoing large displacements is investigated
and the relevant nonlocal elastic equilibrium problem is solved by an iterative
solution procedure to perform geometrically nonlinear parametric analyses.

In Chapter 5, the stress-driven nonlocal elasticity is developed for struc-
tural assemblages. Notably, a well-posed methodology is formulated to account
for size effects in nonlocal elastic structures involving concentrated and non-
smooth distributed loadings, internal kinematic constraints, piecewise regular
elastic and geometric properties. A constitutive differential formulation is pro-
vided involving prescription of non-classical interface conditions. Then, asymp-
totic behaviors of nonlocal response fields for vanishing nonlocal parameter are
investigated. Finally, the proposed approach is exploited to solve assembled
structural systems.

In Chapter 6, a nonlocal finite element formulation based on the stress-driven
model is conceived, starting from the constitutive differential formulation for
articulated structural systems illustrated in Chapter 5. A two-noded nonlocal
finite element is developed and nonlocal shape functions are derived. They
account for long range effects that are not confined into a single finite element
but involve the entire structural assemblage; indeed, the number of nonlocal
shape functions is equal to four times the number of the mesh elements. Then,
a direct procedure to get nonlocal stiffness matrix and nodal force vector is



provided and an assemblage procedure is performed.

The proposed nonlocal finite element methodology is exploited to solve ex-
emplar case-studies and a validation is performed comparing the obtained re-
sults with the corresponding closed form solutions. Finally. the nonlocal finite
element formulation is applied to nano-structural assemblages to provide bench-
mark numerical results.






Chapter 1

Small-scale structures

Nowadays, design and realization of smaller and smaller smart electromechanical
devices are attracting a lot of attention in Engineering Science. Before going
deeper into modeling and analysis of small-scale continua, this chapter aims at
providing an overview on the main engineering applications involving micro-
and nano-structures.

First of all, the term micro/nano-electromechanical system indicates a smart
device combining mechanical and electrical components. This kind of systems,
also referred as M/NEMS, can sense, actuate and control on nano- and micro-
scales to produce effects on macro-scale [1-7]. Starting from 1950’s, micro and
nanotechnologies have been progressively introduced in several fields such as
Automotive, Aerospace, Electronical and Biomedical Engineering where they
are used as small-scale actuators, sensors, switches, resonators and probes. Most
relevant and recent applications of M/NEMS will be discussed in this section
with detailed descriptions.

The recent advancements in small-scale science and technology are due to
the fact that micro- and nano-devices exhibit several great advantages such
as reduced size, high sensitivity and selectivity, low power consumption, low
analyte requirement and quick response. Other specific advantages and features
depend on the particular application of micro/nano systems, as will be explained
in the following. It is worth mentioning that typically materials adopted in
design of micro/nano-electromechanical devices are Single-crystal silicon (Si),
Polycrystalline Si (polysilicon), Silicon dioxide (SiO3), Silicon nitride (SizNy,
SizNy ), Polycrystalline germanium (polyGe), Polycrystalline silicon-germanium
(poly-Si-Ge), Gold (Au), Aluminum (Al), Nickel-iron (NiFe), Titanium-nickel
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Sensing applications Small-scale structures

(TiNi), Silicon carbide (SiC). In the following, the most relevant applications
of small-scale structures in Micro and Nano-Engineering are illustrated and
discussed.

1.1 Sensing applications

A wide range of applications concerns sensing. In particular, the most used
types of sensors and their working mechanism are summarized and described
below.

o Chemical sensors. A chemical sensor device (also known as bio-sensor)
can measure the amount of a specific substance from a sample or from
the external environment. One of the simplest schemes is the cantilever
based bio-sensor. It can be designed with a single micro/nanobeam or by
adopting an array of cantilevers. In a chemical sensor array (CSA), each
cantilever has a different probe coating. The coating acts as a receptor
surface with the aim to react to a specific analyte. When the chemical
substance in the sample is absorbed from the coating surface, the can-
tilever bends and its deflection provides a measurement of the analyte
concentration in the sample. Thus, chemical sensor arrays are designed
to be chemically discriminating since each coating surface must bend only
with a specific analyte. Therefore CSA can be useful to detect the amount
of different substances within a given sample.

o Humidity sensors. Sensing of humidity is performed by specific devices
based on micro/nanobeams covered with a surface made of hygroscopic
material (e.g. phosphoric acid). Absorption of water vapors by the beam
coating surface causes deflection of the micro/nanobeam. Moreover, this
absorption leads to a change in mass of the beam which also causes a
change in resonance frequency. Deflections and resonance frequencies are
thus related to the environment humidity. This kind of sensor is also
classified as resonator since it is actuated in order to detect changes in
resonance frequency providing a measurement of humidity.

e Viscosity sensors. Changes in viscosity can be measured by dipping the
sensor in a viscous fluid. Indeed, viscus medium surrounding the mi-
cro/nanobeams shifts the resonance frequency according to the damping
effect.

12
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o Temperature/heat sensors. Temperature and heat sensors are based on
small-scale structures made of two material with different thermal expan-
sion coefficients. Changes in temperature or in heat make the beams bent.
This kind of temperature sensors are used for photo thermal measurement
since they are able to detect changes in temperature of 107° K. While
heat sensors can be used to study heat evolution during catalytic chemical
reactions.

1.2 Transport devices

Other possible applications based on small structures deal with transport de-
vices, as described below.

o Atomic Force Microscope. Scanning Force Microscope, also called Atomic
Force Microscope, is a kind of MEMS based on a curved micro-cantilever
having a nano-tip. Specifically, the Atomic Force Microscope is a scanning
probe microscope with a high resolution (fractions of Angstrom). Thus,
it is able to investigate matter at nanoscopic level. AFM is based on
a micro-cantilever made of silicon or silicon nitride with a nanoscopic
tip. In proximity of the sample, microbeam deflects due to attractive
forces between the tip and the sample surface. Deflection of microbeam
is measured by means of a laser beam that is reflected from the beam
end to a position-sensitive photo-detector. Another method to detect
displacements of the cantilever is adopting piezoresistive sensors embedded
in the cantilever. Carbon nanotube are potentially ideal tip probe for
Atomic Force Microscope because of their high stiffness and nanoscopic
diameter. Indeed, image resolution is mostly influenced by the properties
of the scanning probe.

e Read/write storage devices. In storage systems, nano/micro-structures are
used as transport devices. Each beam has a probe tip at the end with a
diameter of about 10 nm . The storage support is a polymer film on which
the cantilevers are suspended so that the tips can move or detect matter in
the film. In the reading process, tips detect presence or absence of matter
in the polymer medium, i.e. 0 or 1 data bit; tips can also move matter
in the writing process, i.e. create or erase a bit. This kind of read/write
storage device has a storage capacity of 17Tbit/in? and thus can be used
in mobile devices. Fig.1.1, made by IBM Zurich Research Laboratory,
represents the IBM’s experimental “millipede” memory chip.

13
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Figure 1.1: IBM experimental millipede nano-mechanical storage device (copy-
right of IBM Zurich Research Laboratory).

1.3 Small-scale accelerometers

Miniaturized accelerometers are characterized by reduced size, weight and cost,
and can be effectively integrated with electronic circuits to obtain highly per-
formance micro/nano-devices. Micromachined accelerometers have wide range
of applications in Automotive for activity monitoring, stability control, navi-
gation systems and high sensitivity sensoring. Applications of small-scale ac-
celerometers deal not only with the automotive industry, but also with design of
portable electronic devices like camcorders, smartphones, virtual reality systems
and video games. Ultra-small accelerometers are also applied in biomedical En-
gineering for health care and activity monitoring. This kind of inertial sensors
are typically silicon-based devices.

Specifically, a typical accelerometer is made of a fixed structure, a suspended
element and a proof mass located at the end of the mechanical suspension.
When an input acceleration is applied, the suspended beam undergoes relative
displacements with respect to the fixed structure. In a piezoelectric accelerom-
eter, a piezoelectric sensor detects strains in the suspension as a measure of
the applied acceleration. In a capacitive accelerometer, the proof mass and the
substrate electrode form a capacitor. Under the external acceleration, displace-
ments of the suspended beam cause a variation of the gap between the fixed

14
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Figure 1.2: SEM micrograph of a polysilicon surface micromachined lateral
accelerometer (Copyright Analog Devices Inc.) [8].

structure and the mass, so that the capacitance changes too. Capacitive ac-
celerometers have a wide range of application since they are characterized by
high sensitivity and low temperature-dependence. There are two basic types of
capacitive accelerometers, i.e. vertical and lateral. In the first one the proof
mass form a parallel-plate capacitor with the above substrate electrode. The
mass moves in the direction perpendicular to the fixed substrate, thus changing
the microscopic gap between suspensions and substrate.

A lateral accelerometer is made of arrays of suspended fingers attached to
the proof mass and arrays of fixed fingers. The proof mass moves parallel to the
substructure when a lateral acceleration is applied, thus changing the overall
gap between the arrays of fingers. A SEM image of a later accelerometer is
provided in Fig. 1.2 [8].

A specific type of accelerometer possessing efficient characteristics is the
capacitive torsional accelerometer. The device consists of a glass substrate and
a silicon structure. As shown in Fig.1.3 the silicon structure is made of a V-
shape torsional beam and of four masses anchored at the ends of two beams [9].
The z-direction is the accelerometer sensing direction. Only two masses are
curved and they are located at opposite sides with respect to the torsional
beam. Thus, when an out of plane acceleration is applied, the two torsional
structures anchored at the V-shape beam rotate reversely.

Under each silicon mass, an electrode is located on the glass substrate so
that the silicon structure together with the electrodes make a capacitor. The

15
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input acceleration changes the distance between the electrodes and thus the
capacitance of the four capacitors, providing a measurement of the acceleration.

Differential Sensing electrodes
‘masses

Sensing
direction

Reference électrode
(a) Front view (b) Back view
A-A

A AT S

Figure 1.3: Front (a) and back (b) views of a double differential torsional micro-
accelerometer based on V-shape beam [9].

1.4 M/NEMS resonators

Small-scale resonators are devices based on mechanically resonating structural
elements that are electrically put in resonance. These electro-mechanical sys-
tems are used in sensing applications for mass detection or as bio-MEMS for
chemical /biomedical purposes (such as virus or bacteria sensing). Other aims
concern mass inertial sensing or timing applications where resonators are inte-
grated into electronic circuits to provide a high quality clock signal. Indeed,
miniaturized resonators exhibit high sensitivity, low power consumption, re-
duced size and integrability with circuits.

Resonators can be actuated in electrostatic or piezoelectric way [10,11]. An
exemplar scheme consists of a bridge actuated by electrostatic fields. In the
simplest configuration, the resonator is composed of a doubly-clamped beam
electrostatically actuated by DC (Direct Current) and AC (Alternating Current)
voltages. First, the beam is pre-deflected by the DC voltage and then vibrated
by the harmonic excitation with a frequency near to the first bending natural
frequency of the resonator so that the beam is put in resonance condition.
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Resonator-based devices can be successfully adopted for biological detection.
For example, a simple scheme of a cantilever-based resonator can be adopted
to detect virus particles. Detection is done comparing resonant frequencies of
the unloaded cantilever and the virus-loaded cantilever. Thus, a single virus
particle can be detected with mass even of the order of fg.

1.5 CNTs-based devices

Discovered simultaneously by Iijima and Ichihashi [12] and by Bethune [13],
carbon nanotubes (CNTs) are an attractive subject of research thanks to their
superior mechanical, electronic and optical properties. A single-walled carbon
nanotube (SWCNT) is ideally obtained by rolling into a cylinder a perfect sheet
of graphene, which is a monoatomic layer made of carbon atoms arranged in
hexagonal rings. Of course, hexagons in contact must join coherently. Finally,
two hemifullerene caps with appropriate diameter close the obtained cylinder.
It is worth noting that each pair of carbon atoms is linked by a covalent bond,
referred as C-C bond. As shown in Fig.1.4, different kinds of nanotubes can
be obtained depending on how the graphene sheet is rolled. Thus some CNTs
possess symmetry planes parallel and orthogonal to the nanotube axis while
others are named ”chiral” because it is impossible to superimpose them on
their mirror image. However, the term ”helical” can be also adopted instead of
”chiral”.

The way in which the nanotube is rolled is mathematically described by the
vector of helicity Cj, and by the angle of helicity 65, . Helical (or chiral) vector
is expressed as

C,, = na; + masy, (1.1)

where n and m are components of Cy, in the coordinate system defined in
the graphene sheet by vectors a; and as, that is

a_ av3 (1.2)

ay = X+ ——y

2 2
where the parameter a is defined as
a=laj| = |ag| ~2.49A . (1.3)

It can be easily shown that the modulus of the chiral vector is obtained as
follows
|Crl = V/Chr-Cph =avn?+m?2+nm, (1.4)
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while the angle of helicity 6, can be evaluated reversing the following func-
tion

cosfp, = Cr-ar _ 2ntm (1.5)
" IChllai]  2vn2+mZ+nm ’

The vector of helicity (chirality) defines the direction orthogonal to the nan-
otube axis and its modulus is the length of the tube circumference. Hence, the
corresponding nanotube diameter is related to |Cy| as follows

|Ch|
.

d= (1.6)

A carbon nanotube can be thus ideally constructed by rolling a graphene
sheet in the direction defined by the chiral vector. Since chiral vector, chiral
angle and diameter of CNTs can be got from the values of n and m, thus
the classification of single-walled nanotubes can be done in function of the pair
(n,m) which are always integer numbers. Indeed, the values of n and m
express the number of hexagons separating the ends of the chiral vector, counted
along the a; and as directions, respectively.

An armchair CNT is characterized by the pair (n,n) and by a 30° chiral
angle. A zig-zag CNT is described by the pair (n,0) and by a 0° chiral angle.
Armchair and zig-zag names refer to the positions of the carbon atoms at the
end of nanotubes. Finally, a chiral CNT is given by (n,m). Of course, the
larger is n, or m, the larger is the diameter d of the carbon nanotube. It is

A A A &I» .
LLILIT il e 11;[
T LA

S~ AN
.

Figure 1.4: Graphene sheet with: A - chiral vector, B - hexagonal elementary
cell, C - base vectors, D - armchair pattern, E - zig-zag pattern [14].
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worth noting that single-walled carbon nanotubes typically have diameters in
the range of 0.7 — 10nm .

Multi-walled carbon nanotubes (MWCNTSs) are made of sheets of graphene
mutually arranged with a certain filamentary morphology. The easiest MWCNT
to imagine is made of concentric and co-axial SWNTs with increasing diameter
and it is referred as - MWCNT.

Carbon nanotubes show different electronic properties depending on their
geometry. Thus, they can behave like insulating, semiconductor or metallic
materials depending on the values (n, m). CNTs also exhibit great mechani-
cal properties; indeed, they can be even one hundred times stronger than steel
but six times lighter and they show an exceptional flexibility. These superior
mechanical properties of carbon nanotubes are related to the strong bonds be-
tween the carbon atoms (with a sp2 hybridization). Indeed, bonds in the curved
graphene sheet are stronger than in diamonds. The tensile strength can reach
the value of 45 GPa for single-walled CNT while ideal (defect-free) c-MWNT's
can reach values of tensile strength even three times higher since they are made
by perfect tubes concentrically combined. Euler-Young modulus is also the high-
est value known. It can be of the order of 1T Pa for ideal carbon nanotubes
without defects.

One of the most attractive applications of CNTs-based devices concerns
sensing [15]. In particular, among chemical NEMS based on carbon nanotubes,
gas sensors are one of the most promising devices. Indeed, CNTs gas sensors
can be applied in biomedical fields, environmental monitoring, pharmaceutic
industry and even in food and agriculture applications. This kind of sensors
is characterized by an ultra-sensitivity so that they can be able to detect in
real-time leakages of explosive gases (such as hydrogen) or toxic gases produced
by industrial activities.

They can also be used in the field of environmental monitoring. Indeed,
flue gases from power plants like nitrogen oxides or sulfur oxides, produce acid
rain and photochemical smog and increase the ozone layer depletion and globe
warming. Thus, real-time environmental monitoring and control are important
to reduce these emissions and clean combustion systems. In the field of space
exploration, ultra-sensitive NEMS are required as gas sensors to detect atmo-
spheric components of other planets. Moreover, homeland security is another
possible field of application for CNTs sensors.

Chemical nano-sensors are characterized by ultra-sensitivity, low cost, fast
response time and low operating temperature. High-sensitivity is achieved in-
creasing the contact surface between gas particles and sensing element, since
sensing is mostly based on adsorption of gas molecules. Thus, carbon nanotubes
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have gained much attention because they are ideal sensing elements due to their
high surface-to-volume ratio and due to the presence of hollows. The work-
ing mechanism of CNT-based gas sensors is generally based on chemisorption.
That is, adsorption and desorption of gas molecules change the conductance or
resistance of nano-sensors.

Fig.1.5 shows a SWCNTs-based gas sensor on a flexible substrate [16]. Flex-
ibility is required to adapt sensors to body skin in order to produce portable and
wearable smart devices. The SWCNTSs have a length of 30 um and diameter
of 1-2nm and they are decorated with Cu particles to increase their sensitiv-
ity. When the sensor is exposed to hydrogen sulfide gas ( H2S' ), molecules are
absorbed by the surfaces of CNTs and this causes changes in the conductivity.
Variation of electrical resistance is a measure of the sensor response, that is
AR = (Ry — Ry)/Ry where R, and Ry are the resistances before and after
the exposure to the gas. These high-performance sensors can detect even small
amount of H>S , such as 5ppm .

Gas
Molecules

.
Al Electrode 1 ible  Cu-decorated

Substrate SWCNT

Figure 1.5: SWCNT-based hydrogen sulfide sensor on a flexible substrate [16].

CNT-based sensors are design to detect also ammonia, methane, carbon
monoxide, benzene, nitrogen dioxide and other gases that can be dangerous for
human and environmental health (see e.g. [17]). NEMS gas sensors can be also
applied in monitoring of food quality and safety to avoid losses and spoilages and
to detect pathogens and pesticides. Thanks to reduced sizes, CNT based sensors
can be incorporated into smartphones or other portable devices, to control in
real-time the state of food.

In health monitoring, breath analyses based on CNT sensors, can provide
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a non-invasive and fast way to monitor physical conditions and detect diseases
like Alzheimer’s and Parkinson’s pathologies, cancers, diabetes and sclerosis.

CNTs-based storing is another attractive field. Storage systems based on
single-walled or multi-walled carbon nanotubes use simple electromechanical
switching rules. An example of a memory cell based on a carbon nanotube is
represented by a three-terminal cell made of a cantilever CNT and source, drain
and gate electrodes. The cantilever nanotube acts as a bending conducting
element connected to the source electrode and suspended on a silicon substrate.
Drain and gate electrodes are located in the substrate. A ”0-state” corresponds
to the non-conducting state in which the CNT and the drain are not in contact.
If a voltage is applied between the source and the gate electrodes then the
nanotube is electrostatically actuated and bent. When the so-called pull-in
voltage is applied, then the electrostatic force pulls the cantilever CNT in contact
to the drain electrode. Now, the current is allowed to flow between the source
and the drain electrodes and this represents the ”1-state” or conducting state.
Usually, gate voltages range between 5 —20V . A non-volatile memory cell can
be got if the system remains stable in the conducting state. In this case, a pull-
out voltage is applied to make the system returning into the non-conducting
state.

Other types of devices are the so-called nano-mechanical resonators that are
CNTs-based resonators [18,19]. Low density along with high stiffness make
CNTs-based devices attractive for many applications. Indeed, nano-resonators
are applied for molecular scale investigations or as highly sensitive mass detec-
tion devices where particles absorption shifts the resonance frequency of the
nano-resonators [20,21]. Simple structural schemes for nano-mechanical res-
onators are cantilever or doubly-clamped (bridge) resonators, generally based
on single-walled nanotubes. Other possible configurations are based on double-
walled CNT. In this type of resonator, the inner nanotube is doubly-fixed while
the second CNT (shorter than the first one) is free to vibrate around the inner
one.

Thanks to their high-sensitivity, CNTs-based resonators are used to detect
specifically DNA sequences related to some diseases. Indeed, nano-mechanical
resonators have high resonance frequencies (of order of M Hz and GHz). Ab-
sorption of DNA causes shifts in resonant frequency that can be measured by
means of optical methods. Thus molecular weight can be measured by com-
paring resonant frequencies of the unloaded and the DNA-loaded nanobeam.
Nano-resonators can be also used to measure molecular weight of proteins at
single-molecule resolution. In particular, interactions between proteins, or be-
tween proteins and DNA, can be investigated by NEMS resonators to detect
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cancer and other specific diseases.

Interestingly, carbon nanotubes-based nano-structures are gaining a consid-
erable attention by virtue of their remarkable features such as electrical conduc-
tivity, mechanical strength, high sensitivity and large surface area. Small-scale
structures like carbon nanotube-based nano-trusses can be successfully adopted
for design of ultra-sensitive devices, electronic nano-systems or energy storage
devices [22-24].
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Chapter 2

Eringen’s nonlocal theory of
elasticity

2.1 Nonlocal mechanics: early concepts

The increasing number of miniaturized structural devices and their importance
in several technological fields have pushed the research towards the formulation
of mathematical models able to capture mechanical small-scale effects. Indeed,
analysis and modeling of size-dependent behaviors of micro- and nano-structures
is a subject of current interest in Engineering Science with several potential
applications as discussed in Chapter 1.

Development of simple and computationally convenient methodologies for
model, design and optimization of modern devices and nanocomposites is the
main motivation of many recent scientific investigations. In this context, a
crucial point is to properly account for small-scale effects which are technically
significant and cannot be overlooked. Indeed, size effects result in long range
interactions due to intermolecular and interatomic forces that are predominant
at the scale under consideration and must be properly addressed.

In its first formulation, continuum mechanics was based on the idea that
the matter mechanically interacts through local forces [25-27]. However, local
continuum mechanics is not able to model small-scale structures where size
effects and long range interactions appear in the mechanical behavior. Moreover,
some mechanical effects caused by micro- and nano-scale phenomena also appear
at macro-scale such as stress-tip concentrations, dispersion of elastic waves, edge
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effects, shear bands, dislocations and heterogeneities. In this context, classical
local continuum theories are not able to capture the above mentioned scale
phenomena and thus new methodologies must be explored to take into account
complex mechanical effects.

Since classical local continuum theories fail in reproducing small-scale me-
chanical behaviors, assessment of size effects can be advantageously performed
by making recourse to tools and techniques of nonlocal continuum mechanics
rather than time consuming atomistic approaches [28-30]. Since first formu-
lations and pioneering works [31, 32], nonlocal theories are based on the idea
that stress at a given point of a continuum depends on local strain field on the
whole domain. Thus, nonlocal theories of elasticity provide enriched continuum
models with respect to classical theories and are able to capture small-scale
phenomena avoiding computational expensive procedures [33,34].

Notably, nonlocal approaches introduce a constitutive relation where long
distance interactions exchanged within the body are described by internal pa-
rameters. One of the earliest theories of nonlocal integral elasticity was con-
ceived by Eringen in [35,36]. According to Eringen’s model, nonlocal stress is
the output of a convolution integral between the elastic strain field and a suitable
attenuation function depending on an internal length-scale parameter. Since the
elastic strain field is input of the integral constitutive relation, Eringen’s model
is also referred to as strain-driven nonlocal theory. Substantially, this nonlocal
formulation provides a constitutive law which is not pointwise but it is based
on an integral average. Eringen’s approach provides an accurate tool to deal
with screw dislocation and surface waves problems in unbounded domain, but
when applied to structural problems some issues emerge due to incompatibility
between constitutive and equilibrium requirements. Indeed, Eringen’s model
has been shown to provide failing results known as mechanical paradoxes in the
scientific community [37-39], definitely clarified by [40] and acknowledged by
the scientific community (see e.g. [41-45]).

The plan of the chapter is the following. Eringen’s integral model of elasticity
is first illustrated and an in-depth treatment on Helmholtz’s averaging kernel
and its peculiar properties is provided. Then, it is proven that the integral
strain-driven formulation is equivalent to a differential constitutive formulation
made of a differential equation equipped with constitutive boundary conditions.
The equivalent differential formulation is then usefully exploited to discuss and
clarify alleged paradoxical results in scientific literature. Finally, application
limits of the strain-driven nonlocal model are illustrated and commented upon.
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2.2 Strain-driven formulation

Eringen’s nonlocal integral formulation has been conceived to solve Rayleigh
waves dispersion and screw dislocation problems in unbounded domains [35,36].
It is based on the idea that the stress o at a point @ of a nonlocal body B is the
output of a convolution between the local response to the elastic strain field ¢
and a scalar kernel ¢, depending on a positive nonlocal parameter A\. That is,

o(x) = /Q@(m — 2)E(2)e (2) dQs , (2.1)

where FE is the local elastic stiffness tensor field and @, & are position vectors.
Eq.(2.1) expresses the purely nonlocal Eringen’s law of elasticity for a three-
dimensional continuum that is a Fredholm integral equation of the first kind
in the unknown elastic strain field. Eringen’s model is also referred to as the
strain-driven nonlocal theory since the elastic strain € is source field of the
integral convolution.

It is worth nothing that €2 represents the actual placement of the body and
the symbol df)z indicates that integration over ) is performed with respect to
the ® variable. The stress field o must fulfil equilibrium conditions while the
total strain field €, sum of non-elastic €™ and elastic € strain fields, must
fulfil kinematic compatibility. The relevant nonlocal elastic equilibrium problem
based on Eq.(2.1) is thus represented by a set of integro-differential equations.
That is,

divo(x) = —b(x),

(@) = /Q ox(x — 3)E(3)e (@) ds | (2.2)

e(x) = sym Vu(x),

where @ € Q. In Eq.(2.2), u is the displacement field and b represents the
body forces.

Thus, it is worth nothing that when dealing with nonlocal continua, equilib-
rium and kinematics do not depend on the scale under consideration. Indeed,
it only affects the constitutive law that must properly account for size effects.

The scalar averaging kernel ¢, in Eq.(2.1) is an attenuation function with
physical dimension [L~3] and it is described by a nonlocal parameter A > 0
defined as the ratio between internal and external characteristic lengths. As will
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be explained in the following, for A — 07 the classical elasticity law at internal
points of the domain can be recovered from Eq.(2.1) if the attenuation kernel
satisfies particular properties described in the sequel [46].

Now, let us apply the integral law in Eq. (2.1) to a one-dimensional domain.
Specifically, we deal with the plane and linearised Bernoulli-Euler beam theory.
Hereinafter, x will denote the axial abscissa and L the length of the beam,
coinciding with the external characteristic length.

Let us indicate with M the bending interaction and with y¢ the elastic
flexural curvature field. Then, the strain-driven model applied to a Bernoulli-
Euler beam leads to the following nonlocal constitutive relation between bending
interaction M and elastic curvature x° , that is

L
M (z) :/0 ox(x — ) (ks x°)(7)dz, (2.3)

where ky := Ig is the local elastic bending stiffness given by the second moment
of Euler—Young modulus E on beam cross-section.

The unknown elastic curvature is implicitly defined by Eq.(2.3) since it is
input of the Eringen’s convolution integral. The crucial point is that solution
of this Fredholm equation in terms of elastic curvature may not exist for an
assigned output bending moment fulfilling differential and boundary equilibrium
conditions. In the following, this issue will be discussed in detail.

2.2.1 Averaging kernel and Green’s function

The attenuation kernel ¢, can be selected among exponential, Gaussian or
power-law type functions. Averaging kernels usually adopted in one-dimensional
formulations are

(2.4)

where A is the ratio between the internal ¢ and the external L characteristic
lengths. Kernel in Eq.(2.4); is the bi-exponential function while Eq.(2.4)s is the
normal distribution with zero mean and standard deviation equal to A. Atten-
uation function in Eq.(2.4); is also called special kernel due to the fulfillment
of some particular properties discussed in the following [40].
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Figure 2.1: Averaging kernels: bi-exponential function (left) and normal distri-
bution (right) for A =0.1.

First of all, the integral kernel ¢y : ® — [0, +oo[ satisfies the properties of
symmetry, positivity and limit impulsivity on the real axis as expressed below.

1. Symmetry and positivity
oz —Z)=¢pr(z—2) >0 (2.5)

2. Normalisation

+oo
/ oa(z)dx =1 (2.6)
3. Limit impulsivity

lim ¢x(z) = d(x) (2.7)

A—0+
being § the Dirac impulse.

An explicit expression of the previous formal definition for the impulsivity prop-
erty is provided below in terms of distribution, that is

—+oo

lim PA(z — ) f(T)dz = f(x) (2.8)

A—=0t )

for any continuous function f: R — R.
It is worth noting that for decreasing A, the kernel’s support reduces and
the peak value reached by the function increases. On the contrary, for increasing
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Figure 2.2: Special kernel in Eq.(2.4); for A € {0.1,0.2}.

A more and more abscissae of the domain are involved in the convolution law,
increasing thus nonlocal effects.

As shown above, the limit impulsivity property is defined on the real axis. If
a bounded domain is considered the property changes according to the following
explanation.

First, let us consider a bounded one-dimensional domain e.g. the interval
[a,b] with a,b € R. Then, we define the following function

)1, x€la,bf,
g(x){l/z, z={a,b}. (2:9)

Hence, the impulsivity properties in a bounded domain can be rewritten as
follows

b
tim, [ én(o— 0)f(2)ds = g(a) £ (2) (210)
A—=0t J,

for any continuous real scalar function f.

That is, in the limit for A\ — 0T, the special kernel tends to the Dirac
impulse or to the halved Dirac impulse, depending on whether the abscissa of
evaluation is an interior or exterior point of the domain. So if = €]a,b[, then
for A — 07, the output of the convolution evaluated at = is the source field
f(x). While if = {a,b}, then for a vanishing nonlocal parameter only the
halved local source field f(z)/2 is recovered.
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Thus, by virtue of the impulsivity property, the local elastic law can be
recovered from the nonlocal integral one when XA — 0% and so goes for the
solution of the relevant elastostatic problem except for boundary effects due to
the fact the the kernel’s support exceeds the structural domain at boundary
abscissae. A simple explanation of this result is that for A — 07, at a regular
boundary point, only one-half of the kernel’s support will be included in the
integration domain.

A proof of the impulsivity property can be found below.

Proof 2.2.1 Let us consider the convolution integral on the real axis between
the special kernel ¢y and any continuous function f: R — R, that is
“+ o0
(e D@ = [ or- )@, (211)

with the nonlocal length ratio parameter defined as X\ := ¢/L. Right-hand
side of Eq.(2.11) can be explicitly rewritten as follows

zlc/jooexp (w;x)f(f)df 4 216/:00exp (”ng)f(:z)dz. (2.12)

Now, let us fix any z* € ® and make the following change of variables

T—ux
z= ,
c
(2.13)
di
—
c
Then, the extremes of integration change as follows
Z €] — o0, 2% = z €] —00,0],
(2.14)

Z e x*,+oo][ = z€[0,+00].

Thus, integral convolution (2.12) becomes

(fa* f)(x") == ;(/OOO exp(z) f(ze+a*)dz + /0+<>0 exp(z)f(zc+x*)dz) .
(2.15)
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Taking the limit for A\ — 0% of Eq.(2.15) yields
Jim (63 ) (&) = f(a*) (2.16)
thus proving Eq.(2.8).

Let us consider the case in which the convolution integral is defined on a
bounded domain [a,b] with a,b € R, that is

1 [* T—x o 1 [ x—7 o
(oa f)(z) := %/a exp (C)f(x)dw + %L exp (C)f(x)dx
(2.17)
Then, fizing any x* €la,b] and considering the change of variables in (2.13)

lead to the following change in the extremes of integration

_ *
xe[a,m*]:%ze{a x,O},
c

(2.18)

b_ *
T ez =>ze€ {0, cx }

Then, being a < x* < b, taking the limit for A — 07 yields the following
result

. a—=T
lim = —00,
A—0Tt c
2.19
I (2.19)
lim =400
A—0t C

Taking into account result in (2.19) we get

*

0 b C.'E
lim <;[1 exp(z) f(z c+x*)dzm+%/o exp(—z) f(z C—Hv*)dZ) = f(z*).

A—0t *

—x

If z* = {a,b}, from (2.20) we get f(x*)/2 as limiting result.
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Now, let us prove that the kernel in Eq.(2.4); is a Green’s function. This
peculiar property will be adopted in the following. First, the bi-exponential
kernel ¢, can be described by the position

Pa(x) = (2.21)

w(=z), >0

w(z) == Qicexp ("Z) . (2.22)

as
%w(m), <0
Bpr(z) = (2.23)
1
fgw(fx), x>0
and
%2(*/(:1:)7 z<0
970A(z) = (2.24)
1 /!
i (—z), >0

As shown in Fig.2.3, the function 9,¢» has a jump discontinuity at x = 0,
1
equal to — .
c

Taking into account Egs.(2.21)-(2.24) we get the following second order dif-
ferential equation

Oa(z) — ¢ Roa(x) = o(x) (2.25)

being ¢ the Dirac impulse and « € [a,b] with a < 0 < b. Thus, we can
state the following proposition.

Proposition 2.2.1 The special kernel ¢y is the Green’s function solution of
the differential equation (2.25) equipped with boundary conditions
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Figure 2.3: First derivative of special kernel in Eq.(2.4); for A € {0.1, 0.2} .

0.67(a) = 0x(a),

1 (2.26)
9201 (b) = ——x(b).

The differential problem Eqgs.(2.25)-(2.26) admits a unique solution since the
corresponding homogeneous problem admits only the trivial solution.

By virtue of the peculiar properties of the Helmholtz bi-exponential kernel,
a fundamental result of equivalence can be proven for the strain-driven integral
model in Eq.(2.3). Indeed, the choice of the special kernel ¢, as averaging func-
tion in the integral convolution law allows us to provide an equivalent differential
formulation.

However, it is worth noting that the integral equation (2.3) in the unknown
elastic curvature field ¢ and with the interaction bending field M as pre-
scribed by equilibrium requirements, is known as a Fredholm equation of the
first kind. In general, solution to this kind of integral equation does not exist
or, when it does, is not unique.

In order to prove the constitutive differential formulation equivalent to the
strain-driven nonlocal model let us consider a beam of length L := b — a with
a,b € . Thus, bending interaction M and flexural elastic curvature x¢ are
real scalar functions defined as {M, x*} : [a,b] — R. The attenuation function
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¢x : R — [0, 400[ is the special bi-exponential kernel described by the nonlocal
parameter A := ¢/L. The following proposition can be stated.

Proposition 2.2.2 For any A > 0, the integral constitutive convolution

b
M (x) :/ oa(x — z) (ky x*) (z)dz (2.27)

with the special kernel (2.4)1, admits either a unique solution or no solution at
all, depending on whether or not the bending interaction field fulfils the consti-
tutive boundary conditions

0. M (a) = 2M(a),
¢ (2.28)
0. M(bD) = —-M(B).

If Eqs.(2.28) are fulfilled then the unique solution x¢ is obtained from the
second order equation

M(x) — 2 33M(:c) =kys(x) Xel(as) . (2.29)

Proposition 2.2.2 provides an equivalent differential formulation to the in-
tegral convolution. This equivalent constitutive law is made of a second order
differential equation equipped with two constitutive boundary conditions.

The bending interaction field M is assigned from equilibrium requirement.
Thus, the unique solution in terms of elastic curvature y® is got from the
differential equation (2.29) if and only if the boundary conditions (2.28) are
satisfied by the equilibrated bending interaction. In case that the BCs are not
satisfied, then no solution does exist.

Proof of Proposition 2.2.2 can be got as follows.

Proof 2.2.2 First, let us define the differential operator L, , that is

L,:=1-c20%. (2.30)
Then, we apply L, to the integral convolution (2.27) to get

b
LoM(z) :/ Lot — 2) kp(2)x° () dz (2.31)
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Remembering that the special kernel is the Green’s function associated with
the differential operator L, , Eq.(2.31) can be rewritten as follows

b
£.M(z) = / 5@ — ) k(@ (@) dE = ky(@x @), (2.32)

thus proving the differential equation (2.29) and, since the constitutive boundary
conditions (CB) in Eqs.(2.24) are homogeneous, by linearity they are preserved
by the convolution.

Constitutive equation (2.29) has been widely adopted in scientific literature
in recent treatments regarding nonlocal elastic beams, disregarding the constitu-
tive boundary conditions (2.28). In [47], necessity of Eq.(2.28) has been deeply
discussed and definitely clarified in [40] where the ill-posedness of the elastic
equilibrium problem based on the strain-driven model has been finally proven.

Indeed, Proposition 2.2.2 puts into evidence that the nonlocal elastic convo-
lution in Eq.(2.27) imposes stringent requirements to bending interaction fields
since constitutively admissible bending fields must belong to the linear subspace
of fields fulfilling the constitutive boundary conditions Eqs.(2.28). Compatibil-
ity between equilibrium requirements and constitutive boundary conditions is
necessary to ensure the existence of solution for the relevant elastostatic problem
of a nonlocal elastic beam.

Indeed, constitutive boundary conditions (2.28) relate the boundary values
of bending and shearing fields for any value of A > 0 and this is likely to be in
contrast with the natural boundary conditions in all nonlocal elastic problems of
applicative interest. As a consequence, no solution exists in general. This lack
of existence was considered to be a paradox in the scientific literature, because
existence of solution was assumed a priori.

By virtue of Proposition 2.2.2, it is possible to detect the class of consti-
tutively admissible bending interactions fields since they are those that fulfil
the constitutive boundary conditions (2.28). It is worth noting that statically
determinate beams are those in which the linear subspace of bending interac-
tion fields in equilibrium with vanishing loadings (self-equilibrated) is trivial.
Therefore, the equilibrated bending field is uniquely defined and independent of
the nonlocal parameter.

Consequently, fulfilment of the boundary conditions, for any positive value of
A, implies that reactions of kinematic constraints must vanish so that only self-
equilibrated loading distributions (i.e. whose resultant and resultant momentum
are both vanishing) are compatible with the strain-driven constitutive law. This
kind of constraints and loadings is however not usual in engineering fields and it
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is of no interest. Therefore, we can conclude that the strain-driven constitutive
integral law is incompatible with the equilibrium conditions required on the
bending interaction field.

An alternative proof of Proposition 2.2.2 can be got as shown below.

Proof 2.2.3 Let us explicitly rewrite the convolution strain-driven integral in
Eq.(2.27) as follows

M(z) = 216(/: exp (x ; x) (kg xel)(x)der/; exp (w ; x) (ks Xel)(x)dx>

(2.33)
Adopting the following position
o T—ux
My (z) = 2—/ exp ( ) (ks x°)(z)dz,
(2.34)
1 T—Z ol
M) = 5 [ exp (ks x)(@)d,
equation (2.33) can be simply rewritten as
M(z) = My (z) + Ma(x). (2.35)
By taking the first derivative of My and My we get
0.My(x) = o (b x“)(x) — M ()
V11 (T) = % X NT p 1),
(2.36)
1 1
O Ma(x) = o (ky x*) () + EM2($) :
Then, first derivative of M as expressed in (2.35) is
1
O, M(z) = - (Ms(z) — My(z)) . (2.37)

By evaluating the expression of 0, M at boundary points a,b we get the
following constitutive boundary conditions

0:M(a) = 1M(a) ,
01 (2.38)
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since it can be observed that

Ms(a) = M(a), Mi(a)=0 (2.39)
My(b) = M(b), Mz(b) =0.
Finally, computing a further derivation of Eq.(2.36) and remembering the
initial position in (2.35) lead to the differential equation

M(z) — ?02M (z) = ky(x) x“(z) . (2.40)

Thus, the equivalent differential formulation of the strain-driven convolution
law is proven.

2.2.2 Alleged paradox of cantilever

In this section, an emblematic case-study of nonlocal elastic slender beams is
presented. The paradox under question was first claimed by Peddieson in [37]
and then by Challamel in [38], regarding the solution of the elastostatic problem
of a nonlocal cantilever beam under concentrated loading at free end.

First, let us recall the equilibrium differential equation of a Bernoulli-Euler
beam, that is

02M = q (2.41)

where the = abscissa is taken along the beam axis. The beam length is L and
the applied free end force is F . For the case under consideration g(x) =0 and
the natural boundary conditions are M (L) =0, 0, M (L) = —F.

Then, the equilibrated bending interaction field is M (z) = F(L —z) and it
is univocally got by differential and boundary equilibrium conditions since the
beam is statically determinate.

Now, let us apply the constitutive differential equation of Eringen’s model
expressed in (2.40). It yields

M(x) = ky(2) ! (x). (2.42)

It is worth noting that the nonlocal elastic constitutive law turns out to be
coincident with the local one. Moreover, if we apply the integral convolution
(2.27), taking into account (2.42), we get

L
M(z) = /O ox(x — 7) F(L — 5)dz . (2.43)
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Integral convolution (2.43) between the source field (2.42) and the special
kernel ¢, provides an output bending moment that is nonlinear, i.e.

<M@ﬂ;fL(Amp<xcL)(1+Aﬁmp<i>+2<li)>.(2%)

Bending interaction field provided by (2.44) does not fulfill equilibrium re-
quirements. This fact has been erroneously interpreted as the proof that the
integral convolution (2.27) and the differential problem (2.29)-(2.28) are not
equivalent.

The correct interpretation is that both the integral law and the differential
constitutive formulation do not have admissible solutions. Indeed, Proposition
2.2.2 provides a tool to simply detect if a solution may be got from Eq.(2.27)
depending on the fulfillment of the constitutive boundary conditions.

In the case under examination, the constitutive boundary conditions are not
satisfied by the equilibrated bending interaction field since we get

1

~F=-FL,
C

~F=0.

(2.45)

It is apparent that constitutive boundary conditions can be satisfied only in
the case of a vanishing applied concentrated loading, that is of no applicative
interest.

Thus, the nonlocal elastic equilibrium problem of a cantilever beam under
concentrated loading at free end has no solution if the strain-driven nonlocal
model is applied. Therefore no paradox arises since the relevant elastostatic
problem is simply ill-posed. The non-existence of solution is due to the incom-
patibility between equilibrium requirements and the constitutive law.

For a more in-depth discussion, let us evaluate the shearing and loading fields
obtained by the nonlinear bending interaction field (2.44) got by the convolution
integral. That is
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Figure 2.4: Bending interaction field (2.44) as function of X.
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Figure 2.5: Shearing interaction field (2.46); as function of .

We can notice that the bending field is not vanishing at free end (see Fig.2.4),
the shearing field is not uniform (see Fig.2.5) and the loading is not vanishing
(see Fig.2.6). All these aspects reveal that equilibrium conditions are signifi-
cantly violated. Displacement field computed by a double integration may seem
acceptable because of the integration smoothing effects, but a close look to the
static fields shows the ill-posedness of the continuum problem.

This pathological issue concerns not only this specific statically determinate
case-study but it deals in general with all nonlocal structural problem formulated
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Figure 2.6: Loading field (2.46)2 as function of A.

in bounded domain [40].

To make an example concerning statically indeterminate beams, let us con-
sider the simply structural scheme of a fully clamped beam of length L under a
uniformly distributed loading ¢. Our purpose is to prove that the strain-driven
model provides no solution to this continuum problem.

By virtue of the equivalence expressed in Proposition 2.2.2, the differential
constitutive problem can be adopted to conveniently reverse the strain-driven
integral convolution.

From the differential equation of equilibrium 92M = ¢ the bending inter-
action field is got as function of n integration constants, where n = 2 is the

2
redundancy degree. Thus we have M(z) = % + a1 + ag while the flexu-

ral elastic curvature y® (coincident with the total curvature y ) is written in
terms of transverse displacement field v by taking into account the kinematic
compatibility condition of Bernoulli-Euler theory, i.e. x = 920 .

Then, constitutive differential equation (2.40) becomes

qa®
T +a1x + ag — 02 q= kf 692:1}(33‘) (247)

equipped with kinematic boundary conditions

{u(o) = (2), 0,v(0) =0, (2.48)

, 0zv(L)=0,
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and constitutive boundary conditions

az
a; = —
C
qL—‘,—al:_qiLQ_M_% (249)

2¢c c c

Solving system (2.49) provides the integration constants

_ L
{“l N (2.50)

_ L
az = —(J§C»

so that the second order differential equation (2.47) with kinematic boundary
conditions (2.48) can be solved only if a vanishing loading is applied to get the
trivial solution in terms of transverse displacement.

Supposing to neglect the constitutive boundary conditions (2.49), as fre-
quently done in literature, the displacement solution got by differential equation
(2.47) with kinematic boundary conditions (2.48) is not the solution of Eringen’s
strain-driven integral model.

Moreover, the solution displacement got by the Eringen’s differential model
(disregarding the CBs) turns out to be coincident with the local one, i.e.

q(L —x)% 22
24 &y

If we further compute the flexural curvature kinematically compatible with
the displacement field, i.e. x* = x = 92v, and then insert x* as source field of
the strain-driven convolution, we get a bending interaction that does not fulfill
equilibrium conditions.

Pathological behaviors like the ones described in case-studies shown in this
section can be observed in all structural schemes of engineering interest.

Indeed, as proven in [40] application of Eringen’s strain-driven model to
bounded domain leads to ill-posed structural problems. In fact, the constitu-
tive boundary conditions of the equivalent differential formulation cannot be
satisfied.

If constitutive boundary conditions are disregarded, then from the differen-
tial constitutive equation we get structural solutions that are not compatible
with equilibrium requirements. Moreover, displacement solutions show con-
trasting scale effects for increasing nonlocal parameter A, that is, structural
behaviors can stiff or soften depending on the kind of boundary and loading
conditions. In some cases, like the one observed in this section, the structural
behavior exhibits no nonlocal effect at all.

v(z) = (2.51)

40



Chapter 3

Variational nonlocal
elasticity

3.1 Introductory remarks

Several theories have been developed during the last decades to model size-
dependent mechanical behaviors and overcome the issues related to Eringen’s
strain driven model. Among these enriched formulations of elasticity, two phase
(local/nonlocal) mixture models represent an effective tool to overcome ill-
posedness of strain-driven model in bounded domains and to efficiently capture
size effects. First introduced by Eringen in [35,48], strain-driven mixture model
of elasticity is based on a convex combination of local and integral nonlocal
responses by means of a mixture parameter. The two-phase model has been
exploited by various authors [49-52] to formulate well-posed nonlocal elastic
equilibrium problems, assuming that the local fraction of the constitutive law
is not vanishing [53].

Difficulties and singularities of Eringen’s formulations in structural mechan-
ics can be definitely overcome if the stress-driven integral theory conceived by
Romano and Barretta [54] is adopted to model size effects. This theory consists
in a new nonlocal elastic law based on a stress-driven formulation providing a
consistent methodology in the framework of integral elasticity to account for
size-dependent mechanical behaviors. According to the stress-driven nonlocal
theory, the nonlocal elastic strain field at a point of a continuum is the output
of a convolution integral between the local elastic strain and a scalar averaging
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kernel. Stress-driven formulation of nonlocal elasticity leads to well-posed con-
tinuum problems and thus can be efficiently adopted to model size effects due
to long range interactions [55-64].

This efficient approach has been recently extended by [65] to capture both
softening and stiffening elastic responses characterizing small structural scales
by proposing a stress-driven two-phase (local/nonlocal) mixture model which
is well-posed for any local fraction. The mixture theory based on a stress-
driven formulation has been successfully applied in recent contributions such as
in [41,66,67].

Alternatively, to account for size effects in nano-continua, mechanical re-
sponses can be assumed to depend on both elastic strain fields and gradient
fields of higher-order. However, the strain gradient elasticity incorporating all
the higher-order strain components is too intricate. Thus, a variety of simplified
versions of strain gradient elasticity theory has been formulated in the litera-
ture to tackle a wider range of structural problems. However, different forms
of strain gradient models lead to stiffening structural responses for increasing
small-scale parameters [68].

Interestingly, Aifantis coupled Eringen’s differential law and the strain gradi-
ent model of elasticity in [69,70]. Then, Lim et al. [71] combined Eringen’s non-
local integral law with the strain gradient elasticity to tackle nonlocal problems
of wave propagation (defined in unbounded domains). In this framework, the
governing differential constitutive equation is of higher-order than the classical
local one and thus Lim et al. [71] introduced higher-order boundary conditions
to close the relevant problem but overlooking the constitutive boundary con-
ditions recently established by Barretta and Marotti de Sciarra [72]. However,
it is worth underlining that in the framework of wave propagation problems
in unbounded domains, boundary conditions were appropriately not prescribed
in [71] being tacitly verified by the fields involved in the integral convolutions
since they rapidly vanish at infinity.

The aim of this chapter is to provide an in-depth investigation about the
most known and recent theories of nonlocal elasticity. First, the stress-driven
nonlocal model is illustrated in contraposition to the Eringen’s strain-driven
theory. Then, the mixture local/nonlocal strain-driven model is presented as a
generalization of the Eringen’s theory, and it is shown that the model exhibits
some singularities for a vanishing mixture parameter. Therefore, the two-phase
theory in the stress-driven formulation is illustrated as a well-posed generaliza-
tion of the purely nonlocal elasticity, and its effectiveness is shown presenting
an applicative exemplar case-study.

Here is the detailed outline. First, a variational approach is apply to get the
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general constitutive relation of elasticity in an abstract form. Then in Section
3.3, the new stress-driven formulation of integral elasticity is investigated and
size-dependent analyses of mechanical behaviors are performed. Extension of
the purely nonlocal model of elasticity is then provided in Section 3.4 illustrating
the two-phase (local/nonlocal) mixture theory in the strain-driven formulation.
In particular, in Section 3.4.1 an in-depth discussion is performed about limiting
solutions of elastic equilibrium problems based on Eringen’s two-phase elasticity
and then in Section 3.5 the local/nonlocal stress-driven mixture elasticity is
illustrated and discussed along with exemplar case-studies.

3.2 Variational formulations

This section aims at formulating a general constitutive law of nonlocal elasticity
in an abstract form. Then, it will be shown that all the known theories of
elasticity adopted in literature can be derived as special cases of the general
abstract size-dependent constitutive relation provided in the following.

To this purpose, let us introduce the source field s : [0,L] — R and the
output field f :[0,L] — R, being [0, L] the structural interval. The abstract
formulation of nonlocal elasticity is assumed to be governed by the following
functional representing the elastic strain energy [73]

= [ ’ (a (1= a)(6x % 8)a sx)dx (3.1)

where the following compact symbolism has been adopted

L
(@359 = (0r+5)(@) = [ onlr—2) s(a)d. (3:2)

being =,z € [0,L]. In Eq.(3.1), ¢, is the special kernel described by the
nonlocal parameter A as introduced in Chapter 2, while « € [0,1] is a mixture
parameter introduced by Eringen [35].

In order to derive the nonlocal response f at the abscissa x of the domain,
let us apply the following variational condition

< f,0s >=<dIl, ds > Vés € C([0, L], R) (3.3)

that is, the virtual work done by the output field f for any virtual continuous
source field ds must be equal to the directional derivative of the functional IT
along the virtual source field §s.
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It is worth noting that left-hand side of Eq.(3.3) is explicitly expressed as

L
< f,ds >::/0 f(z)ds(x)dx, (3.4)

while the right-hand side of Eq.(3.3), i.e. < dII, §s >, is the directional deriva-
tive of the functional IT along a virtual source field ds and is evaluated as
follows

L
< dII, 0s >:= / (a Sz 08z + (1 — a)(@x * 8), 5sz>dm. (3.5)
0

Prescription of the variational condition (3.3) along with a standard local-
ization procedure yields the following nonlocal constitutive relation

f(@) = as(@) + (1 — ) (Pr * 5)(z) (3.6)

that can be explicitly rewritten by taking into account the definition in (3.2),
that is

L
fl@)=as(x)+ (1 —a) /0 oa(x — ) s(z)dT . (3.7

Starting from the integral equation (3.7), all theories of elasticity discussed
in this chapter can be derived by properly setting source and output fields and
length-scale parameters. Indeed, with reference to inflected beams, it is possible
to derive the following elasticity theories as special cases of (3.7).

e Strain-driven two-phase elasticity

Mixture local /nonlocal strain-driven model is got by setting s := x* and
f=k;'M in Eq.(3.7), that is

M(a) = by (@ + (1= )fr 1 x0)). (35
e Purely nonlocal strain-driven elasticity
Eringen’s strain-driven integral model is got by setting s := x¢, f :=
k;l M and a =0 in Eq.(3.7). That is
M(x) = kg (dx % x“) (@), (3.9)

thus representing a particular case of Eq.(3.8) for a =0.
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e Stress-driven two-phase elasticity

Mixture local/nonlocal stress-driven model is got by setting s := M and
f:=ksx® in Eq.(3.7), thus obtaining

X (z) :k]?1<on+(1—a)(¢,\*M)(a:)>. (3.10)

e Purely nonlocal stress-driven elasticity

Purely stress-driven integral model is got by setting s :== M, f:= ks x*
and a =1=0 in Eq.(3.7). That is

X (x) = k! (oax M)(x), (3.11)

that represents a particular case of Eq.(3.10) for a vanishing mixture pa-
rameter.

In the following, each theory will be introduced and discussed in detail.

3.3 The stress-driven nonlocal model

To overcome the issues emerged from the application of the strain-driven model
to bounded domains (see Chapter 2), a recent theory has been proposed by Ro-
mano and Barretta in [54] providing a consistent methodology in the framework
of integral elasticity to account for size effects in nonlocal continua.

With reference to a three-dimensional continuum, the stress-driven integral
law of elasticity writes as follows

el(x) = / oa(x —2)C(z)o(Z) dQs , (3.12)
Q

where C := E~! is the elastic compliance tensor field and x,X are position
vectors. It is worth recalling that €2 represents the placement of the continuum
and the symbol d2z denotes that integration over () is performed with respect
to the & variable.

The stress field o must satisfy equilibrium requirements while the total
strain field e, sum of non-elastic and elastic strain fields, must satisfy kinematic
compatibility condition.

Equation (3.12) provides a linear elastic nonlocal relation in which the elastic
strain € at a point x of a nonlocal continuum is the output of a convolution
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between the local elastic strain field and a scalar kernel ¢, depending on a
positive nonlocal parameter \.

The source field of the convolution is driven by the stress o and that is
why this model is called stress-driven. It must be underlined that integral
convolutions (2.1) and (3.12) represent two different nonlocal laws of elasticity
and are not one the converse of the other. Indeed, they lead to two completely
different structural problems.

Now, let us apply the stress-driven model to nonlocal elastic slender beams.
In particular, we deal with the plane and linearised Bernoulli-Euler beam theory.
The coordinate x denotes the axial abscissa and L := b—a indicates the length
of the beam. The nonlocal parameter X is defined as the ratio ¢/L, being ¢ the
internal characteristic length. The field M represents the bending interaction
and x® is the elastic flexural curvature field.

Hence, integral equation (3.12) applied to a one-dimensional model writes
as shown below

el _ ’ = —1 =\ I
X% (x) or(r —T) (kf M)(z)dz, (3.13)

where k?l is the elastic flexural compliance.

Let us do a first comparison between the strain-driven model in Eq.(2.27) and
the stress-driven law in Eq.(3.13). In Eringen’s model the bending interaction
field is defined by the integral convolution

M(z) = (@ « (ks x€l>)<x>, (3.14)

where the linear operator ¢y * synthetically defines the convolution by means
of the special kernel. As we can see from (3.14), the strain-driven law provides
an implicit definition of the unknown field x¢ .

Thus it represents a Fredholm integral equation of the first kind in which
the bending interaction field is prescribed by equilibrium requirements. This
kind of integral equation is known to generally lead to no solution at all or to
multiple solutions.

Conversely, the stress-driven model provides an explicit definition of the
nonlocal elastic curvature, that is

o) = (o1 5 (1 30) ) ). (3.15)
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The operator ¢y * is directly applied to local elastic curvature generated
by the equilibrated bending interaction so that the solution Y is the explicit
output of the convolution integral.

In light of the peculiar properties shown in previous sections, the bi-exponential
function in Eq.(2.4); is chosen as averaging kernel, that is

oa(x) = 5, exp (— |:£> . (3.16)

Recalling the Proof 2.2.3, similar steps can be followed to prove the differ-
ential formulation equivalent to the stress-driven integral convolution (3.13). In
fact, it is sufficient to rewrite Eq.(2.27) in an abstract formulation, that is

b
f(@) :/ ox(e — 7) s(z)dz, (3.17)
being f the output field and s the source (input) field. Then, the following

position must be done
f=x,
{ -l (3.18)
s :=k; .

Thus the following equivalence can be enunciated.

Proposition 3.3.1 The nonlocal elastic curvature output of the integral stress-
driven law

el _ b A= —1 N\ 71—
@) = / or(x — 7) (K71 M) (3)dz (3.19)

provides the unique solution of the differential problem made of the second order
differential equation

X x) — 22\ (x) = (k;l M) (x), (3.20)
equipped with constitutive boundary conditions

1
Oox(a) = gxel(a),

(3.21)
0. x°(b) = féxd(b).

It is worth noting that the solution is unique since the corresponding homo-
geneous differential problem admits only the trivial solution.
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Remark 3.3.1 The nonlocal elastic equilibrium problem of a slender beam can
be formulated in the unknown solution of the transverse displacement field v :
[a,b] = R.
To this aim, let us differentiating twice the constitutive differential equation
(3.20) to get
dtv — 2 v = k‘;l q, (3.22)

where kinematic compatibility and equilibrium conditions have been prescribed.
For X — 07 the classical Bernoulli-Euler elastic equilibrium equation is recov-
ered from the sizth-order differential equation (3.22).

Thus, the governing equation in case of nonlocality is of higher-order. Hence,
in addition to essential and natural boundary conditions, constitutive (i.e. non
classical) boundary conditions must be prescribed to close and solve the elasto-
static nonlocal problem.

Homogeneous constitutive boundary conditions (3.21) in terms of displace-
ment field write as

Ou(a) = ~0%u(a)
I3v(b) = 7183v(b).

c

(3.23)

Now, let us compare in detail the strain-driven model with the stress-driven
theory to show the emerging differences that led to the adoption of the latest
one as the most effective constitutive law to capture size effects in small-scale
structures.

As deeply discussed in previous sections, the strain-driven law is generally
incompatible with differential and boundary equilibrium conditions. This in-
compatibility leads to ill-posed nonlocal elastic structural problem.

Only in nonlocal elastic problem involving unbounded domains the strain-
driven integral convolution can be efficiently replaced by a differential law
equipped with boundary conditions that are tacitly satisfied since the involved
fields vanish at infinity. That is why, in its original formulation the strain-driven
model was conceived and efficiently applied to investigate screw dislocations and
Rayleigh surface wave dispersion problems.

In the stress-driven model no issue arises since there is no incompatibility
between constitutive law and kinematic compatibility conditions.

Indeed, an essential requirement for a constitutive law is its independence
from prescribed kinematic constraints. That is why homogeneous boundary
conditions (3.21) are of constitutive type and do not deal with kinematic or
static conditions.
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In respect of this requirement, no conflict arises in the stress-driven model
since the constitutive boundary conditions (3.21) act on the elastic curvature
field and its first derivative while the kinematic boundary conditions act on
transverse displacement field and its first derivative.

3.3.1 Structural problems

Benchmark results are provided in this section to illustrate how the stress-driven
theory can be effectively applied to capture size effects on structural behavior.
Adopting the Bernoulli-Euler theory, simple exemplar schemes are solved and
relative structural responses are commented upon.

o Simply supported beam under uniformly distributed loading. Nonlocal elas-
tic curvature is depicted in Fig.3.1 for A € {1077,0.01,0.1,0.2,0.3,0.4,0.5}
showing a more and more uniform behavior as A increases. Limiting so-
lution (i.e. local response) is the parabolic field got for A — 01 . Plots
in Fig.3.2 show the reduction of maximum displacement v(1/2) as the
nonlocal parameter increases.

T —— — —— e e

0.00f
—0.02f
-0.04
T —0.06f

N >

—0.10f

—012f

0.0 0.2 0.4 0.6 0.8 1.0

pY

Figure 3.1: Simply supported beam: elastic flexural curvature for A € {1077,
0.01,0.1,0.2,0.3,0.4,0.5} .

e Cantilever beam under concentrated force at free end. Nonlocal and lin-
ear limiting (local) elastic curvatures are depicted in Fig.3.3 for A €
{1077,0.01,0.1,0.2,0.3,0.4,0.5} . Nonlocal elastic curvature fields become
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Figure 3.2: Simply supported beam: maximum elastic displacement versus A.

lower for increasing A. Maximum displacement v(1) versus A is depicted
in Fig.3.4.
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Figure 3.3: Cantilever beam: elastic flexural curvature for A € {10~7,0.01,0.1,
0.2,0.3,0.4,0.5} .

e Doubly clamped beam under uniformly distributed loading. As shown in
Figs.3.5-3.6, stiffening effects for increasing nonlocal parameter A are
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Figure 3.4: Cantilever beam: maximum elastic displacement versus .

greater with respect to previous cases. Maximum displacement v(1/2)
versus A is represented in Fig.3.6.
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Figure 3.5: Doubly clamped beam: elastic flexural curvature for A € {1077,
0.01,0.1,0.2,0.3,0.4,0.5} .

As shown in all the benchmark results, a stiffening behavior is predicted
by the stress-driven theory for increasing nonlocal parameter. This result is in
agreement with the outcomes collected in [74] and recently confirmed by [68].
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Figure 3.6: Doubly clamped beam: maximum elastic displacement versus .

Stiffer responses respect to the local one, are due to the peculiar properties of
the special kernel. In fact, it is worth noting that the normalisation property
expressed in (2.6) is the key to prove the basic property of limit impulsivity
in (2.7). This peculiar feature of the special kernel ¢, leads to a stiffening
behavior for increasing nonlocal parameter .

Indeed, as A increases, the kernel peak reduces providing a reduction of the
elastic compliance. One can observe that at the same time, the increase of A
leads to an enlargement of the kernel’s support, but the peak reduction has the
predominant effect. This peculiar phenomenon affecting nonlocal structures has
turned out to be a general feature in Nano-Engineering and it is referred to as
”smaller-is-stiffer”.

3.4 Strain-driven two-phase elasticity

The two-phase local/nonlocal theory, or mixture model, consists in a convex
combination of local and nonlocal fractions by means of a mixture parameter,
thus providing a generalization of the purely nonlocal theory. First introduced
by Eringen in [35,48] and then applied in many recent scientific contributions
such as [49, 50, 65, 75], the two-phase model represents a possible strategy to
overcome ill-posedness of the Eringen’s model in bounded domains.

In particular, in its strain-driven formulation, the mixture model is based
on a convex combination of the local phase and of the nonlocal phase provided
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by the Eringen’s integral convolution. Thus, the two-phase mixture model is
based on two parameters, i.e. nonlocal and mixture parameters, and that is the
reason why the local/nonlocal theory is able to model a wide range of structural
problems.

Let us consider a Bernoulli-Euler straight beam of length L. The local
elastic bending stiffness is denoted by kj, which is defined as the second moment
of the field of Euler-Young elastic moduli £ on beam cross-section. According
to the mixture model of elasticity, the bending interaction field M is the convex
combination of the source field s := ky x¢ and of the convolution between the
source s and the averaging kernel ¢, , that is

L
M(z) = as(z) + (1 - a) / or(x — ) 5(6) de, (3.24)

where « is the mixture parameter that can range between 0 < o < 1. As
in the purely nonlocal strain-driven law, A denotes the nonlocal characteristic
parameter and it is required to be strictly positive.

L
The purely nonlocal law M (x) = / ox(z — &) (kpx)(€) d€ is got by set-
0

ting a =0, while for a =1 the purely local relation M = k; x* is recovered.

It is worth noting that unlike the purely nonlocal strain-driven model, the
mixture law in Eq.(3.24) provides a Fredholm integral equation of the second
kind in the unknown source field s (see [76,77]). The averaging kernel in
Eq.(3.24) is assumed to be the bi-exponential function

Pa(x) = ;ceXp(—il) , (3.25)

fulfilling symmetry, positivity and limit impulsivity properties [36].

An equivalent differential formulation [40] of the two-phase model in Eq.(3.24)
can be got by remembering that the special kernel in Eq.(3.25) is the Green’s
function of the linear differential operator £, defined by

L,:=1-c*02. (3.26)

Now, let us rewrite Eq.(3.24) as follows
L
(M—akp)@) = (1=a) [ arle=0 (. (320
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Then, applying the differential operator £, to Eq.(3.27) yields
Lo (M = akyx®)(@) = (1 - 0) ky(@)x* () (328)

which is the differential equation equivalent to the mixture model in Eq.(3.24).
Indeed, denoting by ¢ the Dirac unit impulse, since L,¢x(z,Z) = 0(z,Z),
we may write

L
Lo (M—akgx®)(x) = (1*01)/ Lode(x,€) (krx™)(€) d€ = (1-a)ks(z)x ().

0
(3.29)
As seen in Subsection 2.2.1, the special kernel satisfies homogeneous bound-
ary conditions that can be rewritten as follows

{BO¢C |0 = 07

(3.30)
Broc|L =0,

where By :=1—c¢0, and By := 1+ ¢9, are differential operators defined at
the boundary. By applying By and By, to Eq.(3.27) we get

Bo(M —akix?)|o=0,
(3.31)
BL(M —akfxd) |L = 0,

which are the constitutive boundary conditions associated with the differential
equation (3.28). Finally, the equivalent differential problem in Eqs.(3.28)-(3.31)
can be explicitly expressed as follows

M) g = PO o @), s
el
0.0(0) = £ 31(0) = (21(hy wy0) - LD,
1 () (L) (3.33)
0.0 (L) + 1 ML) = a (2l (0 + LD,

As deeply investigated in Section 2.2.2, for « = 0 (i.e. in the purely non-
local Eringen’s model) constitutive boundary conditions (3.33) and equilibrium
requirements turn out to be incompatible. Thus, mixture parameter of the two-
phase elasticity model must be strictly positive, i.e. « > 0. Indeed, left-hand
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sides of Eq.(3.33) are known expressions (generally polynomial) unless of n in-
tegration constants, with n redundancy degree. Thus, for a > 0 Egs.(3.33)
provide non-homogeneous boundary conditions imposed on the elastic curvature
and its first derivative.

While, when the mixture parameter tends to zero, the two-phase strain-
driven model provides ill-posed structural problems and some singularities in
the mechanical behavior are expected to occur. These inconsistencies of limiting
structural solutions for a« — 0 will be deeply investigated in the following.

3.4.1 Elastostatic solutions

As underlined in Section 3.4, the mixture strain-driven model eliminates ill-
posedness of the purely Eringen’s model only for strictly positive mixture pa-
rameters [53]. If the local phase vanishes, then the purely nonlocal strain-driven
law is recovered and thus inconsistencies are expected to occur for structural
nonlocal solutions of the limiting elastic equilibrium problem.

Inexact conclusions are still present in scientific literature concerning limiting
solutions (i.e. for a — 0) of the nonlocal elastic equilibrium problem based on
the two-phase strain-driven theory. See for example the recent contributions
[78,79] where limiting cases of elastodynamic problems are improperly defined
as solutions of free vibration problems based on the purely nonlocal Eringen’s
model that admits no solution [40,45].

In this section, inconsistencies of limiting solutions of continuum problems
based on Eringen’s two-phase model are investigated. To this aim, closed-form
solutions of the elastostatic problem of Bernoulli-Euler beams using the strain-
driven mixture model are first provided and then limiting responses are analyt-
ically evaluated. Solution procedure will follow the steps summarized below

e Step 1. Solve the differential equilibrium equation 92M = ¢ with natural
boundary conditions to get the bending interaction field as functions of n
integration constants, being n the redundancy degree.

e Step 2. Use the constitutive differential equation (3.32) equipped with
constitutive boundary conditions (3.33) to get the nonlocal elastic curva-
ture field x° ; eventually compute the total curvature field y = y* +x"¢ ,
where x™¢ represents all the non-elastic curvature fields.

e Step 3. Solve the kinematic compatibility equation y = d%v with pre-
scription of 3 4+ n essential boundary conditions.
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The described solution procedure is applied to exemplar structural schemes,
i.e.: cantilever under concentrated couple at free end, cantilever under concen-
trated force at free end, simply supported beam under uniformly distributed
loading, doubly clamped beam under uniformly distributed loading.

Cantilever under concentrated couple at free end. Let us consider a cantilever
of length L and uniform bending stiffness k; under a concentrated couple M
applied at free end.

The bending interaction field M is obtained by the differential equilib-
rium equation 92M = 0 equipped with standard natural boundary conditions
M(L) =M and 0,M(L) =0, so that Eq.(4.3) becomes

M _ kpx (@)

5 >« k92 x% (), (3.34)

C

supplemented with the constitutive boundary conditions

~M =aky (C 92X (0) — Xel(O)) ’
(3.35)

M =aky (c D x°H(L) + xel(L)> )

Solving the differential problem in Eqs.(3.34)-(3.35) provides the elastic cur-
vature x° . Also, differential equation x = 9%v with prescription of standard
essential boundary conditions v(0) = 0 and J,v(0) = 0, gives the nonlocal
displacement field

MLL'Q M oz Lta L
v(z) = - cla—1)e v ((z — c/a)eve + cy/ae=va
(z) 2k iky ( ) ( ) (3.36)
— e (cv/a+ @) + e Vae),
with
= (Va+1)evs +ya—1. (3.37)

Cantilever under concentrated force at free end. Let us consider a cantilever
of length L and uniform bending stiffness k; under a concentrated force F
applied at free end.
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The equilibrated bending interaction field M is defined by 92M = 0
with prescription of standard natural boundary conditions M (L) = 0 and
0. M(L) = —F , so that Eq.(4.3) becomes

F(L—z)  kix“(z)
2 = 2

; —a ki (z), (3.38)

equipped with the constitutive boundary conditions

~Fe—FL =aky (C 9:x°'(0) — Xd(o)) ’
(3.39)
—Fc =aky (CarXEZ(L) + XEl(L)> ’

The unknown elastic curvature x® is obtained by solving the differential
problem in Eqgs.(3.38)-(3.39). Then, kinematic compatibility equation with pre-
scription of standard essential boundary conditions provides the following non-
local displacement field

Fa? (3L — —1ecF _ = Lz L Lz
oa) = TEOL=) (O DT ke (g ¢ (e — 1) (e + )
! Vs

— 4y Lzevae 4 g3¢),

(3.40)
with
¥ =(Va+1)?evs — (Va—1)°
Yo =Va+ (Va+1)eve —1 . (3.41)

s = —(Va+ 1) VaLed +(a—Va) Levw —2/ame v+
(Va+ (VoL —z)e Ve —(Va —1)eve (Val +).

Simply supported beam under uniformly distributed loading. Let us consider
a simply supported beam of length L and uniform bending stiffness k; under
uniformly distributed loading ¢ .

Bending interaction field M is determined by differential equilibrium equa-
tion 92M = ¢ equipped with natural boundary conditions M (0) = 0 and
M(L) =0, so that Eq.(4.3) becomes

qr(x — L kex o
%— q—];T—akfai ! (3.42)
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supplemented with constitutive boundary conditions

(3.43)

c% =aky <08IXEZ(L) + Xel(L)> .

The elastic curvature x® is obtained from Eqs.(3.42)-(3.43); then, kinematic
compatibility equation together with essential boundary conditions v(0) = 0
and v(L) =0, provides the nonlocal displacement field

qr (L? —2La* +2%) (a—1)cq -

_ o *ﬁ o ﬁ 9 3/2 2 L
v(x) 21k S0iks e (—evae (202 c® + L (Vac

—Var+z)+ (Va—-1)z?) + evee (—2a%? + L(—vac+Vaz

+1z) - (Va+ 1)x2)+\/&ceﬁ (2ac+L)+\/&c(2ac+L)e%).
(3.44)

Doubly clamped beam under uniformly distributed loading. Let us consider
a doubly clamped beam of length L and uniform bending stiffness ky under
uniformly distributed loading ¢ .

The bending interaction field M obtained by the differential equilibrium
equation 9°M = ¢ is a function of two integration constants, a; and asy.
Hence, Eq.(4.3) in terms of displacement field v becomes

2

% +a17 +ax — g = k02 — a ko, (3.45)

supplemented with constitutive and kinematic boundary conditions
cay — ag = aks (cd2v(0) — 92v(0)),

L2
c(gL+ay) + qT + a1 L + ay = aky (caiv(L) + (“)zv(L)),

v(0) =0, (3.46)
0,v(0) =0,

v(L) =0,

0,v(L) =0
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By solving the differential problem in Eqgs.(3.45)-(3.46) the nonlocal displace-
ment field is given by

_qacQ(L—x)2 cla—1)q

v(x) =

(122 4+ 6¢L + L?) e Vae (yJacL e Voe

24k 1200 &,
—e%(\/&cL—Lx—l—xQ)—i—eﬁ(—\/&cL—Lx—l—acz)—i—\/acLe%),
(3.47)

with
Ya=L(—va—(Va+1)eve +1)+2(a—1)c(eve —1). (3.48)

3.4.2 Inconsistency of limiting solutions

As enlightened in detail, no solution can be found to Eq.(3.24) for a vanishing
mixture parameter. Indeed, for any value ¢ > 0, constitutive boundary con-
ditions in Eq.(3.33) can be satisfied by equilibrated bending moments only for
a strictly positive mixture parameter «. Hence, inconsistencies of two-phase
solutions are expected to occur as o — 0.

In the following, analytical limiting responses of case-studies in Section 3.4.1
are provided. Non-dimensional variables are adopted in parametric plots by
introducing the non-dimensional abscissa £ = x/L, the nonlocal parameter
A =c¢/L and the following non-dimensional limiting displacement fields

k ky k

ﬁlzvlF—z?) or 17l=UlW or U’l:vlqﬁ. (3.49)

Cantilever under concentrated couple at free end. Computing the limit as
a — 0 of Eq.(3.36), we get the following limiting displacement field

u(z) = Qj (f + ca:) . (3.50)

The displacement field in Eq.(3.50) is clearly in contrast with essential
boundary conditions prescribed by constraints. Indeed, except for the local
case A = 0%, kinematic inconsistency is apparent in parametric plots of dis-
placement (Fig.3.7) and rotation fields (Fig.3.8) obtained from derivation of
Eq.(3.50).

Double derivation of Eq.(3.50) leads to the limiting elastic bending curva-
ture x; that inserted into the integral convolution in Eq.(3.24), with o = 0,
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Figure 3.7: Cantilever under concentrated couple at free end: displacement v,
versus ¢ for A € {07,0.1,0.2,0.3,0.4,0.5} .
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Figure 3.8: Cantilever under concentrated couple at free end: rotation @; versus
¢ for A€ {0%,0.1,0.2,0.3,0.4,0.5} .

should provide the equilibrated bending interaction field. Moreover, since the
redundancy degree is zero, equilibrated bending interaction is the uniform field
univocally determined by equilibrium conditions. As clearly shown by paramet-
ric plots in Fig.3.9, the limiting elastic nonlocal curvature x; provides a bending
moment which is not equilibrated; indeed, it is not uniform and not equal to
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the applied couple, except for the asymptotic local bending moment which is
equilibrated for £ €]0,1[. A further derivation leads to shear force field which
is not vanishing (see Fig.3.10), except for A =01 with £ €]0,1].
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Figure 3.9: Cantilever under concentrated couple at free end: bending moment
M; versus ¢ for X € {07,0.1,0.2,0.3,0.4,0.5} .
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Figure 3.10: Cantilever under concentrated couple at free end: shear force T
versus ¢ for A € {07,0.1,0.2,0.3,0.4,0.5} .

Cantilever under concentrated force at free end. Computing the limit as
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a — 0 of Eq.(5.3), we get the following limiting displacement field

F 2 28
=2 (L= - +z+1L . 51
vy () kf( 5 5 +cr+ c:z:> (3.51)

Kinematic inconsistencies are clearly shown in parametric plots of displace-
ment and rotation fields as a function of ¢, except for the local case A = 0T
(see Figs.3.11-3.12). Double derivation of Eq.(3.51) leads to the limiting bend-
ing curvature that inserted into the integral convolution in Eq.(3.24), for a« =0,
provides a bending moment field which is not compatible with differential and
boundary equilibrium requirements.
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Figure 3.11: Cantilever under concentrated force at free end: displacement v;
versus & for A € {07,0.1,0.2,0.3,0.4,0.5}.

Indeed, since the redundancy degree is zero, the equilibrated bending mo-
ment is the linear field univocally determined by equilibrium conditions. In-
stead, as clearly shown by parametric plots in Fig.3.13, the limiting nonlocal
elastic bending curvature y; provides a bending moment which is not equili-
brated since it is not linear and does not vanish at free end of the cantilever,
except for the asymptotic local bending interaction field which is equilibrated
for £ €]0,1]. A further derivation leads to the shear force field which is not
equal to the value of the applied force (see Fig.3.14) and hence, it is not uniform
(except for A = 0T with & €]0,1[), i.e.: the emerging distributed loading is
not vanishing.

Simply supported beam under uniformly distributed loading. Computing the
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Figure 3.12: Cantilever under concentrated force at free end: rotation ¢; versus
¢ for A€ {0%,0.1,0.2,0.3,0.4,0.5} .
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Figure 3.13: Cantilever under concentrated force at free end: bending moment
M; versus ¢ for A € {07,0.1,0.2,0.3,0.4,0.5} .

limit as «@ — 0 of Eq.(3.44), we get the following limiting displacement

q <x4 La® c22? L3z

et 2
1 g o g (12 +1)>. (3.52)

Parametric plots of displacement and rotation fields as functions of A are

63



Strain-driven two-phase elasticity Variational nonlocal elasticity

0.0 0.2 0.4 0.6 0.8 1.0

£

Figure 3.14: Cantilever under concentrated force at free end: shear force T;
versus ¢ for A € {07,0.1,0.2,0.3,0.4,0.5} .

shown in Figs.3.15-3.16. Double derivation of Eq.(3.52) leads to the limit-
ing nonlocal bending curvature that inserted into the integral convolution in
Eq.(3.24) (for a = 0) provides the static fields shown in Figs.3.17-3.18. The
bending moment field is clearly incompatible with natural boundary conditions
and the shear force field is not linear, i.e.: the emerging distributed loading
is not uniform (see Fig.3.19). Hence, the interaction fields for A > 0 are not
compatible with differential and boundary equilibrium requirements.

Doubly clamped beam under uniformly distributed loading. The limiting dis-
placement field as « — 0 of Eq.(5.5) is given by

v ()

"l 2t 12(2) + 1) UETTEIey

q <x4 Lz® P22 c(1222+6A+1) L%z L2272
(3.53)

The displacement field in Eq.(3.53) is in contrast with essential boundary
conditions prescribed by constraints. These kinematic inconsistencies are clearly
shown in parametric plots of displacement and rotation fields (see Figs.3.20-
3.21). Double derivation of Eq.(3.51) leads to the limiting nonlocal elastic cur-
vature that is used to compute the integral convolution in Eq.(3.24), for o =0,
to get the bending interaction field depicted in Fig.3.22. A further derivation
leads to shear force field which is not linear (see Fig.3.23) and the emerging dis-
tributed loading is not uniform and not equal to the applied one (see Fig.3.24).
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Figure 3.15: Simply supported beam under uniformly distributed loading: dis-
placement ©0; versus £ for A € {0%,0.1,0.2,0.3,0.4,0.5} .
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Figure 3.16: Simply supported beam under uniformly distributed loading: ro-
tation ¢ versus £ for A € {0%,0.1,0.2,0.3,0.4,0.5} .

Hence, limiting solutions of the elastostatic problem do not satisfy kinematic
compatibility and equilibrium requirements, except for the asymptotic local dis-
placement and rotation fields V¢ € [0,1] and for the asymptotic local bending
and shearing interaction fields for £ €]0,1].

Thus, it has been proven that the asymptotic solution fields of Eringen’s two-
phase structural problems are in contrast with kinematic boundary conditions

65



Strain-driven two-phase elasticity Variational nonlocal elasticity

0.00
—-0.05

| - —0.10

-0.15

-0.20

0.0 0.2 0.4 0.6 0.8 1.0

Figure 3.17: Simply supported beam under uniformly distributed loading: bend-
ing moment M, versus & for A € {0%,0.1,0.2,0.3,0.4,0.5} .
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Figure 3.18: Simply supported beam under uniformly distributed loading: shear
force T; versus & for A € {07,0.1,0.2,0.3,0.4,0.5} .

and equilibrium requirements for any value of A\. Accordingly, these limiting
responses cannot be used as solutions of ill-posed purely nonlocal strain-driven
structural problems.
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Figure 3.19: Simply supported beam under uniformly distributed loading;:
emerging loading ¢ versus £ for A € {0%,0.1,0.2,0.3,0.4,0.5} .
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Figure 3.20: Doubly clamped beam under uniformly distributed loading: dis-
placement ©; versus ¢ for A € {0%,0.1,0.2,0.3,0.4,0.5} .

3.5 Stress-driven two-phase elasticity

All issues discussed in Section 3.4 concerning the strain-driven two-phase elastic-
ity can be completely overcome if a mixture local /nonlocal stress-driven theory is
formulated. This two-phase model represents an extension of the purely nonlocal
stress-driven elasticity and provides well-posed nonlocal continuum problems for

67



Stress-driven two-phase elasticity Variational nonlocal elasticity

0.10

0.05

IS. 0.00

-0.05

~0.10 —

—0.15L, ]

Figure 3.21: Doubly clamped beam under uniformly distributed loading: rota-
tion ¢; versus & for A € {07,0.1,0.2,0.3,0.4,0.5} .
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Figure 3.22: Doubly clamped beam under uniformly distributed loading: bend-
ing moment M; versus £ for A € {07,0.1,0.2,0.3,0.4,0.5} .

any mixture parameter. According to the stress-driven two-phase elasticity [65]
with reference to a Bernoulli-Euler beam, the elastic curvature x¢ is the con-
vex combination, by means of the mixture parameter «, of the source field
s = k;l M and of the convolution between the source s and the averaging
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Figure 3.23: Doubly clamped beam under uniformly distributed loading: shear
force T versus € for A € {0%,0.1,0.2,0.3,0.4,0.5} .
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Figure 3.24: Doubly clamped beam under uniformly distributed loading: emerg-
ing loading ¢ versus ¢ for A € {07,0.1,0.2,0.3,0.4,0.5} .

kernel ¢, , that is
L
X (x) = a (k' M)(z) + (1 - a) /O oa(z — &) (ky ' M)(€) de, (3.54)
where 0 < a <1 and A > 0 is the nonlocal parameter.
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Purely nonlocal stress-driven elasticity is recovered for a vanishing mixture
L
parameter, that is x(z) = / oa(z = &) (k;lM)(f) d¢. While by setting
0

a =1 the purely local elastic law y¢ = k:;l M is recovered.

Thanks to the choice of the special kernel ¢, as averaging function of the
integral convolution in Eq.(3.54), the equivalent differential formulation can be
derived, as expressed by the following mixture equivalence.

Proposition 3.5.1 The convex combination in (3.54), for 0 < o < 1 and
A >0, is equivalent to the differential equation

(k; " M)(x)

el
X \x e
W) =

; —adi(k;t M)(x) (3.55)

equipped with constitutive boundary conditions

(kﬁM)(O)) |

C

(k7" i)}

0,1 (0) = 1 '(0) = (2,007 4)(0) -
(3.56)

0 (D) + 1) = a (Buli7 M)+

Unlike the two-phase strain-driven elasticity, mixture stress-driven formula-
tion is well-posed for any mixture parameter « .

Moreover, being described by two parameters, the mixture elastic law has
been proven to be able to simulate both softening and stiffening structural
behaviors and thus is advantageously apply to model and design size-dependent
nonlocal behaviours of a wide class of small-scale technological devices.

In the following, elastostatic problems of slender beams based on the purely
stress-driven model illustrated in 3.3.1 are now solved adopting the mixture
stress-driven elasticity. A parametric study is performed to analyse structural
responses as function of nonlocal and mixture parameters.

Denoting by v, the corresponding local solution, non-dimensional max-
imum displacement Upaz = Umaz/Vioe 18 depicted in Fig.3.25 for a simply
supported beam under uniformly distributed loading. For a fixed nonlocal pa-
rameter, a softening behavior can be observed for increasing mixture parameter.
On the contrary, for a fixed mixture parameter, the response stiffens for increas-
ing nonlocal parameter. Similar trends can be observed for structural responses
in Figs.3.26-3.27.
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1.0

Vmax

Figure 3.25: Simply supported beam under uniformly distributed loading: non-
dimensional maximum displacement v,,,, versus nonlocal parameter A and
mixture parameter «.

1.0

Figure 3.26: Cantilever under concentrated force: non-dimensional maximum
displacement ,,4; versus nonlocal parameter A and mixture parameter «.

3.5.1 Structural problems

Potentialities of the stress-driven two-phase elasticity theory are here investi-
gated with reference to an applicative case-study. For the sake of generality, a

71



Stress-driven two-phase elasticity Variational nonlocal elasticity

1.0

Figure 3.27: Doubly clamped beam under uniformly distributed loading: non-
dimensional maximum displacement ¥,,,, versus nonlocal parameter A and
mixture parameter «.

curved Timoshenko beam is considered so that the elastostatic problems that
will be discussed in Sections 5 and 6 can be derived as particular cases.

Let us consider a Timoshenko curved beam of length L whose axis is a
regular planar curve I' parameterized by the curvilinear abscissa s € [0, L].
A coordinate-free intrinsic formulation is adopted introducing the tangent unit
vectors field, defined as follows

t:=0,T. (3.57)

By applying the orthogonal linear transformation R (performing the rota-
tion by 7/2 counterclockwise in the plane) the transversal unit vectors field
is obtained as t; := Rt. Finally, we define the uniform unit vectors field
k :=t x t, . According to Timoshenko theory of thick beams, cross-sections
are hinged to the beam axis. Thus, kinematics is described by the following
independent parameters: the velocity v : [0, L] — V of the beam axis and the
angular velocity of cross-sections ¢ : [0, L] — R, being V the linear space of
translations.

The tangent deformation field kinematically compatible with {v, w} is de-
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fined as
€ Osv - t
Y| =|0sv -t — ¢ (3.58)
X Dsp

where {e,v,x} : [0,L] — R are the axial strain, shear strain and flexural
curvature scalar fields, respectively. By duality with the tangent deformation
field, the stress in a Timoshenko beam is composed of axial force, shear force
and bending moment scalar fields, that is {N, T, M} : [0, L] — R, satisfying the
following differential equations of equilibrium, that is

OsN—Tt, -0st=—-p-t,
OsT—Nt-0st, =—p-ty, (3.59)
T+0M=—m,

equipped with boundary conditions at OT

—(Nt+Tt,)(0)-6v(0) = Fy - 6v(0),
(Nt+Tt,)(L)-0v(L)=F-ov(L),
(3.60)
—M(0) dw(0) = Mg 6w(0),
M(L) éw(L) = My, dw(L),

where {0v, dw} represent any virtual translation velocity and angular velocity
fulfilling homogeneous kinematic boundary conditions. The external force sys-
tem in Eqs.(3.59)-(3.60) is composed of a distributed vector loading p : [0, L] —
V', distributed bending couples m : [0, L] — R, boundary concentrated forces
Fo €V and Fy € V and boundary concentrated bending couples My € & and
My € R. It is worth noting that in the framework of linearised Timoshenko
beam theory, {v,p} will denote displacement and rotation fields, respectively.

Now let us denote by E and G, the Euler-Young and shear moduli, respec-
tively, by A the cross-sectional area and by J,. the moment of inertia along the
bending axis n identified by transversal unit vector t, , that is:

L:/Q——L—fm, 3.61
o T—n(m t.) (3.61)

where r is the curvature radius and the vector n is related to t; by the relation
n = (t; -n)t, provided in [80]. Local elastic constitutive equations of curved

73



Stress-driven two-phase elasticity Variational nonlocal elasticity

planar beams are expressed as follows

6 = g [V 4 | )
i'(5) = o (5)+ () [N + MMM] (), (362)
16 = | g | )

where vanishing distributed bending couples have been assumed. In Eq. (3.62)3,
K, is the shear stiffness for curved beams defined as follows

2 A* 2
Kl.= / dEE— {S R — 'Y (3.63)
Q [r-n(ntl)] b2 J,,. (ntL)TA
where S, is the static moment of A*, that is
rn
S ::/ ———dA*. 3.64
o r—n(n-to) (3.64)

In order to apply the local/nonlocal stress-driven theory of elasticity, let us
introduce the vectors i and f respectively collecting source and output fields,
e i={ef, x& v7}; £= {e, x, v°'}. Then, the stress-driven mixture law of
elasticity as formulated in Section 3.5 is expressed as follows

L
£(s) = ai(s) + (1 - a) / ox(s — €)(€) de. (3.65)

By extending to Timoshenko curved beams the Mizture equivalence provided
in Section 3.5 the integral convolutions in Eq. (3.65) is equivalent to the following
differential equation

f(s 2 i(s 2
% — 02f(s) = % — a d5i(s) (3.66)

equipped with the constitutive boundary conditions
1 i(0
(3.67)
L
0.1 + ﬁ
c

O.H(L) =~ H(L) + a ( (L)

).
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Nonlocal elastic equilibrium problems based on the formulation illustrated
above are solved for thick silicon carbide nanobeams. A Cartesian coordinate
system (z, y) is also introduced. Euler-Young modulus and Poisson ratio are
E = 427 [GPa] and v = 0.2. The beam axis is assumed to be a circle arc of
radius r = 10 [nm] so that the beam length is L = r /2. Base and height of
the rectangular cross-section are b =5 [nm| and h = 2L/3.

Tables 3.1-3.3 collect numerical results of transverse displacements v;, :=
v -t , axial displacements v; := v - t and bending rotations ¢ of the following
case-studies: cantilever beam under point-force F' = 10 [nN] at free end; slider
and roller supported beam under uniformly distributed loading ¢ = 2 [nN/nm)|
(along x-direction) and directed upwards; clamped and roller supported beam
under uniformly distributed loading ¢ = 5[nN/nm| (along z-direction) and
directed upwards.

A vy (L) [10~2nm) ve(L) [10~2nm) (L) [107%] vt (L) [10~2nm)
a=03 a=06|a=03 a=06|a=03 a=06|a=03 a=06
0.1 4.131 4.289 -2.633 -2.732 3.808 3.916 4.899 5.085
0.2 3.744 4.068 -2.406 -2.602 3.528 3.756 4.450 4.829
0.3 3.414 3.879 -2.209 -2.490 3.264 3.605 4.066 4.609
0.4 | 3.149 3.728 -2.048 -2.398 3.037 3.475 3.756 4.432
0.5 | 2.939 3.608 -1.916 -2.323 2.847 3.367 3.509 4.291
0.6 | 2.770 3.511 -1.809 -2.261 2.690 3.277 3.308 4.176
0.7 2.632 3.432 -1.721 -2.211 2.558 3.202 3.145 4.083
0.8 | 2.518 3.367 -1.647 -2.169 2.447 3.138 3.008 4.005
0.9 2.422 3.312 -1.584 -2.133 2.352 3.084 2.894 3.939

Table 3.1: Cantilever thick nanobeam: numerical outcomes.

It is important to remark that for statically indeterminate beams, static
interaction fields are function of the scale parameters governing the two-phase
elasticity model. Thus, for the third case-study (i.e. clamped and roller sup-
ported beam), static fields of axial force RNt = Nt , shear force Tt; and
bending moment RMk = —Mt, , parameterized in terms of the arch length s,
are graphically represented in Figs.3.28-3.30 for a fixed pair {\, a}.

From the collected results, it is apparent that stiffening or softening struc-
tural responses can be obtained for increasing nonlocal parameter A or mixture
parameter «, respectively.

Thus, the new methodology recently provided in [66] and here briefly dis-
cussed, extending the stress-driven mixture formulation to curved thick beams
can be efficiently applied for design and optimization of a wide class of new-
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A v (0) [1072nm)] vy (L) [10~2nm] (L) [1073) vket (0) [10~2nm]
a=03 a=06|a=03 a=06|a=03 a=06|a=03 a=06
0.1 3.665 3.809 -3.527 -3.652 -3.945 -4.073 3.665 3.809
0.2 3.321 3.613 -3.196 -3.463 -3.652 -3.905 3.321 3.613
0.3 | 3.030 3.447 -2.911 -3.300 -3.383 -3.751 3.030 3.447
0.4 | 2.798 3.314 -2.683 -3.170 -3.152 -3.619 2.798 3.314
0.5 2.613 3.208 -2.502 -3.067 -2.959 -3.509 2.613 3.208
0.6 2.464 3.123 -2.357 -2.984 -2.797 -3.417 2.464 3.123
0.7 2.342 3.054 -2.239 -2.916 -2.662 -3.339 2.342 3.054
0.8 2.241 2.996 -2.141 -2.860 -2.547 -3.274 2.241 2.996
0.9 2.156 2.947 -2.058 -2.813 -2.450 -3.218 2.156 2.947

Table 3.2: Slider and roller supported thick nanobeam: numerical outcomes.

A vi(L)[1072nm] ¢(L) [1073] vkt (s*) [1072nm] vl (s*) [10~2nm]
a=03 a=06|a=03 a=0.6 a=0.3 a=0.6
0.1 | -1.036 -1.135 -1.658 -1.751 1.136 s* =5.892 | 1.241 s* =5.738
0.2 | -0.815 -1.010 -1.474 -1.648 | 0921 s* =6.041 | 1.117 s* = 5.788
0.3 | -0.667 -0.926 -1.330 -1.568 | 0.787 s* =6.063 | 1.041 s* =5.774
0.4 | -0.574 -0.874 -1.221 -1.506 | 0.703 s* =6.042 | 0.993 s* = 5.750
0.5 | -0.515 -0.840 -1.137 -1.458 | 0.648 s* =6.009 | 0.962 s* = 5.727
0.6 | -0.477 -0.818 -1.072 -1.421 | 0.609 s* =5.974 | 0.940 s* = 5.707
0.7 | -0.450 -0.802 -1.020 -1.391 | 0.580 s* =5.940 | 0.923 s* =5.691
0.8 | -0.431 -0.791 -0.977 -1.366 | 0.559 s* =5.910 | 0.911 s* = 5.678
0.9 | -0.418 -0.784 -0.942 -1.346 | 0.542 s* =5.884 | 0.902 s* = 5.667

Table 3.3: Clamped and roller supported thick nanobeam: numerical outcomes.

generation smart devices based on curved nanobeams. Further details about
the adopted solutions procedure, investigated case-studies and obtained results
can be found in [66].
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Figure 3.28: Clamped and roller supported beam: plot of the vector field RNt =
Nt [5nN] in the Cartesian plane z[nm], y[nm] for A = 0.5 and o = 0.3.

Figure 3.29: Clamped and roller supported beam: plot of the vector field
RMk = —Mt, [20nN nm] in the Cartesian plane z[nm], y[nm] for A = 0.5
and o = 0.3.
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Figure 3.30: Clamped and roller supported beam: plot of the vector field Tt |
[10nN] in the Cartesian plane xz[nm], y[nm] for A = 0.5 and o = 0.3.
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Chapter 4

Case-study: a
nanocomposite actuator

4.1 Introduction

Small-scale electromechanical devices, such as switches, actuators and storage
systems, are based on structural components designed to undergo large dis-
placements in order to absolve their function. Thus, geometrically nonlinear
analyses must be performed for modeling and optimization of micro- and nano-
electromechanical systems. Moreover, smart and advanced small-scale devices
are nowadays involving the use of nanofillers to enhance mechanical properties.

In light of this growing interest, nonlocal theories of elasticity illustrated in
Chapter 2 are here exploited to assess effective elastic properties of nanofillers
and to capture the size-dependent mechanical behavior of a CNTs reinforced mi-
crocantilever conceived as a basic component of a nanocomposite actuator [81].
During the working mechanism, the microbeam undergoes large displacements
and thus an iterative solution procedure is conceived and put into operation to
perform geometrically nonlinear analyses.

Here is the outline. In Section 4.2, a novel approach is proposed for the as-
sessment of the effective Euler-Young modulus of nanofillers. Then, the rule of
mixtures is applied to evaluate homogenized elastic properties of nanocompos-
ites. In Section 4.3, the stress-driven nonlocal elasticity is exploited to model the
size-dependent mechanical behavior of a nanocomposite inflected microbeam.
Section 4.4 is devoted to the formulation of the elastostatic problem of a beam
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undergoing large displacements. An iterative procedure is then conceived and
put into operation with reference to a CNTs reinforced microcantilever. In
Section 4.5, geometrically nonlinear parametric analyses are performed and nu-
merical results are commented upon. Convergence of the adopted algorithm is
finally discussed.

4.2 Elastic properties of nanofillers

Small-scale phenomena that significantly affect elastic properties of nanofillers
can be conveniently modeled by adopting a continuum mechanics based ap-
proach. In particular, the two-phase local/nonlocal strain driven theory of elas-
ticity is here applied in order to capture size effects on Euler-Young modulus of
carbon nanotubes.

On this purpose, the CNT can be regarded as a nonlocal elastic rod of
length L., and thus, according to the mixture model, the axial interaction
field N is expressed as the output of a convex combination of the local response
s := K, and the convolution between the local response field s and the scalar
attenuation kernel ¢._,, that is

N(@) = a Koel(2) + (1 - a) / el — € Kue(©) de, (A1)

where N and ¢® denote the axial interaction and the elastic axial strain fields,
respectively, and K, := FE A denotes the elastic axial stiffness of the rod, being
E the local Euler-Young modulus and A the cross-sectional area. In Eq.(4.1),
a € [0,1] is the mixture parameter and ¢.,, is a scalar averaging kernel de-
scribed by a nonlocal characteristic length c.,; > 0, as introduced in Section
3.4. The averaging kernel is assumed to be the Helmholtz’s function as adopted
in [36], i.e.:

1
Peon () = o7 - exp (— il ) : (4.2)

Cent

Thanks to the choice of the special kernel, the following equivalent constitutive
problem can be formulated (see Section 3.4), made of the differential equation

% — 9?N(z) = K, <EZ;(CE) -« 8§5€l(x)> , (4.3)
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equipped with the constitutive boundary conditions

2, N(0) — Cl N(0) = Kqa (axgel(o) - Ej(o)) ,
cnt cnt (44)
1

aa:N(Lcnt) +

cnt

el
N(Lem) = Kac (@ceel(Lcm) " E(L>> |

Cent

By solving the differential problem Egs.(4.3)-(4.4) we get the constitutive
relation

e(z) = (4.5)

where

Lent 2

E(x)_l = CCT:\/E ((—e ContVE — eccmﬂz/a)(—]_ + a) + eccnf\/a (—\/a + a)

(4.6)

Lepttz

VR (Va4 ) /B(—1+ = (14 Va) + Va)Va.

Thus, the nonlocal elastic constitutive relation can be formulated as done
in Eq.(4.5) leading to an axial elastic heterogeneity FE(z) affecting the rod.
Therefore, Homogenization theory can be exploited to evaluate the effective
Euler-Young modulus of carbon nanotubes FE.,; according to the boundary
schemes of Uniform Tractions (UT) and Uniform Displacements (UD) [82].

Uniform tractions boundary condition (UT). Traction forces N are applied
at the rod boundary as shown in Fig.4.1. The average of the elastic axial strain

ur

Figure 4.1: Uniform tractions (UT) boundary condition scheme.

in the domain [0, L.,;] is defined as follows

fOL””' el (x) dx

<e>=
Lcm‘,
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Then, let us introduce Eq.(4.5) in Eq.(4.7) to obtain the effective elastic
compliance (A Ecmt)_1 as the ratio between the averages of elastic axial strain
< e > and axial force N, that is

Lent
<e> 1h"Emd 1
N A Lcnt AEcnt '

(4.8)
Finally, from Eq.(4.8) the effective elastic modulus E.,; can be got as follows

Lent
E Lent(—=1 4+ ecenv® (1 + /) + /@)

Ll‘.?’lu LC”l .
Lent(—1 + e7antva (1 + /@) + /@) — 2(=1 + e7eniva )coms(—1 + @)
(4.9)
It is worth noting that, as shown by Eq.(4.8), the effective elastic axial

Ecnt =

compliance is the average of the elastic compliance field (E(:E)A)f1 in the
domain [0, Lnt . Moreover, it can be observed from Eq.(4.9) that the effective
Euler-Young modulus FE.,; is function of the length L.,; and of the local
Euler-Young modulus E of the carbon nanotube. Characteristic length c,:
and mixture parameter « in Eq.(4.9) have to be properly tuned to reproduce
results provided by molecular dynamics simulation.

Uniform displacements boundary condition (UD). An axial displacement
u(L) = €gL¢n is prescribed to the rod end as shown in Fig.4.2. Since there are

UD
K €0Lient

NI

Lcnta E(Z')

L

=y

Figure 4.2: Uniform displacements (U D) boundary condition scheme.

not inelastic axial strains, the average of the elastic axial strain in the domain
[0, L.ns] writes as shown below

Lcnt /
u'(x) dx
ces= M@l (4.10)
Lcnt

Then, kinematic compatibility is expressed by the condition that the external
virtual power is equal to the internal virtual power for a unit self-equilibrated
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virtual axial interaction field, that is:

Lent N
1- dr=1:¢coLeps - 4.11
L etk ey

Finally, from Egs.(4.11) and (4.10) we get

N A Lcnt

<e> /Lmt L
— axr
0 E(x)

showing that the effective elastic axial stiffness A E.,; in Eq.(4.12) is exactly
the reverse of the effective elastic axial compliance in Eq.(4.8).

= AE.p (4.12)

Homogenized Euler-Young modulus of nanocomposites

In this section, the homogenized Euler-Young modulus of a carbon nanotube
reinforced matrix is provided. The rule of mixtures is applied, according to
which the effective elastic modulus of nanocomposite is convex combination of
Euler-Young moduli of carbon nanotubes E.,; (Eq.(4.9)) and matrix E,,q¢, id
est

Eh - Ecnthnt + Emat(l - Vcnt) 5 (413)

where V,,; is the volume fraction of CNTs and 1 — V,,; is the volume fraction
Vinat of the matrix.

Expression of V.,; depends on the distribution pattern of CNTs in the
matrix. Denoting by ¢ the principal axis of geometric inertia originating at
geometric centre O of cross-section, the following distribution patterns are in-
vestigated

Vent = V* U-D
{ ont (4.14)

Vs = AV*|7]/ho X-D
corresponding to Uniform Distribution (U-D) and X-shaped Distribution (X-

D). In Eq.(4.14), ho denotes thickness of the distribution layer and V* is
expressed as shown below

Ment
T = m + Pent . Pent m ? (4.15)
ent Pmat Pmat cnt

where pcn: and png: are the carbon nanotube and the matrix densities, re-
spectively, and m.,; is the CNTs mass fraction (see [83-85]).
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Then, the effective elastic bending stiffness is given by the second moment
of Euler-Young modulus (4.13) on the beam cross-section, that is

K;:= /QEh(y) y*dA, (4.16)

where 2 is the two-dimensional domain modeling cross-section. In Eq.(4.16),
the coordinate y is defined as y := § — o, where g¢ is the y-coordinate of
the elastic centre C' of the Euler-Young moduli distribution, that is

/ n(y )ydA
(4.17)

o

4.3 Stress-driven nonlocal viscoelasticity

Let us consider a nanocomposite small-scale beam of length L. A linearised
theory is preliminary recalled in this section before formulating geometrically
nonlinear problems.

A general nonlocal law of viscoelasticity is derived in the sequel since ma-
trices adopted in composite materials are usually of polymeric type. Notably,
for inflected beams, according to nonlocal viscoelasticity theory based on the
stress-driven formulation, the nonlocal viscoelastic flexural curvature x¢ is ex-
pressed as the output field of the convolution integral between the special kernel
described by a nonlocal characteristic length ¢, that is

Bulz) = = exp ( '“) , (4.18)

2c c

and the local viscoelastic curvature, i.e.:

X7z, t) = /0 J(t —71) 0 M(z,T)dr (4.19)

where J(t) is the creep compliance and ¢ the time variable. Thus, the stress-
driven nonlocal viscoelastic curvature writes as follows

L
v, 1) = / bolz — &) XJ°(E.8) dE (4.20)
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Extending the equivalence property illustrated in Section 3.3, the integral law
(4.20) is equivalent to the second order differential equation

1 1
C—zxve(x, t) — 8ixve(x,t) = C—Qx}’e(x,t), (4.21)

equipped with the constitutive boundary conditions

1
9xx"¢(0,t) = - x"¢(0,t),
(4.22)

1
0z x"¢(L,t) = = X"(L,t) .

In the next sections, a preliminary study will be performed in the framework of
geometrically nonlinear continuum mechanics assuming a stress-driven nonlocal
purely elastic constitutive law.

4.4 Geometrically nonlinear analysis

Let us consider a nonlocal elastic cantilever inflected by a concentrated force F
at free end (see Fig.4.3). This simple structural scheme represents a common
basic element of miniaturized electromechanical systems like actuators, switches
and storage devices. In the undeformed configuration the beam axis is assumed
to be a straight line as depicted in Fig.4.3, that is, the initial geometric flexural
curvature is zero.

Let us introduce the curvilinear abscissa s € [0, L] and the position vector
r of a generic point belonging to the curve. Then, the unknown deformed
configuration of the beam axis is a curve of the bending plane that can be
parameterized as follows

(4.23)

y(@)
It is worth noting that the unit tangent vector field is defined as t := J,r
and |0st| provides the exact (not linearised) geometric flexural curvature of the
beam axis, i.e.:
O3y ()

i o) T

Assuming a purely elastic behavior, the geometric flexural curvature is equal
to the elastic one. Then, according to the stress-driven nonlocal model, the

x(z) =

(4.24)
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Figure 4.3: Cantilever beam undergoing large displacements.

flexural curvature y is expressed by

@ = | bl © (j‘é)(s) . (1.25)

where [ is the projective length on the x-axis. Moreover, the equilibrated
bending interaction field M in Eq.(4.25) is expressed as
M(z)=F(I—=x). (4.26)

z

V1t22'

By integrating Eq.(4.24) with the positions z := J,y and G :=

we get the following equation

Gla) = / (). (4.27)

where the boundary condition z(0) = 0 has been prescribed. Then, by noting

that G := 0,y and |t| = (85x)2 + G? =1, the following differential equation
is got
1

V1-G2(z)’

equipped with the boundary condition s(0) = 0. The unknown length [ is ob-
tained prescribing that the relation s(I) = L is satisfied. Finally, the deformed

0z8(x) = (4.28)
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configuration y(z) of the beam axis is got from the differential equation
G(z)
equipped with the boundary condition y(0) = 0. An effective iterative proce-

dure is conceived to solve the nonlinear elastostatic problem here formulated.
Steps of the solution procedure are explained in the next Section.

uy(z) = (4.29)

. ° °
900+ .
[
z 890} ]
&3] o Cent = 0.089 [nm], @ = 0.15
® Molecular Dynamics
8801 |
870t . . . . 5
0 10 20 30 40 50

LC]‘It

Figure 4.4: CNT effective Euler-Young modulus E.:[GPa] (Eq.(4.9)) versus
carbon nanotube length L, [nm], compared to Molecular Dynamics results.

4.5 Numerical results

The geometrically nonlinear flexural behavior of a carbon nanotubes reinforced
microcantilever is numerically analyzed. The nanofillers are assumed to be
(10, 10) armchair single-walled CNTs with effective diameter d = 1.356 [nm],
thickness ¢ = 0.34 [nm] and local Euler-Young modulus E = 909.5 [GPa] (see
[86,87]). Uniform and X-shaped distribution patterns of CNTs in a polymer
matrix of Euler-Young modulus E,,.; = 2.5[GPal are considered.

Characteristic length c¢.,; and mixture parameter « in Eq.(4.9) have been
properly tuned as shown in Fig.4.4 in order to reproduce results of molecular
dynamics simulations [87].

The length of CNTs is assumed to be Lg; = 10[nm], and thus, from
Eq.(4.9) we get E.n: = 899.7[GPa]. Carbon nanotubes and matrix densities
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[ Set 1 € [0,L] in }
L M(z) = F( — x)

s ; v )
@D x= [ 6ulo® (ff)(s) e
G(z) = /0 x(n)dn
s 1 N
Ozs(x) = —c2 ()

is
no L_Ts(l) < tol?

Solve:

Figure 4.5: Flow chart of the iterative solution procedure.
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are pene = 1400 [kg/m3] and ppa: = 1190 [kg/m?], respectively. Geometric
parameters of the microbeam are: length L = 100 [wm], height h = 5[um] and
base b= 3.5[um].

The iterative solution procedure explained in Fig.4.5 is put into operation
using the Mathematica software, fixing a suitable tolerance tol as discussed in
subsection 4.5.1. Effects of scale parameter, CNTs mass fraction and distribu-
tion pattern on structural responses are investigated performing a parametric
study. The deformed configuration y(z) is got for increasing values of the
applied force F and for different CNTs mass fractions m.,; and nonlocal pa-
rameters A := ¢/L, in the case of a CNTs uniform distribution pattern (see
Figs.4.6-4.7) and of a X-shaped distribution pattern (see Figs.4.8-4.9).

Structural responses for increasing nonlocal parameter show an agreement
with the ”smaller-is-stiffer” phenomenon evidenced by [74]. Moreover, a stiffen-
ing behavior is shown for increasing CNTs mass fraction since increasing mep;
increases the volume fraction V,; which is the coefficient of the Euler-Young
modulus E.,: in the convex combination in Eq. (4.13). Finally, a comparison
shows that the X-shaped distribution pattern of CNTs leads to a stiffer response
with respect to the uniform one.

70

Figure 4.6: CNTs uniform distribution pattern: deformed configuration y [pm)
versus z [um] for A = {0.05,0.10,0.15,0.20} and F = 1000 [pN].
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100

Figure 4.7: CNTs uniform distribution pattern: deformed configuration y [um)]
versus x [um] for A = {0.05,0.10,0.15,0.20} and F = 2000 [pN].

Y

70}
60|
50 |
40f

30

Figure 4.8: CNTs X-shaped distribution pattern: deformed configuration
y [wm] versus x [um] for A = {0.05,0.10,0.15,0.20} and F = 1000 [uN].

4.5.1 Convergence of the algorithm

Results obtained exploiting the iterative procedure illustrated by the flow chart
(Fig.4.5) are here analysed to show convergence of the algorithm. To this pur-
pose, numerical solutions are evaluated for the nanocomposite cantilever of Sec-
tion 4.5 under a concentrated force F' = 2000 [xN] assuming a uniform distri-
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100

Figure 4.9: CNTs X-shaped distribution pattern: deformed configuration
y[pm] versus x [pm] for A = {0.05,0.10,0.15,0.20} and F = 2000 [uN].

bution pattern of carbon nanotubes and a mass fraction mc,: = {0.1,0.2,0.3},
with a nonlocal parameter A = 0.2. Table 6.2 shows numerical results obtained
for decreasing value of tolerance tol.

Notably, symbol U, represents modulus of displacement vector at free end,

ie. up:= \/ 1)2 being [ the projective length on the z-axis and
= 100 um the beam length Trial length at i-th iteration is got as I; = ;1 +
Al, being Al the analysis step. The iteration number in Tab.6.2 is denoted

by n while relative error is defined as e, := L—is(l)

in Tab.6.2 are referred to first trial lengths Iy = {60, 70,80} [wm] respectively
for men: = {0.1,0.2,0.3} . For decreasing values of tolerance, results | and wur,
of the nth iteration converge to [ = {63.627,79.721,87.744} [um] and up =
{76.148,56.674,44.006} [um] , got by setting tol = E-06, respectively for m.,; =
{0.1,0.2,0.3}.

It is worth noting that the iteration number increases for decreasing pre-
scribed tol since a smaller step Al is required, starting from the same first
trial length [y . Tab.6.1 shows decreasing relative error percentages e, for trial
lengths [; at iteration i = {1,...,5}, showing convergence of the algorithm.

< tol . Moreover, results
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Table 4.1: Numerical results for F = 2000 [uN] with nonlocal parameter A =
0.2 and a uniform distribution pattern of carbon nanotubes.

Ment = 0.1
tol Alfpm] n Upm] s(l)[pm] e [=]  ug[pm]
E-01 1 4 6300 928058 7.19E-02 69.784
E-02 0.1 36 63.60 99.6203 3.80E-03  75.306
E-03 0.02 181 63.62 99.9049 951E-04 76.062

Ment = 0.2
tol Alfpm] —n Upm]  s(l) [pm] e [=]  ug[pm]
E-01 1 8 77.00 91.8015 9.49E-02 49.533
E-02 0.5 20 79.50 99.2443 7.56E-03  55.972
E-03 0.1 97  79.70 99.9286 7.14E-04  56.608
E-04 0.05 216 79.72 99.9979 2.10E-05 56.672

Ment = 0.3
tol Alfpm] —n Upm] s(l)[pm] e [-]  ug [pm]
E-01 1 4 8300 912071 9.46E-02 37.419
E-02 0.5 16 87.50 99.5024 9.01E-03  43.576
E-03 0.1 77 8770 99.9094 9.06E-04 43.927
E-04 0.05 172 87.74 99.9913 8.70E-05  43.998

Table 4.2: Relative error percentages e, [%)] for trial lengths [; [um] at itera-
tion ¢ = {1,...,5}.
Ment = 0.1
l; 25.00 45.00 60.00 63.60 63.63
74.96 53.24 24.16 3.80E-01 5.25E-05

€rq
mCm:0.2
l; 45.00 65.00 75.00 79.70 79.72

54.59 30.75 13.09 7.14E-02 1.71E-05

€ro,
mmt:O.3
l; 50.00 70.00 80.00 87.70 87.74
er 49.66 27.31 13.62 9.06E-02 8.92E-05

%
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Chapter 5

Nonlocal elasticity for
structural assemblages

5.1 Main contents

In the present chapter, stress-driven elastostatic problems of slender nonlocal
elastic beams are analysed in the case of piecewise smooth local elastic curva-
ture fields. Thus, a new stress-driven methodology is proposed to investigate
size-dependent behaviors of nonlocal elastic beams involving discontinuous and
concentrated loadings, internal kinematic constraints, non-smooth elastic and
geometric properties. In particular, we focus on source fields of stress-driven
integral convolutions that are piecewise smooth functions and it will be proven
that convolution outputs are continuously differentiable nonlocal elastic curva-
tures, a property that plays a fundamental role in reversing the integral law of
elasticity.

Indeed as shown in the following, if Helmholtz’s special kernel is adopted as
averaging function, the stress-driven integral convolution with piecewise smooth
source fields can be inverted by providing an equivalent differential formulation.
It is shown that the differential constitutive law is made of a differential system
of constitutive equations equipped with constitutive conditions at the exterior
points of the domain and interface conditions at the interior discontinuity points.

Size effects in the elastic behavior can be thus taken into account in con-
stitutive equations also in case of non-smooth source fields by means of a new
stress-driven methodology [59] that will be discussed in detail. Moreover, other
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size-dependent behaviors associated with non-elastic phenomena (i.e. thermal,
plastic, electro-magnetic) on small-scale structures will be also investigated.

5.2 Nonlocal elastostatics

Let us consider a planar and straight Bernoulli-Euler beam. Adopting the usual
notation, x is the axial abscissa while the flexural axis is denoted by y.

The slender beam is bent by distributed and concentrated loadings and,
for the sake of simplicity, the assemblage domain is partitioned in two parts
[0,L] = [0,z4] U [xq, L], being x4 the discontinuity abscissa. The schematic
view of the investigated structural problem is illustrated in Fig.5.1.

Tq

Figure 5.1: Nonlocal beam under concentrated force and couple and distributed
transverse loadings.

1. Equilibrium. According to Bernoulli-Euler beam theory, stress field is
described by bending interaction M which is a piecewise regular scalar
function due to discontinuities occurring at abscissa z4. Bending field
M :10,L] — {z4} — R is expressed by

M(x) =

{Ml(;zc)7 x €10,2q4],
(5.1)

Ms(x), x €lag, L],

with M; and M, regular scalar functions, fulfilling standard natural
(static) boundary conditions depending on prescribed kinematic constraints,
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solution fields of the differential equations of equilibrium

ang =4q,
(5.2)
(r“)ng =4q2.

The scalar functions q; : [0,z4) — R and g2 : [x4, L] = R denote regular
intensities of the distributed transverse loading.

2. Nonlocal Elasticity. According to the stress-driven nonlocal model [54],
elastic curvature x® is the convolution integral between bending field M
Eq.(5.1) and a smoothing kernel ¢

el = *% x
@) = (0 )@
3 y (5.3)
— [(o-c0- L@ ds,
0 f

where ¢ > 0 stands for nonlocal length-scale parameter and ky := Ip is
the local elastic bending stiffness, i.e. second moment of the field of Euler-
Young elastic moduli £ on beam cross-sections. The averaging kernel ¢
involved in the integral convolution Eq.(5.3) is assumed to fulfill positivity,
symmetry, normalisation and impulsivity properties on the real axis .

3. Kinematic compatibility. According to Bernoulli-Euler theory, geo-
metric nonlocal strain field is described by the regular total flexural cur-
vature x :[0,L] — R

x1(z) = d3v1(x), x € [0,24],
x(z) = (5.4)
Xz2(z) = Ova(x) x € [xq, L],

with vy : [0,24] = R and vy : [24, L] — R regular transverse displace-
ments fulfilling standard essential (kinematic) boundary conditions.

Remark 5.2.1 It is worth noting that Fq.(5.4) holds for strictly positive
nonlocal length-scale parameter. Indeed, as will be proven in the following,
x € CL([0, L];R) for ¢>0.
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5.3 Differential formulation

The integral elastic law in Eq.(5.3) can be equivalently reformulated in differ-
ential terms by adopting the special bi-exponential averaging kernel

oule) = 5 e (= 21} (5.5)

Next two propositions play a key role in deriving the equivalent differential
formulation of the stress-driven integral elastic law in Eq.(5.3) equipped with
the special kernel in Eq.(5.5).

Proposition 5.3.1 FElastic curvatures generated by the stress-driven convolu-
tion integral Fq.(5.3) with the special kernel Eq.(5.5) are continuously differen-
tiable fields x¢ € C*([0, L];R) in the whole domain, for any piecewise smooth
source field of local elastic curvature.

Proof 5.3.1 Stress-driven integral convolution Eq.(5.3) along with the adoption
of the special kernel Eq.(5.5), leads to the following definition of the nonlocal
elastic curvature Xel

o=l e
(

(x) x € [xd,L]

i/ ex L t+—/ ex vt Ml(t)dt

2c p c IEI P C IEl
2— p( >IE2 )dt, x € [0,z4],

1 t—x M2

— dt — t)dt

2c ( )IEl * / exp( c )IEQ( )

+7/ ep(mt>M2(t)dt v € fza L)

C IE2

(5.6)
FElastic curvature field in Eq.(5.6) is continuously differentiable in the domain
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[0, L] ; indeed, its first derivative is given by
1 r t—ax\ M *d x—t\ M
— | — t)dt —(t)dt
202( /Oexp( c )IEl() +/;L exp( c )IEl()
L
—t\ M.

+/ exp(x )2(t)dt>, x €10, 24],

Tq c E2

1 *d t—=x M1 x t—x M2

(5.7)

Dux(z) =

Derivative of nonlocal elastic curvature in Eq.(5.6) can be expressed in other
equivalent ways. For instance, by combining Eq.(5.6) and Eq.(5.7), the following
expression can be derived

St [em( ) o). e,

Bux(z) = 5 (5.8)
i( V) + %/x emp(x - t) ZZ( )dt) v € [z, L)

It is worth noting that evaluation of Eq.(5.8) at the abscissa x4 provides the
interface conditions in [88], Eqs.(13)2 and (14);.

Proposition 5.3.2 Higher-order derivatives of nonlocal elastic curvature field
X defined by integral convolutions in (5.6), are given by

(g -ait@), sl
ol ™\ () = o (5.9)

= (a" 5 (x )5‘”(95)), x €lxq, L],
with n € {0,1,2,...} and 8% identity operator.

Proof 5.3.2 Second derivative of the nonlocal elastic curvature x¢ in Eq.(5.6)
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is given by
1 r t—x M1 *d x—t M1
— —(t)dt —(t)dt
2C3</o exp( c )IEl() +/:v emp( c )IEl() "
L
—t\ M- 1 M
b [Cen(T) R wn) - 51w, e,
l vy ¢ ) Ip2 I
Izx!(x) =
1 Td t—x M1 z t—x M2
— —(t)dt —=(t)dt
203</0 exp( & )IE1<) —|—/mdexp( c )IEQ() *
L
T —t M2 1 M2
—|—/z exp( . )IE2(t)dt>—c2IE2(x), x €)zg, L].
(5.10)

Using Eq.(5.6) in Eq.(5.10), we infer Fq.(5.9) for n =0. For n > 1 the proof
of Eq.(5.9) is got by n-times differentiating Eq.(5.10).

Table 5.1 summarizes regularity properties of the elastic curvature field got
by the stress-driven convolution. Proof of properties collected in Tab.5.1 can be

Table 5.1: Regularity properties of elastic curvature field.
M

M M M
T I s “T
Continuous (C) | Discontinuous (D) | Continuous (C) | Discontinuous (D)
e C I _ _
dux“! C C . _
2\ C D — —
23\ — — c D

inferred from Propositions 5.3.1 and 5.3.2.

By virtue of the propositions listed above, nonlocal elastic curvature ¢
in Eq.(5.6) is the unique solution of a differential equivalent problem made of
second order differential constitutive equations, boundary condition at 9[0, L]
and interface conditions at x4 .

Constitutive system of differential equations can be got from Eq.(5.9) setting
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n =0, that is
1 . . 1 M,
Cj)ﬁl(l’) - 02x(x) = ?E(x)’ r € [0,7q],
X o (5.11)
2
ijgl(l") — 02x5(x) = C*QE(CU% r € [xg, L],

each one pertaining to a regularity domain for the source field M/k; . Boundary
condition at 9]0, L] is given by

(5.12)

Proof of Eqs.(5.12) is got by evaluating and comparing the expressions in
Egs.(5.6), (5.7) at boundary 0[0,L]. Interface (continuity) conditions at x4
write as

{ X§'(za) = x5 (za) ,
(5.13)

X5 (a) = Oux5 (z4) -

Proof of Eqgs.(5.13) is got by evaluating elastic curvature in Eq.(5.6) and its first
derivative in Eq.(5.7) at abscissa z4 .

Constitutive interface conditions in Egs.(5.13) can be replaced by alterna-
tive conditions expressing continuity of higher-order derivatives of elastic cur-
vature. These continuity conditions can be chosen from the synoptic table 5.1,
depending on regularity properties of the source field M/k; considered in the
stress-driven law of nonlocal elasticity Eq.(5.6).

5.4 Solution methods

Nonlocal solution fields of a bent beam under inelastic curvature distortions and
distributed and concentrated loadings are got by following three steps.

1. Detection of parametric representation of equilibrated bending fields M
Eq.(5.1) by solving the differential problem Eq.(5.2) supplemented with
(standard) natural boundary conditions. The number of involved static
parameters is the redundancy degree. For statically determinate beams,
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the redundancy degree is zero and a single bending solution field is ob-
tained by equilibrium.

2. Computation of the corresponding parametric nonlocal elastic curvature
field ' using the stress-driven convolution Eq.(5.3) and evaluation of
the ensuing parametric total flexural curvature field y .

3. Detection of nonlocal displacement field v = {v1,v2 } by double integra-
tion of total flexural parametric curvature x = {x1,x2} Eq.(5.4) and
prescription of (standard) essential boundary conditions.

Remark 5.4.1 The above illustrated mathematical formulation and solution
procedure are independent of the averaging kernel expression adopted in the
stress-driven nonlocal integral convolution Fq.(5.3). Closure of the nonlocal
structural problem of an inflected beam with a piecewise regular source field is
performed by enforcing only standard essential and natural boundary conditions.

Nonlocal solution fields can be also got adopting the equivalent differential
constitutive formulation. In this case, the solution technique presented above
can be still adopted modifying the second item. Specifically, computation of
nonlocal elastic parametric curvatures x¢ is carried out solving the differen-
tial problem Egs.(5.11), (5.12) and (5.13), instead of using the stress-driven
convolution Eq.(5.3).

Alternatively, the structural problem can be formulated in terms of regular
nonlocal displacement functions vy : [0,24] — R and wve : [z4,L] — R by
differentiating twice the nonlocal laws (5.11) and enforcing equilibrium Eq.(5.2)
and kinematic compatibility Eq.(5.4), that is

41)1 x 6 1 2. ne ne

20D i) = (B +o2geio)) — ot @), we e,

P020) () = 5 (9 o) — o), el .
C C f

(5.14)

The set {vy,v2} of functions, within an additional rigid body motion,
are evaluated by integrating the differential problem Eq.(5.14) and enforcing
standard (essential) kinematic and (natural) static boundary conditions, non-
standard constitutive (5.12) and continuity (5.13) boundary conditions. Using
Eq.(5.4), non-standard boundary conditions Eqs.(5.12) and (5.13) are respec-
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tively expressed in terms of displacement fields by

001 (0) — D' (0) = © (D201 (0) ~ i (0)),

. (5.15)
Fva(L) — Dux5 (L) = . (02v2(L) — x5 (L)),
and
dv1(za) = X7 (xa) = Dova(xa) — X5 (xa),
(5.16)

9301 (xa) — X7 (2a) = O3va(2a) — DoX5 (xa)

5.5 Asymptotic nonlocal responses

In this section, limit nonlocal elastic curvature in Eq.(5.6) for ¢ — 0% is exam-
ined. Specifically, asymptotic behaviors are investigated at boundary 9|0, L], at
interface abscissa ¢ = x4 and at regularity internal points x €)0, z4[U]xq, L[.

For this purpose, let us recall from Section 2.2.1 the impulsivity property
of the special kernel ¢, as formulated in (2.10). Specifically, Eq.(2.10) clarifies
that the asymptotic behavior of the averaging kernel ¢. for ¢ — 07 depends
on the location of the evaluation abscissa in the domain, that is

0, x€]0,L[,
li .
Jmoe=, 517
5, x e 8[07[1] .

6
The halved Dirac impulse — is due to the fact that, at a boundary point,

half of the kernel’s support falls out of the integration domain.
Now, let us evaluate the elastic curvature in Eq.(5.6) at the interface abscissa
x = x4. That is,

) = (005 1) @) /¢ww@ (6 de

=AM@ e @+/¢c T2 de.

It is worth noting that from the split done in Eq.(5.18), it is evident that
abscissa x4 is the boundary point of both the integration domains. Therefore,

(5.18)
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taking into account Eq.(5.17), nonlocal elastic curvature at @ = x4 for ¢ — ot
M M.

is the average of local elastic curvatures —l(xd) and —Q(xd) .
I Ip2

The following synoptic system summarizes asymptotic behaviors of nonlocal
elastic curvature x* in Eq.(5.6), id est

M,
Uy z=0,
M
L), z €0, z4],
I
1, M M.
el e 1: el _ i et 3 M2 —
Xt (@) = Jim oy @) = 45 (@) + ) =4, (5.19)
M.
—2(33), x €z, L[,
Iro
M,
—L.
2lpy v

Remark 5.5.1 As evidenced in FEq.(5.19), except for null measure sets, the
asymptotic behaviour of nonlocal elastic curvature fields coincides with local re-
sponse fields. Accordingly, limit displacement solutions for ¢ — 07 of the rel-
evant nonlocal structural problems are coincident with local ones in the whole
structural domain.

5.6 Preliminary case-studies

Theoretical outcomes provided in Section 5.5 are confirmed in the sequel by
analysing the static behavior of slender nonlocal beams under concentrated
loadings. For this purpose, a nonlocal elastic beam of length L and bending
stiffness Ig is considered, with the beam axis coinciding with the z-coordinate
as shown in Fig.5.1. Exact nonlocal solution fields will be provided by following
the methodologies illustrated in Section 5.4.

Parametric solutions will be provided as functions of the nonlocal parameter
A = ¢/L. Denoting by z = z/L € [0,1] the non-dimensional abscissa, the
following non-dimensional fields of transverse displacement, flexural curvature
and bending interaction will be adopted in the plots
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W) =) s K@ =x@)E, M@ =M@ (520

Case 1. A simply supported nonlocal beam is subjected to a concentrated
couple M at mid-span x4 = L/2. Essential boundary conditions are

U1 (0) = 0,
v1(L/2) = v2(L/2),
(5.21)
0,v1(L/2) = 0yva(L/2),
’UQ(L) =0.
Thus, natural boundary conditions are
M;(0) =0,
— Mi1(L/2) + Ms(L/2) + M =0,
(5.22)

T1(L/2) = T2(L/2),
Ma(L) = 0.

Solving the differential equilibrium problem (5.2)-(5.22) leads to the equili-
brated bending interaction fields. Then, from Eq.(5.3) the corresponding non-
local elastic curvature field is

L—

. M(Le= 2" +c(e™s —e %) =2z
(@) = -4 : )20
2L
M(L(2 = e™57) +e(e™= — e %) — 2a) o2
e —e 2 cleTe —e ¢)—2x
X2l(95) =- :

2IgL

Double integration of total flexural curvature y = x* + x* = {x{, x§'}
Eq.(5.4) with the essential boundary conditions (5.21) leads to the following
nonlocal displacement field v = {v1, v}
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_ Ltz
v (z) =— 'A;Z_TLC(JJ(L:a - 4Lx2)e¥ + 1203([/@% + (2¢ — L)e*
+ (L —2z)e " — Le®) + 12Lc2e 30 (L(ef — 1) — 2z(e2 — 1)),
M _ Ltx
e c Ltz 2z
va(z) = — W(L(SL?’ — 11L%x + 1202° — 423)e e +12c*(Le ™~

L+tx L+2x

+ (22— L)ec + (L —2zx)e = — Le%) — 12L6262I‘7(72(L —x)e 2z
+ (L —2z)e* + Le<)).

(5.24)

Alternatively, the nonlocal displacement field can be obtained by solving
differential Eqs.(5.14) with non-standard and standard boundary conditions,
respectively Eqgs.(5.15)-(5.16) and Egs.(5.21)-(5.22). Non-dimensional plots of
the obtained results are presented in the following.

As it is shown in Fig.5.2, nonlocal elastic curvatures become lower and uni-
form for increasing nonlocal parameter, while for A = 07 the local elastic curva-

ture is recovered Vz € [0, 1]—{Z4}. Indeed, at middle abscissa x4 the asymptotic
M M.
behavior yields X(e)ér (gjd) = 1(5(,‘(1)2—; 2(xd) =0 as predicted by theoretical
E

outcomes contributed in Sec.5.5. Non-dimensional transverse displacements v
illustrated in Fig.5.3 exhibit a stiffening behavior for increasing values of .

Case 2. A slender nonlocal beam with clamped and simply supported ends
is subjected to a concentrated couple M at mid-span x4 = L/2. Essential
boundary conditions are expressed as

8361;1 (0) = 0,

o1(L/2) = va(L/2), (5.25)
8,01(L/2) = Dyva(L)2),

(%] (L) =0.

Hence, natural boundary conditions take the form
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Figure 5.2: Simply supported beam under concentrated couple M at mid-span
Z = 1/2: elastic curvature X versus Z for increasing nonlocal parameter.
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Figure 5.3: Simply supported beam under concentrated couple M at mid-span
Z = 1/2: transverse displacement ¥ versus Z for increasing nonlocal parameter.

— My(L/2) + My(L/2) + M =0,
Ti(L/2) = T>(L/2), (5.26)

My(L) = 0.
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Bending interaction fields M (5.1) solutions of the differential equilibrium
problem Eqgs.(5.2)-(5.26) are expressed in terms of n = 1 integration constant
and then introduced into the integral convolution in Eq.(5.3) to obtain the
corresponding parametric nonlocal elastic curvature x¢ = {x§, x5'}. Double
integration of Eq.(5.4) (where y = x4+ x" = x®) and prescription of essential
boundary conditions (5.25) lead to the nonlocal displacement field v = {v1,v2} .
Same nonlocal results can be obtained by following the differential methodology
explained in Sec.5.4. Non-dimensional plots of nonlocal fields are shown in the
following. Analytical expressions of solutions are omitted for brevity. Fig.5.4
shows that the nonlocal elastic curvature becomes lower and uniform as A
increases and for A = 0 the local elastic curvature is recovered for z €]0,1] —
{Z4} . Non-dimensional transverse displacements ¥ become smaller in modulus
for increasing values of the nonlocal parameter (see Fig.5.5).

X

Figure 5.4: Beam with clamped and simply supported ends under concentrated
couple M at mid-span Z = 1/2: elastic curvature y* versus Z for increasing
nonlocal parameter .

5.7 Assembled structural problem
Let us apply the proposed stress-driven nonlocal methodology to an articulated

assemblage of slender elastic beams under concentrated couple and piecewise
smooth distributed loading and thermal distortion (see Fig.5.6).
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Figure 5.5: Beam with clamped and simply supported ends under concentrated

couple M at mid-span T = 1/2: transverse displacement ¥ versus Z for
increasing nonlocal parameter .
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Figure 5.6: Assemblage of beams under concentrated couple, piecewise smooth
distributed loading and thermal distortion.

The beam domain [0, L] is partitioned in three subdomains. Accordingly,
the relevant nonlocal elastic equilibrium problem can be formulated in terms of
transverse displacement field v = {v1,v2,v3 } . Constitutive law (5.11) (rewrit-
ten in the three intervals) is differentiated twice; then, equilibrium is enforced,
that is 92M = 02{ My, My, M3} = {q,0,0}; finally, kinematic compatibility
conditions are prescribed.

Following these steps, the resulting differential problem of nonlocal elastic
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equilibrium is thus formulated

l 4 _ a6 i q 2 nel 4. nel £
20n(@) () = 5 (- + @) — @), e o5,
i 4 _ a6 _i 2. nel 4., nel £ %
S0tu(a) = Aua(a) = 5 " (@) — I (w), ve |35,
1 1 2L
S0ts(w) = Rvala) = 5 XX (@) — O (), ve |

(5.27)
Solution field of transverse displacement {v1,v9,v3 } is evaluated by integrating
the differential system (5.27) along with prescription of essential and natural
boundary conditions, and constitutive and interface boundary conditions. Last
set of boundary conditions (BC), i.e. non-standard and continuity BC, are
respectively expressed in terms of displacements by

001 (0) — 0" (0) = - (@201 (0) X" (0)),

, (5.28)
Bvs(L) — Dux" (L) = - (03vs(L) — x" (L)),
and
02v1(L/3) = 02vy(L/3),
vi(L/3) = Bva(L/3),
(5.29)

(
1 (
07v2(2L/3) = Ovs(2L/3)

3v9(2L/3) = D2v3(2L/3).
Remark 5.7.1 Nonlocal non-elastic curvature X" is defined as the integral

convolution between the averaging kernel ¢. and the prescribed local non-elastic
curvature x* : la,b] — R. That is

X" / bo(x — () d¢ (5.30)

As depicted in Fig.5.6, a thermal distortion is applied in the interval [%, L];

specifically, a butterfly shaped distortion with gradient gar := % . Nonlocal

non-elastic effects related to the applied thermal distortion are then provided
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by the convolution integral in Eq.(5.30), that is

L
X" (z) = x"(x) = . ¢ — &) agar dE, x€[0,L], (5.31)

5
where « is the coeflicient of linear isotropic thermal expansion. It is worth
noting that although the butterfly shaped thermal distortion is vanishing in the
interval [0, 2E] and only defined in [2£, L], the corresponding nonlocal thermal
curvature is defined on the whole structural domain [0, L] due to long range

effects modeled by integral convolution in Eq.(5.31).

The nonlocal elastic equilibrium problem is solved using the Mathematica
software. In order to provide numerical values to the solver, we set Igp = Ig; =
IEQZIE;J,, L=1 and

qL? ML oAT
I = = L=1. 5.32
Ig Ig h ( )

Figure 5.7 shows nonlocal thermal curvatures for increasing nonlocal pa-
rameter A = ¢/L. It is worth noting that convolution integral (5.31) has a
smoothing effect on the applied thermal distortion. Moreover, the local ther-
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0.61

Xth

0.4}

0.2

0.0r
0.0 0.2 0.4 0.6 0.8 1.0

Figure 5.7: Thermal curvature x** versus = for A € {0%,0.05,0.1,0.2,0.3,0.4} .

mal curvature is recovered for z € [0, L[-{2£} when the nonlocal parameter
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tends to zero, A — 07 . Nonlocal elastic curvature field x® for increasing X is
depicted in Fig.5.8. As predicted by theoretical outcomes, nonlocal elastic cur-
vatures are smooth functions for strictly positive values of nonlocal parameter.
Limiting elastic curvature for A — 0T is coincident with the local one except

] 0.4 1

0.0 0.2 0.4 0.6 0.8 1.0
X

Figure 5.8: Elastic curvature x* versus = for A € {0%,0.05,0.1,0.2,0.3,0.4} .

for the external boundaries {0, L} and for the interface abscissa { 22} where
we get the asymptotic behaviors predicted in Eq.(5.19).

Total curvature fields x are shown in Fig.5.9. It is apparent that for in-
creasing A\ total curvatures become lower and uniform. For A — 01, the
local total curvature is recovered Vz €]0, L. Finally, transverse displacement
field v as function of nonlocal parameter A is depicted in Fig.5.10 showing
a stiffening behavior for increasing A, in agreement with the smaller-is-stiffer
phenomenon [74].
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Figure 5.9: Total curvature x versus z for A € {07,0.05,0.1,0.2,0.3,0.4} .
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Figure 5.10: Displacement v versus z for A € {07,0.05,0.1,0.2,0.3,0.4} .
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Chapter 6

Nonlocal finite element
formulation

6.1 Introductory remarks

By virtue of their exceptional mechanical, chemical and electrical properties,
micro- and nano-structures have attracted lots of attention in the last decades
[89-92]. As highlighted in Section 2, when dealing with small-scale continua the
classical (local) elasticity theory leads to inaccurate results and thus, nonlocal
continuum theories must be exploited to account for long range interaction forces
and size-dependent mechanical behaviors in micro- and nano-structures.

Differential formulations of nonlocal elasticity have been widely applied for
nanobeams [93,94], nanoplates [95,96] and nanoshells [97, 98], since they pro-
vide the possibility to reverse the constitutive laws of integral nonlocal elastic-
ity. Among the most used methodologies for solving the governing differential
equations, the Finite Element Method (FEM) is successfully applied to handle
complex geometries, material properties and loading conditions in Structural
Mechanics.

Thus, in scientific literature considerable attention is given to development
of nonlocal finite element formulations. A two-noded nonlocal finite element
with six degrees of freedom is provided in [99] to solve free vibration problems
of functionally graded (FG) nanobeams. A nonlocal finite element formula-
tion based on a five-noded finite element with ten degrees of freedom is pro-
vided in [100] to study free vibration and buckling behaviors of FG Timoshenko
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nanobeams. A nonlocal finite element approach is proposed in [101] to analyse
Reddy third-order plates. Nonlocal finite element nonlinear formulation for lam-
inated composite plates is provided in [102]. Nonlocal finite element approach
for free vibration analysis of axial rods embedded in elastic medium is performed
in [103]. Mechanical behavior of thin laminated nanoplates is analysed in [104]
by a FEM approach. A nonlinear finite element method is applied to investigate
vibrations of nano-hetero-structures in thermal and magnetic fields in [105]. A
nonlocal FE formulation of hereditary fractional-order Timoshenko beams is
performed in [106].

In this chapter, a nonlocal finite element formulation based on the stress-
driven (SD) integral model is illustrated by following the novel formulation
developed in [107]. Long range interactions and size effects are introduced into
the finite element methodology thanks to the differential formulation recently
proposed in [59] where the stress-driven model is conceived to solve elastostatic
problems involving articulated assemblage of nonlocal elastic beams, as deeply
discussed in Section 5.

As shown in the following, the nonlocal finite element method based on
the stress-driven approach is formulated in differential terms, by virtue of the
constitutive boundary conditions and continuity conditions derived in [59]. This
FE formulation is based on a two-noded element with two degrees of freedom
for each node and the obtained nonlocal shape functions are 4N being N the
number of elements. A direct procedure to get the nonlocal stiffness matrix
and nodal force vector of a single finite element is provided. Then, the global
nonlocal stiffness matrix is derived by applying an assemblage procedure.

Benefits and novelties of the proposed approach rely on the fact that, unlike
previous nonlocal finite element formulations, in the SD-FE methodology devel-
oped in [107] long range effects are not confined into the single finite element but
they involve instead the entire structural assemblage. Moreover, SD-FEM pro-
vides the exact stress-driven nonlocal elastic solution, by considering a unique
finite element or any other mesh involving a different number of FE. In agree-
ment with the smaller-is-stiffer feature, the SD-FEM provides a stiffer structural
response with respect to the classical (local) one, independently of prescribed
kinematic boundary conditions and applied loadings.

6.2 Assemblage of nonlocal elastic beams

Let us consider a planar and straight slender beam of length L. The z- and
y-coordinates are taken along beam and flexural axis, respectively. According
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to the geometrically linearised theory of Bernoulli-Euler beam, cross-sections
are clamped to the beam axis and thus kinematics is uniquely described by
the transverse displacement field v. Indeed, rotation field of cross-sections are
provided by the differential equation

@ 1= 0yv (6.1)

where the symbol 97 denotes n—differentiation along the beam axis . Kine-
matic compatibility equation is expressed by the condition that the total flexural
curvature y must be equal to the geometric curvature, that is

X =x"+x" =0 (6.2)
where X" represents non-elastic curvature fields. By duality with the flex-
ural curvature, the stress in the slender beam is the bending interaction field
M satisfying the equilibrium conditions specified below. For this purpose, let
us denote by ¢, transverse distributed loading and by {Fy, Mo, Fr, M}
boundary concentrated forces and couples. Equilibrium conditions are expressed
by the equation 92M = ¢, in [0,L] equipped with the boundary condi-
tions: —T'(0) 6v(0) = Foov(0), —M(0) 050v(0) = Mg 06v(0), T(L)év(L) =
Frov(L), M(L)0,0v(L) = My 0,6v(L), where T := —0, M is the shearing
interaction field and Jdv represents any transverse virtual displacement field
fulfilling homogeneous kinematic boundary conditions.

Now, let us partition the domain = [0, L] in N homogeneous subdomains
Q; = [zi—1,x;]) € Q, with i € {1,..., N} and end points g = 0 and xy = L,
fulfilling the conditions UY ;Q; = Q and Q ﬁflj = ¢ for any element with i # j.

Thus we have N — 1 internal boundaries given by abscissae z1, x2, ..., Tny_1.
On each subdomain it is defined a smooth elastic curvature
M; (x
X?l = # : [xi,1,$i] — R (63)
Ei

where M; (z) is the bending interaction field pertaining to the i—th element €;
of the nanobeam and Ig; is the elastic bending stiffness, i.e. second moment of
Euler-Young elastic moduli E on cross-section A;

Ip; = /A Byt (6.4)

Hereinafter the symbolism x := x° will be adopted, since no non-elastic
effect will be considered.

115



Assemblage of nonlocal elastic beams Nonlocal finite element formulation

Following the nonlocal stress-driven integral model (SD), flexural curvature
is got in terms of the following convolution

x(x) = (¢*> /‘¢x—tc ®) 4 (6.5)

where ¢ is a scalar kernel described by a nonlocal length-scale parameter ¢ >
0. The piecewise regular bending curvature x(z) = {x1(x),...,xn (2)} in
Eq. (6.5) can be explicitly rewritten as follows [59]

o |x—t|) / (m—t) M; (t)
exp | — dt + ex dt
/gc(J p( c 2cl g Z wia P c 2clg;

t—a\ M () = & — t| M (£)
dt — o dt
Z/x ( ) 2CIE’L + Li—l xp ( C QCIEE

x (%) = N z
: x—t\ M;(t)
dt
+'_Z+1 /3?1,16 ( ¢ ) 2clpi

N—-1 T T

¢ t— M; (t N —t|\ My (t
E / exp (m) ( )dt—i-/ exp <_|:v |> 7N( )dt
i1 JEica C QCIEZ‘ TN_1 C QCIEN

(6.6)
where the special averaging kernel given by the bi-exponential Helmholtz’s func-
tion has been adopted, that is

¢ (z,¢) = ;ep<|i>. (6.7)

Indeed, choice of the special kernel in Eq.(6.7) leads to an equivalent differ-
ential constitutive problem. Specifically, the nonlocal elastic curvature y is the
unique solution of the following set of N differential equations [59]

)~ ) = S (@) e (63

02 IEz'
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withi € {1,..., N}, equipped with two constitutive boundary conditions (CBCs)
at 0[0, L]

dzx1 (0) — %Xl 0)=0
(6.9)

1
Ozxn (L) + XN (L)=0

and 2(N — 1) constitutive continuity conditions (CCCs), or interface conditions,
at internal abscissae x;

{ Xi (2i) = Xit1 () =0 ie{l,...,N—1}. (6.10)

OxXi (i) — Oz Xit1 (x5) =0

The relevant nonlocal elastic problem of equilibrium can be also formu-
lated in the unknown piecewise smooth field of transverse displacement v(x) =
{vi (z),...,v; (), ...,un (x)}, each one defined as

Vgt Ql — R. (6.11)

For this purpose, equation (6.8) is differentiated twice to prescribe the dif-
ferential equilibrium condition 92M; = q,; with i € {1,..., N}, being g,; the
distributed transverse loading on the element ;. Kinematic compatibility con-
dition 92v; = x; with i € {1,..., N} is also taken into account. Following
these steps, we get the set of six-order differential equations, that is

1 I qyi
gaﬁv‘vi(x) — O%v;(x) = C—QIZZ (z) reN,;. (6.12)
Thus, transverse displacement field v(z) = {v1 (z),...,v; (z),...,on (z)} is

got by solving the differential problem given by the N sixth-order differential
equations (6.12) equipped with 4N standard essential and/or natural boundary
conditions, two constitutive boundary conditions in Eq.(6.9) and 2(N — 1)
constitutive continuity conditions in Eq.(6.10). Standard BCs, CBCs and CCCc
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can be expressed in terms of transverse displacements v; as follows

{'U (33) 78rv (:L') )
IEzag’Ul((ﬁ) — CzIEiaévi(x)v
—I ;030 (x) + Alg05vi(z)}

Essential and natural BCs
with i € {1,..., N}

r={z;_1,z;}

Py (0) — %33111 0)=0

1 CBCs
3211]\] (L) + E@im\/ (L)=0
8%111‘ (-Tz) — aiviﬂ (l‘l) =0 CCCGCs
8va (JLL) —82.1}1‘4_1 (l‘l) =0 with 7 € {1,...,N—1}.

(6.13)
Finally, taking into account Eq.(6.8), bending interaction field M; on the
generic element §; = [x;_1, x;], writes as

Ml(.T) = IEﬁivl(a:) — CQIEia§Ui<.’L‘), (614)

with ¢ € {1,...,N}. Shearing interaction field T; follows from the definition
T := —0, M, that is

TZ(J?) = —IEﬁgvz(m) + CZIEiai)Ui(l‘). (615)

6.3 Two-noded finite element

In this section, a nonlocal finite element methodology based on the stress-driven
approach is formulated. Hereinafter, the proposed nonlocal FEM approach will
be referred to as SD-FEM. The two-noded finite element pertaining to the i—th
domain Q; = [x;_1, ;] is represented in Fig.6.1 along with the nodal degrees of
freedom {w;1,uia}, {wis, s}, representing transverse displacements and rota-
tions at each node, respectively.

The interpolated displacement field v? defined on the i—th element Q; is
sum of the solution o; of the homogeneous equation associated with Eq.(6.12)
and a particular solution ¢ for an assigned distributed loading g,;(z). That is

ol (x) = 7 (z) + 0; (2) (6.16)

with i € {1,...,N}.
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Figure 6.1: Beam element 2; with nodal degrees of freedom.

The integral o; (x) of the homogeneous differential equation associated with
Eq.(6.12) is given by

v; (z) = iaijxj_l + 22: d;j exp ((—l)j %) (6.17)

where a;;, with j € {1,...,4}, and d;;, with j € {1,2}, are unknown real,
dimensional constants for any element ;. Matrix form of Eq.(6.17) writes as

where (4,1) vectors hg(x) and a; and (2, 1) vectors ko(z) and d; are
1 xT a1
exp (—= , .
hO(m) = $2 ) ko(l’) = <(E C) y Qi = al'Q , dy= |: le :| .
. exp <7> a3 12
23 c A4
(6.19)

Without loss of generality, a linear variation of the external loading on the
i—th element ; is assumed. Thus, the transverse distributed loading g,;(z) is
given by

Qii — dii—1
Qyi(T) = qii1 + =L S (r —2i1) (6.20)
Ti— Ti—1
where ¢; ;_1, g;; are the values of the distributed loading ¢,; at the ends of the
element ; = [x;_1,x;], respectively. Accordingly, the complementary integral

0; (x) is given by

b (x) _ Qi — Giyi—1 25 Qi ili—1 — Gi,i—1Tq 4
! 120IE1 (Zl — l'i—l) 24IE1 (iCl — l'i—l)

(6.21)
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Moreover, it is useful to introduce the (4,1) and (2,1) vectors
hJ(ZL') = 8Ihj,1(x)7 kj(.’E) = 8xkj,1(m) ] = {17 2, 3, . } (622)
so that the following equalities hold

hj(z) =0 j >4,

k(@) = ko(r) j={246...}. (6.23)
kl(m):ékl(x) 1= {3,5.7,...}.

Then, the interpolated displacement field vf on the i—th element ; can be
written as

o (z) = hi (v)a; + ki (v)d; + 0; () (6.24)

(3

so that the two CBCs, at the end points 2o = 0 and z = L, and the 2(N — 1)
CCCs, at the N —1 internal points x;, see Egs.(6.13)2_3, are expressed in terms
of the parameter vectors a;, d; in the following form

(150 - 105 ar+ (10 - 1K 0)) i = 020, 0) - 2201 0

h3 (z;)a; + k3 (z;)d; — hg (zi)air1 — k3 (2:)dip1 = 030i1 () — 070 (2:)

hi (zi)a; +kj (z;)d; — hi (zi)a41 — K3 (2i)dipr = 920,41 (25) — 920; ()

1 1 1
(050 + 2050 ) ax + (I9(0) + TRE(D) ) dx = = okon (£) - Doy (1)
(6.25)
withie {1,...,N — 1},
The interpolating bending M} and shearing T interaction fields of the i—th
element (2; follow from Egs. (6.14) and (6.15), using Eqs.(6.23), that is

I (x) = Ig;hl (z)a; + Ig; (820; (x) — 20%0; (2)) ,

Tih (33) = —IEihg(x)ai — IEi (83@1 (.’L‘) — 028501- (.’E)) .

The generalized displacement vector u; of the i—th element €2;, the general-
ized displacement vector u; associated with the homogeneous solution and the
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particular generalized displacement vector 1i; associated with the complemen-
tary solution are given by

[ wir ] [ U;;(-Tifl) Us1 Ti(@iz1)
| uwie | | e (i) | mae | | Pi(wien)
WE g | T ol () W T g | T v () ’
h — —
Ujg ei (zi) Uia Pi(wi)
-1 . (6.27)
U4l Uz'(xiq)
a, = 1:%2 _ S?i(xifl)
U3 0; ;)
| Wia | | Pi(zi)
Thus Eqs.(6.16) and (6.27) yield

For further use, vector parameters a;, u;, ; can be collected in (4N,1) global
vectors and vector parameter d; can be collected in a (2V,1) global vector. That
is

—[alf ... a% 1", da=[dT ... 4% 1",
a [ al ay ]T7 [ 1 N ]T (6.29)
u=[uf ... u} ], a=[af ... &L ] .

Then, recalling that the interpolating rotation field of the i—th element €2;
is expressed as ¢! = 0,v! and using Eq.(6.24), the generalized displacement
vectors u; in Eq.(6.28) are rewritten in terms of the global parameter vectors
a and d in the form

u; = Ajja; + Ajpd; + 1y
u, =Aja; + Apd; + 14 <~ u=Ajat+Ad+1 (630)

uy = Ayiay + Anody +lpn

where the (4,4), (4,2) matrices A;;, Ao and the (4N ,4AN), (4N,2N) matrices
A1, A, are defined in subsection Appendix (see Eq.(6.37)).
Analogously, the CBCs and the CCCs Eqs.(6.25) can be rewritten as

H0a1 + D0d1 = to
H;a, + D;d; — HiaiH — Did7;+1 =t <~— Ha+Dd=t (631)

Hyay +Dydy =ty
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where the (2,4), (2,2) matrices H;, D;, the (2N,4N), (2N,2N) matrices H, D,
the scalars tg, tx and the (2,1), (2N,1) vectors t;, t are provided in subsection
Appendix (see Eqs.(6.38)-(6.39)).

Unlike the classical (local) finite element method, it is necessary a prelimi-
nary step in order to express the global parameter vectors a and d in terms of
the global generalized displacement vector u.

Indeed, solving the CBCs and the CCCs in Egs.(6.31), the global parameter
vector d can be expressed in terms of the global parameter vector a as

d=-D 'Ha+D't. (6.32)

Substituting the parameter vector d in Egs.(6.30), the generalized displace-
ment vector u can be rewritten in the form

u=(A;—-A; D 'H)a+ A;D 't +a=Aa+AD 't +1 (6.33)

where the (4N,4N) matrix A is A = A; — A;D7'H. It is worth noting that
the matrix A can be inverted since the matrix A; is nonsingular and it results,
see [108]

A = A7+ ATA, (D - HA'A,) HATL (6.34)

Finally, from Eq.(6.33), we obtain the global parameter vector a in terms of
the generalized displacement vector u and of the complementary vectors t, @ in
the form

a=A'lu-A'AD Mt - A (6.35)
Using Eqs.(6.32) and (6.35), the expression of the global parameter vector

d in terms of u, t and 1 is given by
d=-D'HA 'u+ (D'HA'A, D'+ D )t + D '"HA 'a.  (6.36)
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Appendix

The following matrices have been introduced in Eq.(6.30)

h;g‘fi,l; kgg‘%z,lg
hy (z;_ ki (r;—
Ap=|  F7TV 1 Ap=| kY
! h{ (z;) : kg (2;)
hi (;) ki ()
A O 0 0
. 0 A 0 o0
A, =diag[A;] = 0 0 2 0 , (6.37)
0 0 0 Apng
s 0 Ay 0 O
Ay =diag[Ajp] = 0 0 0
0 0 0 Apne
with ¢ € {1,...,N}. Moreover, the following matrices have been defined in
Eq.(6.31)
T L r T Lo r
Hy = |h; (0) - Ehz (0)|, Do= k3 (0) = =k3 (0)
hT(z)} [k%)]
H; = 7ot , Dy = 7ot el ;N =1},
i) ki) | P 1 J
1 1
Hy = [B(0) + 2] (0)] . D= k() + 2K (1)
Hy 0 0 0 D, O 0 0
H1 _H1 0 0 D1 —D1 0 0
H=| o H, —H, 0 , D=1]0 Ds —Ds 0
0 0 0 Hy 0 0 0 Dy
(6.38)
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with
1 24 3 1 2 A 3 A
to = *awvl (0) — am’l)l (0), tN = —EazUN (L) — 8$UN (L)
(&

_ [ 02041 () — 0204 (2)
T B30 () — B30, (2)

(6.39)

t; ie{l,...,N—1},

t=[t t7 t7 ... tn]".

6.3.1 Nonlocal shape functions

In order to derive the shape functions according to the proposed SD-FEM,
we consider the interpolated displacement v; Eq.(6.18) associated with the ho-
mogeneous solution of Eq.(6.12). The expressions of the corresponding global
parameter vectors a and d in terms of the generalized displacement vector u
derive from Eqs.(6.35)-(6.36) setting t = @« = 0. Hence we have

a=A"'u (6.40)

and
d=-D 'HA 'u. (6.41)

Now, let us introduce the tensors P,; and Py denoting, respectively, the
(4,4N) and (2,2N) extractor operators that pick up from the global parameter
vectors a and d the corresponding parameters pertaining to the i—th element
Q; according to the following parametric relations

a; = Pm-a, dz = szd (642)

Then, substituting Egs.(6.40) and (6.41) into Eq.(6.18) of the interpolated
transverse displacement v; (z) of the i—th element §2;, we get

i () = h} (2)PuiA~'u — ki (2)Pg; D '"HA 'u

- o R (6.43)
(hf (2)Poi A" — KL (z)Pg;D"'HA ™) u.

Hence, the displacement function @; (x) of the i—th element €; Eq.(6.43) is
provided by the following compact expression

7; (z) = Nj(z)u (6.44)
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where nonlocal shape functions of the two-noded element €2; are collected in the

(LAN) matrix Ni(2) = | (@) nD(@) ... o) | withie {1,...,N}
so that the nonlocal shape functions matrix is given by
Ni(z) = hl (2)PuA~" — kI (2)Pu D 'HA L. (6.45)

The superscript ¢ in shape function 77(2) (z) indicates the i—th element Q;
while the subscripts j € {1,...,N} and k € {1,...,4} identify the nodal gen-
eralized displacement u;, = 1 contributing to the displacement function o; (z).
Then, the generic shape function at the position (1,4(j — 1) + k) of the matrix
N, (x) represents the displacement function @; (x) of the element §2; due to the
unit generalized displacement u;, = 1 at the node z;_; if & € {1,2} and at the
node z; if k € {3,4}.

It is worth noting that we have 4N shape functions pertaining to the i—th
element (Q; since the displacement function 7; () of the element §2; depends
on the generalized displacement vector u, as shown in Eq.(6.44). The nonlocal
shape functions of the i—th element are also determined by the matrices D
and H defined by the CBCs and CCCs in Eq.(6.31) so that the nonlocal shape
functions of the SD-FEM depends on the considered mesh of the nanobeam.

6.3.2 Nonlocal stiffness matrix and nodal force vector

The vector p; of the generalized forces of the i—th element €2; is defined as the
dual of the element generalized displacement vector u; in the form

Fi —T}(xi-1)
| M | | M (i)
pz - ]:z - rfzh(xz) (646)
My M ()

in which the conventions on the sign of shear force T* and bending moment M}
have been taken into account.

Now, let us preliminary introduce the (4,4) matrix B; and the (4,1) force
vector f}- defined as follows

hg(xi,l) 8;’171 ("Eifl) — 028261' (iEi,l)
B, — I, —hg(l‘ifl) f' — I —a,%’f)i (-’L‘ifl) + 028;17% (.%'1;1)
TR —hf () LT B =030 () + 20204 (w4)
hg(l‘z) (93131 (JJZ) — 028»%171 (JJZ)

(6.47)

125



Two-noded finite element Nonlocal finite element formulation

Then, recalling the expressions of the interpolating bending moment Mz-h
and shear force T of the element ();, the element generalized force vector p;
can be written as follows

pi = BiPs A" 'u — B, P, A ' AyD 7't — ByPyu; A M+ ;. (6.48)

By definition, the elemental nonlocal stiffness matrix K; of the i—th element
Q; relates the element generalized force vector p; to the element generalized
displacement vector u. Hence the (4,4N) nonlocal stiffness matrix K; of the
i—th element €, follows from the r.h.s. of Eq.(6.48) and is given by

K; = B;P,;A L. (6.49)

Note that the (4,4N) nonlocal stiffness matrix K; of the i—th element is
non-symmetric. The corresponding (4,1) force vector f; of the i—th element Q;

18
f; = B;Pu;A ' A,D 't + B/P,, A a — £ (6.50)

Thus, the element generalized force vector p; Eq.(6.48) becomes

The assembled finite element formulation follows from Eq.(6.51) adding up
the contributions of each element €2; and imposing the conforming requirement
to the interpolated displacement in the form

N N N
> opi-oui=» KiAq- Aidq— Y f;- Aidq =0, (6.52)

=1 =1 i=1

for any du; = A;0q, where the dot stands for the inner product.

Direct determination of nonlocal stiffness matrix and force vector as ex-
pressed by Eq.(6.52) requires the definition of the assembly operator A; which
provides the generalized displacement vector u; of the i—th element 2; in terms
of the nodal displacement parameter q of the assembled finite element model
by means of the following parametric relations

u;, =A;,q and u=Aq (6.53)
being A the global assembly operator given by

Ay
A= . (6.54)
Ay
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Hence, from Eq.(6.52) we have

N N
Y ATKAq=> ATE; (6.55)

i=1 i=1

where the (4N,4N) nonlocal stiffness matrix K and the (4N,1) nonlocal force
vector f are given by

N N
K=Y ATK,A f=) ATf. (6.56)

i=1 i=1
The solving linear equation system for the SD-FEM is then achieved, id est
Kq="f. (6.57)
It is worth noting that the assemblage procedure in Eq.(6.56); provides the
(4N, AN) symmetric nonlocal stiffness matrix K. Symmetry of the nonlocal
stiffness matrix K can be proved as follows.
Proposition 6.3.1 The global nonlocal stiffness matriz K

N
K= A'K,A (6.58)

i=1

with the element nonlocal stiffness matriz K; defined as
K; =B;P,;A™" (6.59)
18 symmetric.

Proof 6.3.1 Let us consider the equality

N N
Z u!p; = Z plu;. (6.60)
i=1 i=1

Since Eq.(6.48) with t = o = f; = 0 yields

pi = BiPuA 'y, (6.61)

127



Two-noded finite element Nonlocal finite element formulation

the Lh.s. of Eq.(6.60) can be rewritten in the following form

N N
> ulpi=> q"A'BP,Au (6.62)
=1

i=1

being u; = A;q, see Eq.(6.53)1. Inserting Eq.(6.58) in Eq.(6.62) we have

N N N
Z u/p; = Z qa" A B;Ps; A" Aq = Z q’ ATK; Aq (6.63)
i=1

i=1 i=1

since K; = B;Po; A™L, see Eq.(6.49).
On the other side, recalling Fq.(6.61), the r.h.s. of Eq.(6.60) becomes

N N N
Z plu; = Z u"ATPIBIu; = Z u"A-TPIBT Aq
=1 i=1 N = (6.64)
= Z qTATA-TPIBT A;q = Z qTATKT Aiq
i=1 =1
being u = Aq, see £q.(6.53)s.
Hence, using Eqs.(6.63) and (6.64), the equality Eq.(6.60) yields

N N
q” <Z AT KiA> a=q’ <Z ATKfAi> q (6.65)

i=1 i=1

so that, recalling the expression Eq.(6.56)1 of the nonlocal stiffness matriz K,
we get

N N
K=> ATK,A=) A"K/A; =K" (6.66)
1=1 =1

and the symmetry of the the nonlocal stiffness matriz K is proved.

In the post—processing phase, the generalized displacement vector u can
be obtained in terms of the nodal displacement parameter q by means of the
parametric relation Eq.(6.53)2. Then, the global parameters a and d follow
from Eqs.(6.35)-(6.36) and the element-wise parameters a; and d; pertaining to
the :—th element €2; can be immediately obtained using the parametric relations
Eq.(6.42). Accordingly interpolating displacements, rotations, bending moment
and shear force in the element €; can be obtained by means of Equations (6.24)
and (6.26).
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6.4 Benchmark numerical results

The above illustrated stress-driven nonlocal finite element methodology is ex-
ploited to examine exemplar case-studies, involving common boundary and load-
ing conditions in structural mechanics. Validation of the stress-driven finite ele-
ment formulation is done by making a comparison with the closed form solutions
of the investigated structural schemes.

The nanobeam is supposed to be made of aluminum (Al), which is a common
material adopted in Nano-Engineering. The corresponding Euler-Young modu-
lus is thus E = 68.5 GPa. The nonlocal length-scale parameter is assumed to
be c=1nm.

Structural schemes, such as cantilever (C-F) and simply supported (S-S) mi-
cro/nanobeam, are commonly applied in small-scale electromechanical systems,
like sensors, actuators, or in atomic force microscopes. Hence, the SD-FEM is
here applied to cantilever and simply supported nanobeams under distributed
loadings and the obtained results are compared with the corresponding closed
form solutions of the nonlocal stress-driven elastostatic problem provided in [62].
Moreover, the SD-FEM is adopted for a nano-cantilever under concentrated
force applied at internal point and for an articulated assemblage of nanobeams
under a piecewise uniformly distributed loading and a concentrated couple.
Then the results are compared with the corresponding nonlocal stress-driven
closed form solutions obtained through the methodology presented in [59].

6.4.1 Simply supported nanobeam under distributed load-
ing

Let us examine a simply supported nanobeam of length L = 25nm under a
uniformly distributed loading ¢ = 1nN/nm. Height and width of cross-section
are assumed to be b = h = 1nm. Validation is done by comparing the results
with the closed form solution provided in [62] for the stress-driven nonlocal
elastic problem of equilibrium.

First, let us consider a unique two-noded element Q = Q; = [0, L] so that
the generalized displacement vector u = u; is expressed as

U1l U’:L(O)

Cfwz | | 2M(0) |

u=| 2= Jap | =Aa (6.67)
U4 @h(L)

129



Benchmark numerical results Nonlocal finite element formulation

where the nodal displacement parameter is q = [ ¢"(0) " (L) ]T. It is worth
noting that only the two CBCs in Egs.(6.31) must be prescribed since there
are no internal points in {2 and then no CCCs have to be imposed. The shape
functions of the nonlocal SD-FEM follow from from Eq.(6.45) and thus are col-
lected in the (1,4) matrix N(z) = [ m1(z) m2(x) ms(z) ma(z) |. Explicit
expressions of the nonlocal shape functions are

mi(x) = 0.994114 + 0.00588577z — 0.005449792% + 0.000145328x3
+0.00588577~*

nia(x) = —0.0944055 + 1.094412 — 0.0889557x2 + 0.00181662>
+0.0944055™*

ms(x) = 0.00588577 — 0.00588577x + 0.00544979x2 — 0.000145328z3
—0.00588577~*

ma(x) = —0.0527388 + 0.0527388x — 0.047289x2 + 0.00181662>
+0.05273887*.

(6.68)
The (4,4) element stiffness matrix K; and the (4,1) force vector f; of the
element (2 can be obtained from Eqgs.(6.49) and (6.50), that is

K, =B A", fi=BA'A,D't+B A ta—f. (6.69)

Hence, the solving linear equation system for the SD-FEM is ATK;Aq =
ATfy, see Eq.(6.56). Using the parametric relation Eq.(6.67), the generalized
displacement vector u of the element 2 is

u= [ 0 113.044 0 —113.044 ]T. (6.70)
Then, the interpolated displacement field v* Eq.(6.24) can be written as
4
v" (z) = bl (z)a + kI (2)d + — (6.71)
241

where the global parameter vectors a and d are provided by Eqs.(6.35)-(6.36)
in terms of the generalized displacement vector u Eq.(6.70)

a=[ 118248 111.861 0.0875912 —0.364964 |© d=[ —1.18248 0 ]".

(6.72)

The interpolated bending moment and shear force follow from Eq.(6.26) as

h T 2,

M" (z) = Izh + e

(0) = Ishf (w)a+ % 673

Th (z) = —Ighl(z)a — x.
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x [nm] v (z) [nm)] o (z) [-] M (z) [nN nm]
SD-FEM  [62] SD-FEM  [62] SD-FEM  [62]

0 0 0 113.044 113.044 0 0

5 521.612 521.612  89.0226 89.0226  -50 -50

12.5 878.521 878.521 0 0 -78.125 -78.125

20 521.612 521.612 -89.0226  -89.0226 -50 -50

25 0 0 -113.044  -113.044 0 0

Table 6.1: Simply supported nanobeam under uniformly distributed loading;:
comparison of results obtained by the nonlocal SD-FEM (with one element)
and the SD closed form solutions.

Comparison of the interpolated displacements, rotations and bending mo-
ments of the considered simply supported nanobeam obtained from Egs.(6.71)
and (6.73); with the closed form solutions provided in [62] are reported in Table
6.1. It can be easily checked that the proposed SD-FEM provides the exact solu-
tion obtained in [62] by considering a unique two-noded element 2; = Q = [0, L].

The nanobeam domain Q = [0, L] is now partitioned into three elements 2,
i€ {1,2,3}, with 29 = 0, 21 = 5 nm, o = 12.5 nm, 3 = L = 25 nm. For
the sake of generality, the elements have different lengths and thus the mesh is

non-symmetric. The aim is to show that the same solution of that pertaining
to the nonlocal one-element SD-FEM is obtained.

In this case we have two CBCs and four CBCs in Eqs.(6.31). The generalized
displacement vector is

u=| u | =Aq (6.74)

where u; = [ vf(mi,l) @él(xi,l) vf(azi) wil(xi) }T, with ¢ € {1,2,3}, the
nodal displacement parameter is q = [ Yo V1 P1 V2 Y2 3 ]T and A is
the global assembly operator. The nonlocal shape functions of the element €;

are collected in the (1,12) matrix N;(z) = [ nﬁ) (z) 77512)(;1:) né? (x) ]
according to Eq.(6.45). The nonlocal shape functions Ny (z) pertaining to the
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element Q; = [0, 2] have the following expressions

iV () = 0.64213 + 0.360645 x 2.71828~7 — 0.00277509 x 2.718287
40.363422 — 0.2561522 + 0.03483162°

n{Y) (x) = —1.00709 + 1.01281 x 2.71828~% — 0.00571982 x 2.71828°
+2.01853z — 0.75665522 + 0.0853833°

it () = 0.35787 — 0.360645 x 2.71828~7 + 0.00277509 x 2.718287
—0.36342z + 0.2561522 — 0.034831623

n'V(x) = —0.782263 + 0.790418 x 2.71828~" — 0.00815562 x 2.71828~
+0.7985742 — 0.52409422 + 0.088774623

S () = —0.0270114 + 0.0277819 x 2.71828~% — 0.000770485 x 2.718287
+0.02855242 — 0.017387522 + 0.0034648z°

S (z) = —0.133606 + 0.137417 x 2.71828~% — 0.00381103 x 2.718287
+0.141228z — 0.086003422 + 0.01713792°

Sy () = 0.0270114 — 0.0277819 x 2.71828~7 + 0.000770485 x 2.71828"
—0.0285524z + 0.017387522 — 0.0034648z°

St () = —0.0689797 + 0.0709473 x 2.71828% — 0.00196761 x 2.718287
+0.0729149z — 0.044402822 + 0.008848147°

n{Y () = —0.000890314 4 0.00091571 x 2.71828~% — 0.0000253957 x 2.71828%
4+0.0009411052 — 0.00057310322 + 0.0001142022

Sy (2) = —0.00740329 + 0.00761446 x 2.71828~ — 0.000211175 x 2.71828"
+0.007825642 — 0.0047655722 + 0.000949632x°

i) (2) = 0.000890314 — 0.00091571 x 2.71828~7 + 0.0000253957 x 2.71828%
—0.000941105z + 0.00057310322 — 0.0001142022

n$Y (2) = —0.00372564 + 0.00383191 x 2.71828~ — 0.000106272 x 2.71828%
+0.00393818z — 0.0023982322 + 0.000477894°

(6.75)
The twelve nonlocal shape functions N;(z) of the element §2;, with i € {1, 2, 3},
are reported in Figs.6.2, 6.3 and 6.4.
The solution of SD-FEM Eq.(6.57) provides the nodal displacement param-
eter q as

q=[ 113.044 521.612 89.0226 878521 0 —113.044 |°.  (6.76)

The interpolated displacement field v? is given by Eq.(6.24). The interpo-
lated bending moments M/* and shear forces T} follow from Eq.(6.26).

Comparison of the interpolated displacements, rotations and bending mo-
ments of the considered simply supported nanobeam obtained by the SD-FEM
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- 05 §

- 1.0 ]

Figure 6.3: The twelve nonlocal shape functions Ny(z) of the element .

using three elements (SD-FEM3) with those obtained by the SD-FEM using
one element (SD-FEM1) is reported in Table 6.2. It is apparent that the same

133



Benchmark numerical results Nonlocal finite element formulation

14 16 18 20 22 24

Figure 6.4: The twelve nonlocal shape functions N3(z) of the element 3.

results are obtained by using the SD-FEM with a different number of elements.

6.4.2 Nanocantilever under distributed loading

Let us consider a nanocantilever of length L = 25 nm under a uniformly dis-
tributed loading ¢ = 1 nN/nm. Geometric properties of cross-section are
b= h =1 nm. In order to validate the procedure, a comparison will be
done with the closed form solution obtained by the nonlocal SD model provided
in [62].

Let us define a unique two-noded element 0 = Q = [0, L] so that we have
only the two constitutive boundary conditions in Eqs.(6.31) since there are no
internal points in £2. The generalized displacement vector is

Ul v};(O)
0
u=u = ZE = fh ((L; = Aq (6.77)
u14 (L)

where the nodal displacement parameter is q = [ v"(L) ¢"(L) ]T. The solv-
ing linear equation system for the SD-FEM is given by ATK;Aq = ATf,, see
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x [nm)] v (z) [nm)] o (z) -] M (z)
SD-FEM1 SD-FEM3 SD-FEM1 SD-FEM3 SD-FEM1 SD-FEM3

0 0 0 113.044 113.044 0 0

5 521.612 521.612 89.0226 89.0226 -50 -50

12.5 878.521 878.521 0 0 -78.125 -78.125

20 521.612 521.612 -89.0226 -89.0226 -50 -50

25 0 0 -113.044 -113.044 0 0

Table 6.2: Simply supported nanobeam under uniformly distributed loading;:
displacements, rotations and bending moments obtained by the nonlocal SD-
FEM with one and three elements.

x [nm)] v () [nm)] o (z) -] M (z) [nN nm]
SDFEM [62]  SD-FEM [62] SD-FEM  [62]
0 0 0 0 312.5 312.5
12.5 2702.2 2702.2  371.719 371.719  78.125 78.125
25 7896.9 7896.9  430.847 430.847 0 0

Table 6.3: Nanocantilever under uniformly distributed loading: comparison of
results obtained by the nonlocal SD-FEM (with one element) and the SD closed
form solutions.

Eq.(6.56). The generalized displacement vector u is

u= [ 0 0 7896.9 430.847 ]T. (6.78)
The interpolated displacement field v Eq.(6.24) can be written as
4
v" () = hi(z)a + ki ()d + (6.79)
241

where the global parameter vector a and d are provided by Egs.(6.35)-(6.36) in
terms of the displacement parameter u Eq.(6.78)
1" d=1[ -29.6496 0]".
(6.80)

Comparison of displacements, rotations and bending moments of the nanocan-
tilever with those obtained by the closed form solution reported in [62] are pro-
vided in Table 6.3. It can be easily checked that the proposed SD-FEM with a
unique two-noded element ; = Q = [0, L] provides the exact solution obtained
in [62].

a:[29.6496 —29.6496 27.4599 —0.729927
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6.4.3 Nanocantilever under concentrated force

Let us consider a nanocantilever of length L = 15 nm under a concentrated
force FF =1 nN at abscissa x = 10 nm. Geometric properties of cross-section
are b = h = 1 nm. The closed form solution of the nonlocal SD model can be
obtained following the procedure provided in [59]. The domain Q = [0, L] of the
nanocantilever is partitioned according to the following three meshes:

Mesh 1. Two elements ©; = [0,10] and o = [10,15] with zg = 0, 21
10 nm and zo = L = 15 nm. The generalized displacement vector is u =
[ u; up ]TZAthereq: [ v p1 U2 P2 }T;

Mesh 2. Three elements 1 = [0, 5], Q2 = [5,10] and Q3 = [10, 15] with 2y =
0, x1 =5 nm, x3 = 10 nm and x3 = L = 15 nm. The generalized displacement

vector is u = [ u; ux ug ]T = Aq where the nodal displacement vector is

a=[v ¢ v @ vs @3]

Mesh 3. Three elements €3 = [0,10], Q2 = [10,12] and Q3 = [12,15] with
9 =0, z1 = 10 nm, x5 = 12 nm and x3 = L = 15 nm. The generalized dis-
placement vector is u = [ u; uz us ]T = Aq where the nodal displacement
parameter vector is q = [ V1 Qp1 V2 P2 U3 P3 }T

The three different meshes are considered in order to show that the SD-FEM
provides the same solution for all the considered meshes. Solution of Eq.(6.57)
provides the following nodal displacement parameters

Mesh 1 q=[ 49.8101 7.88325 89.5772 7.97021 |"
Mesh 2 q= [ 14.3882 5.61292 49.8101 7.88325 89.5772 7.97021 ]T
Mesh 3 q= [ 49.8101 7.88325 65.676 7.95895 89.5772 7.97021 ]T.
(6.81)

The interpolated displacement field v,ih is given by Eq.(6.24). The interpo-
lated bending moments M]* and shear forces T!* follow from Eq.(6.26).

Comparison of the interpolated displacements, rotations and bending mo-
ments following from the SD-FEM using the three meshes defined above with
those obtained by the closed form solution (CFS) of the stress-driven method
are reported in Table 6.4. It can be easily checked that the proposed SD-FEM
provides the exact solution obtained in [62].

It must be noted that unlike the local (classical) structural response, al-
though the bending interaction field is vanishing between the abscissae x5 =
10nm and 3 = L = 15nm, the nanocantilever has not a rigid behavior in that
interval due to the long range interactions effect. Indeed, rotations ¢(z2) and
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 [nm] v () [nm] o () [-]
SD-FEM CFS SD-FEM CFS
Mesh 1  Mesh 2 Mesh 3 Mesh 1  Mesh 2 Mesh 3
0 0 0 0 0 0 0 0 0
5 14.3882 14.3882 14.3882 14.3882 5.61292 5.61292 5.61292 5.61292
10 49.8101 49.8101 49.8101 49.8101 7.88325 7.88325 7.88325 7.88325
15 89.5772 89.5772 89.5772 89.5772 7.97021 7.97021 7.97021 7.97021

Table 6.4: Nanocantilever under concentrated force: comparison of displace-
ments and rotations obtained by the nonlocal SD-FEM and the closed form
solutions.

(L) obtained by the SD-FEM differ. Non-dimensional maximum displacement
Umax/ V1 versus thickness to nonlocal parameter ratio is depicted in Fig.6.5, be-
ing v; the maximum local displacement. In order to make a comparison, the
trend predicted by the classical (local) model is shown. It can be observed that
the response predicted by the SD-FEM tends to converge to the one predicted
by the classical theory of elasticity for increasing thickness to nonlocal param-
eter ratio. Accordingly, if the ratio is large the SD-FEM shows that effects of

1.2

0.8

—e—SD-FEM

vmux/ ‘/}
o
o

Local response
0.4

0.2

h/c

Figure 6.5: Non-dimensional maximum displacement vy,.x/v; versus thickness
to nonlocal parameter ratio.
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long range interactions are negligible while, when the thickness approaches the
length-scale, nonlocal effects cannot be overlooked.

6.4.4 Complex nonlocal structural system

Let us consider an assemblage of nanobeams under a concentrated couple M =
1nNnm and a piecewise uniformly distributed loading ¢ = 1nN/nm (see
Fig.6.6). The geometric properties are Ly = Ly = Ly = Inm and b = h = 1 nm.
The structure is meshed with three elements €y = [0,1], Q2 = [1,2] and
Q3 = [2,3] with g = 0, 1 = 1nm, 2 = 2nm and 3 = L = 3nm. The
closed form solution associated with the stress-driven nonlocal model can be
obtained following the procedure provided in [59]. The twelve nonlocal shape

rttr t 1t 1 1q

Figure 6.6: Sketch of an articulated assemblage of beams under concentrated
couple and piecewise smooth distributed loading.

functions N;(z) of the elements Q;, with ¢ € {1,2,3}, are reported in Figs.6.7,
6.8 and 6.9.

The nodal displacement parameter is q = [ Q1 92 93 Q4 and its com-
ponents represent displacement of the hinge at x1, rotation of the section just
left the hinge at x1, rotation of the section just right the hinge at x;, rotation
of the section at 5.

]T

Solution of Eq.(6.57) provides the nodal displacement parameter as
q= [ 0.000712727 0.00157794 —0.00264855 0.000875735 }T. (6.82)
The interpolated displacement field v}, with i € {1,2, 3}, is given by Eq.(6.24)
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- 0.2

0.0 0.2 0.4 0.6 0.8 1.0
X

Figure 6.7: Articulated assemblage of nanobeams: shape functions of the ele-
ment .

Figure 6.8: Articulated assemblage of nanobeams: shape functions of the ele-
ment .
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Figure 6.9: Articulated assemblage of nanobeams: shape functions of the ele-
ment 3.

and can be written as
4

X
of (r) = b ()ar + K (2)s + 5
v} (x) = hl (z)az + k§ (2)d2 (6.83)
v} (z) = h (z)as + kI (z)ds

where the global parameter vectors a and d are provided by Eqs.(6.35)-(6.36)
as follows

a:[0.198159 —0.113512 0.0998157 —0.0186733 —0.0676874
0.0866408 —0.0315712 0.0105237 —0.986294 0.790759

—0.23708 0.0301767 |

d:[—0.155836 —0.0423234 0.082262 —0.0101004

116513  —0.00622538 |"
(6.84)
Interpolated bending moments M and shear forces T/ follow from Eq.(6.26).
Comparison of displacements, rotations and bending moments of the considered
nanocantilever with those obtained by the closed form solution (CFS) are re-
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x [nm)] v (z) [nm)] v(z)[—] M (z) [nN nm)]
SD-FEM CFS SD-FEM CFS SD-FEM CFS

0 0 0 0 0 0.139562  0.139562

0.5 0.000180286  0.000180286 0.000687645  0.000687645  -0.055219 -0.055219

1 left 0.000712727  0.000712727 0.00157794 0.00157794 0 0

1 0.000712727  0.000712727 / / 0 0

1 right 0.000712727 0.000712727 -0.00264855  -0.00264855 0 0

1.5 -0.00015543  -0.00015543  -0.000659419 -0.000659419 0.180219  0.180219

2 left 0 0 0.000875735  0.000875735  0.360438  0.360438

2 0 0 0.000875735  0.000875735 / /

2 right 0 0 0.000875735  0.000875735  -0.639562 -0.639562

2.5 0.000161892  0.000161892  -0.000309315 -0.000309315 -0.122786 -0.122786

3 0 0 0 0 0.393989  0.393989

Table 6.5: Comparison of displacements, rotations and bending moments ob-
tained by the nonlocal SD-FEM and the closed form solutions.

ported in Tables 6.5. The labels 71 left” and ”1 right” mean node 2 of element
Q7 and node 1 of element 29, respectively, and 72 left” and ”2 right” mean node
2 of element €25 and node 1 of element 3, respectively. It can be immediately
checked that the proposed SD-FEM provides same results of the closed form SD
method.
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Nonlocal fields theory is a branch of Continuum Mechanics accounting for size
effects in those material bodies where long range interactions cannot be over-
looked. Due to the recent interest in Nanoscience and Nanotechnology, one of
the most promising applications of nonlocal continuum theories deals with mod-
eling and optimization of smaller and smaller smart devices. Thus, during the
last decade many efforts have been devoted to provide consistent nonlocal for-
mulations leading to well-posed structural problems in Continuum Mechanics.

The present thesis aims at facing challenging topics of current interest in
nonlocal mechanics, both from the theoretical and the computational point of
view. To approach the topic, fundamental concepts of nonlocality have been
first elucidated with a comprehensive and detailed illustration. A variational
formulation has been proposed to derive the general constitutive law of nonlocal
elasticity from which the main theories can be derived and exploited to provide
some benchmark results in nonlocal mechanics.

Then, a challenging issue in the framework of nonlocal fields theory has
been faced concerning the reproducibility of a continuum structural problem
according to which general physical laws, expressed with reference to a given
placement of a continuous body, must be applicable to its any sub-part. Thus,
a nonlocal model of elasticity based on the well-posed stress-driven formulation
has been conceived for assembled structural systems. A constitutive differential
formulation has been provided to model the size-dependent behavior of nonlocal
elastic structures involving concentrated and non-smooth distributed loadings,
internal kinematic constraints and piecewise regular elastic and geometric prop-
erties. The presented differential formulation, involving prescription of consti-
tutive boundary and interface conditions, has been exploited to conceive a finite
element (FE) nonlocal formulation.

The proposed FE methodology is based on a two-noded nonlocal finite ele-
ment and the obtained nonlocal shape functions account for long range interac-

143



Conclusions

tions on the whole structural domain, so that nonlocal effects are not confined
to the single finite element. Indeed, the number of nonlocal shape functions is
four times the number of elements in the mesh. A direct approach has been
proposed to derive nonlocal stiffness matrix and nodal force vector and then an
assemblage procedure has been exploited to get the relevant structural problem.

Validation of the proposed stress-driven nonlocal FE formulation has been
performed and benchmark numerical results of structural assemblages have been
provided. The presented methodology has been shown to provide exact stress-
driven nonlocal solutions and to reproduce the typical stiffening size-dependent
structural behavior in agreement with the smaller-is-stiffer phenomenon. More-
over, unlike previous contributions where nonlocal effects were confided to the
single finite element, according to the proposed nonlocal FE formulation long
range interactions involve the whole structural domain.

Further contributions may concern the application of the proposed nonlo-
cal computational technique to accurately solve static, dynamic and buckling
problems of nanoscopic beams and frames involved in modern electromechanical
devices.
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