C. R. Mecanique 346 (2018) 320-335

Comptes Rendus Mecanique

Contents lists available at ScienceDirect

www.sciencedirect.com

Static and dynamic behaviour of nonlocal elastic bar using
integral strain-based and peridynamic models

Noél Challamel

Check for
updates

Université de Bretagne Sud, EA 4250, Institut de recherche Dupuy-de-Lome, Centre de recherche, rue de Saint-Maudé, BP 92116, 56100 Lorient,

France

ARTICLE INFO

ABSTRACT

Article history:

Received 4 March 2017
Accepted 6 December 2017
Available online 10 January 2018

Keywords:

Nonlocal mechanics
Continuum mechanics
Peridynamic models
Integro-differential equation
Functional equation

Scale effects

The static and dynamic behaviour of a nonlocal bar of finite length is studied in this
paper. The nonlocal integral models considered in this paper are strain-based and relative
displacement-based nonlocal models; the latter one is also labelled as a peridynamic
model. For infinite media, and for sufficiently smooth displacement fields, both integral
nonlocal models can be equivalent, assuming some kernel correspondence rules. For
infinite media (or finite media with extended reflection rules), it is also shown that
Eringen’s differential model can be reformulated into a consistent strain-based integral
nonlocal model with exponential kernel, or into a relative displacement-based integral
nonlocal model with a modified exponential kernel. A finite bar in uniform tension is
considered as a paradigmatic static case. The strain-based nonlocal behaviour of this bar
in tension is analyzed for different kernels available in the literature. It is shown that
the kernel has to fulfil some normalization and end compatibility conditions in order to
preserve the uniform strain field associated with this homogeneous stress state. Such a
kernel can be built by combining a local and a nonlocal strain measure with compatible
boundary conditions, or by extending the domain outside its finite size while preserving
some kinematic compatibility conditions. The same results are shown for the nonlocal
peridynamic bar where a homogeneous strain field is also analytically obtained in the
elastic bar for consistent compatible kinematic boundary conditions at the vicinity of
the end conditions. The results are extended to the vibration of a fixed-fixed finite bar
where the natural frequencies are calculated for both the strain-based and the peridynamic
models.
© 2017 Académie des sciences. Published by Elsevier Masson SAS. This is an open access
article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nonlocal models are continuum models that are able to account for the change of scale in the analysis of a structure that
contains some microstructure patterns. Among integral-based nonlocal models, strain-based and relative displacement-based
models have been both developed in the literature. Strain-based nonlocal models relate the stress to the strain through an
integral operator valid in the whole range of the solid, whereas relative-based displacement models expressed the balance
equation through an integral operator of the displacement difference, which avoids the calculation of the strain through a
gradient operator. Strain-based nonlocal models have emerged in the 1960’s for bridging lattice mechanics with engineering
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continuum models, especially (but not only) to capture the wave dispersive properties of crystal materials (see for instance
[1,2] or [3]). These models have been further cast in a consistent thermodynamics framework (see for instance [4] or more
recently [5]). Altan [6] studied the uniqueness of the boundary value problem of strain-based nonlocal elasticity static
problems. Strain-based integral nonlocal elasticity theories are widely reviewed in the seminal book of Eringen [7] - see
the historical analysis of Maugin [8] on the topic. Relative displacement-based models have been introduced by Silling [9]
through the terminology of peridynamic models, and then widely developed by the same author and his co-authors for
several engineering applications ([10,11] for instance). These models can also be understood as the continualization of lattice
models that account to short and long-range interactions, thus being also associated with the concept of physically-based
nonlocal models [12]. A fractional peridynamic model has been recently reported by Lazopoulos [13].

Some mathematical properties have to be fulfilled by the kernel for both integral approaches, including the strain-based
or relative displacement-based approaches. The kernel has to fulfil some normalization and end compatibility conditions
in order to preserve the uniform strain field associated with this homogeneous stress state. For infinite media, analytical
and numerical solutions have been found for various kernels, and the discussion of compatible boundary conditions is
avoided. For finite-body problems, the kernel associated with the integral model has to be compatible with the boundary
conditions of the problem. This incompatibility between the natural boundary conditions and the induced kernel-dependent
boundary conditions prevent the use of some kernels including some elementary exponential-based kernels (as detailed
by Ferndndez-Séaez et al. [14] or by Romano et al. [15] for nonlocal integral beam models). Many nonlocal strain measures
developed in the literature violate the nonlocal invariance of the uniform strain field, which can be physically questionable.
Consequently, there is a need to select appropriate kernels for engineering applications and to find relevant solutions in
some benchmark cases for simple nonlocal structural mechanics applications.

The same remarks hold for relative displacement-based nonlocal models, whose available solutions have been mostly
derived in statics and in dynamics for infinite one-dimensional media by Silling et al. [10], Mikata [16] or BaZant et al. [17].
An exception is the recent paper of Nishawala and Ostoja-Starzewski [18], who obtained an analytical solution for a finite bar
in tension under various distributed loadings. Nishawala and Ostoja-Starzewski [18] also discussed some correction effects
at the vicinity of the finite bar, by introducing some distributed load that affects the homogeneous stress state configuration
of the problem. In a certain sense, the difficulties pointed out in the strain-based integral model are not avoided in the
relative displacement-based models, and some clarifications are needed for both models.

In this paper, we explore some possible link between nonlocal elasticity, peridynamics theory also labelled as a nonlocal
relative displacement-based theory and lattice mechanics. The statics and the vibration of a finite bar is investigated, and
some exact analytical solutions are derived for possible benchmark testing.

2. General equations of integral-based nonlocal models for one-dimensional problems

A one-dimensional strain-based nonlocal model can be introduced from the following integral operator (see for instance
[71):
L
N(X)ZEA/G(x, ye(y)dy (M
0
for a finite bar of length L, where N is the normal force, € is the axial strain, E is the Young modulus, A is the area and

G(x, y) is the nonlocal kernel of the strain-based nonlocal model, which should verify the translational invariance principle
for homogeneous isotropic media [7]:

G(x,y)=g()=g(=§) withi=y—x (2)

G has the dimension of the inverse of a length, i.e. L~!. The normalization procedure, in order to leave the uniform strain
unchanged, for finite structural elements (see also [7] or [19]; or [40] for the discussion of the criterion for finite solids) can
be written as:

L
/G(X, ydy=1 (3)
0

To avoid any difficulties at the limit of the finite domain, and following the methodology that is applied to lattice problems
which may be also investigated within nonlocal mechanics (see also [7]), it is sometimes preferred to extend the finite do-
main outside its domain of definition following some symmetrical properties or periodic properties, leading to the nonlocal
normal force strain-based definition:

+o00
N(X)=EA/G(x,y)8(y)dy (4)

—0o0
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In this case, the normalization procedure is simply reduced to

+00

fcmww=1 (5)

—00

Two possible useful nonlocal kernels can be mentioned at this stage (which verifies the normalization procedure given by
Eq. (5)), namely the symmetrical bilinear kernel function used by Eringen and Kim [20]:

Gix,y)=L@—|x—y| iflx—
{ww Sa—lx—y) iflx—yl<a -

Gkx,y)=0 iflx—yl>a

Another widely used nonlocal kernel is the exponential kernel:

1
Cx.y)=g-e & (7)
C

This kernel does not verify the normalization criterion for finite-length structures. Furthermore, as detailed by Benvenuti
and Simone [21] for instance part (see also the recent discussions in [14] or in [15] for nonlocal beam problems), the choice
of the kernel of the nonlocal model leads to an integro-differential equation that has to be compatible with the natural
and essential boundary conditions of the mechanical problem. We will explore in the paper some other exponential-based
kernels, which may satisfy the normalization criterion for finite-length problems.

Another class of nonlocal model is the stress gradient model of Eringen [22] based on the differential law:

N(x) —2N"(x) = EAe(x) (8)

whose kernel depends on the boundary conditions, as will be discussed in the paper. It is easy to show that the kernel
in Eq. (7) verifies the differential equation of the Eringen model [22]. However, as the normalization criterion applied to
the kernel of Eq. (7) is only valid for an infinite domain, as characterized by Eq. (5), the correspondence between Eq. (7)
and Eq. (8) is only valid for infinite domains (infinite domain, or finite domain extended at the infinite using periodicity
boundary conditions).

Finally, the peridynamic model (also called relative displacement-based nonlocal model) can be formulated as [9,10,12]:

L
N'(x) = EA/H(X, »[u) —u@]dy 9)
0
wheregH (x, y) is the nonlocal kernel of the peridynamics nonlocal model. H has the dimension of the inverse of a volume,
- lfor homogeneous isotropic media, the translational invariance principle is also fulfilled:
H(x,y)=h()=h(=§) with§=y—x (10)
The normalization procedure for the finite length peridynamic kernel can be defined from:
L
meww—W®=2 (11)
0
For infinite domains, one has:
+00
N'(x) =EA f Hx, y)[u(y) —ux)]dy (12)
—00

where H(x, y) is the nonlocal kernel of the peridynamics nonlocal model, which should verify the normalization procedure
(see [10,16,17]) given by:

+00
/Hmww—W®=2 (13)

—00

The normal force can be calculated, by performing one integration (see for instance [12]), which can be written for an
infinite bar as:
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X +00
N(x)=EA / / H(y1, y2)[u(y2) — u(y1)]dyq dyz (14)
Y1=—00 Y2=X

For a finite length problem, one cannot extend this double integral directly for finite domain:

x +L
N(x) #EA / / H(y1, y2)[u(y2) —u(y1)]dy: dyz (15)
1=0Y2=x

This is due to the fact that:
L

X +L
d
&[/ /H(YLYZ)[U(}’Z)_”(J’l)]dJ’1d}’2i|:/H(&J/)[U(J’)_U(X)]dy

y1=0 Y2=X 0
L X

—/H(O, y)[u(y)—u(O)]dy—fH(L,y)[U(y)—u(L)]dy (16)
X 0

In fact, there is a strong connection between peridynamic and strain-based integral models for infinite media: assuming
the differentiability of the displacement field, peridynamic models can be converted into strain-based integral models by
assuming a kernel correspondence between both nonlocal models:

d’g
h — o __95 17
€)== ¢ (17)
The proof is given by Silling et al. [10] for general kernels and is also mentioned in [12] for exponential-based kernels. The
proof is obtained by assuming that there exists a kernel operator g* such as:

ng*

—2 —h 18

o =h® (18)
which asymptotically vanishes for infinite values, a property also valid for the first- and second-order derivative of this
kernel. Rewriting the peridynamic governing equation (which couples the constitutive law with the balance equation) with
the difference variable & gives:

+0o0

, 9%g*
N(x):EA/ 552 [u(x+&) —ux)]dé (19)

—0o0

which can be integrated two times, thus leading to:

+00
9o* +00 9 +0o0 82
N0 = [EA € et o) - u(x)]] - [EAg*(é)M] 4 EA / g6 M) g (20)
§ —o0 13 —o0 0
Assuming that the boundary terms are vanishing, this equation can be equivalently written as:
+0o0
_EA— / a”(XJrE) BT e = Nx) —=EA / g (&) ”(y) 1)

with & = y — X, which shows that g = g* can be used as a possible kernel of the equivalent strain-based integral nonlocal
model (for sufficiently smooth displacement fields).

For infinite media, the normalization procedure of the peridynamic model can follow from the normalization criterion of
the strain-based integral model:

+00 o0
/ h(e)e? dg = / g8 ds = [g )82 — [2626)] " + / 2g(5)ds =2 (22)

It is worth mentioning that there are generally no kernel correspondences between integral-based and peridynamic nonlocal
models for finite-length structural elements. This correspondence can be eventually shown on some specific kernels such as
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the bilinear kernel considered by Eringen and Kim [20], and based on lattice interaction. Using Eq. (6), as shown by Eringen
and Kim [20], it is possible to derive the continualized lattice-based equations:

ux+a)—2ux)+ux—a
N = pA LD 200 Fux —a)
a
Eq. (23) may be classified as a functional equation, which is the continualization of the associated difference equation (see
[23]).
The proof of Eq. (23) is also based on the following integration by part:

(23)

L a 1 X+a a
/c(x,y)—udy=—f - ey = dy
ay a a ay
0 Xx—a
+
; x—y| xta 4 xta
=-(1- u(y) —— [ sgn(x—y)u(y)dy
a a x—a @
X—a
1 X 1 X+a
=——2/u(y)dy+—2fu(y)dy (24)
a a
x—a X

The continualized lattice model is a particular case of the peridynamic model with the following kernel (see also [24]):

Hix, y) = 6(x+a,y)—28(;<2,y)+8(x—a, y) (25)

where the Dirac distribution has been used. Again, using Eq. (25), one is able to build Eq. (23), which is the continualized
nonlocal lattice model with direct neighbouring interaction. It means that for some specific kernels, and for infinite media,
strain-based nonlocal integral models are exactly coincident with relative-based displacement models. It is however worth
mentioning the strong difference between the kernel of Eq. (25) and the one of Eq. (6), which shows that the kernel of
peridynamic models cannot be chosen, in general, in the same form as the one of the strain-based nonlocal model. For this
lattice-based nonlocal model, it is possible to show that the mathematical property of the kernel equivalence of Eq. (17) is
fulfilled, at least if the derivative is understood in the distributed sense. We also mention some links between the discretized
version of the peridynamic model with the finite difference formulation of local elasticity models (see [25]); the latter one
can be also viewed as the difference equations of the lattice medium with direct neighbour interactions.

This correspondence (valid for infinite media) can be also achieved for the exponential kernel of the strain-based nonlocal
model given by Eq. (7), whose peridynamic analogous would be formulated by (see also [12] for this specific model):
x=yl

T (26)

1
Hkx,y)=—e
x,¥) 2B

Finally, we would like to emphasize that for infinite media (or finite media with extended reflection rules), Eringen’s
differential model given by Eq. (8) can be reformulated into a consistent strain-based integral nonlocal model with the
exponential kernel of Eq. (7), or into a relative-based displacement integral nonlocal model with a modified exponential
kernel given by Eq. (26). These nonlocal models are now applied to some simple structural cases, both in statics and in
dynamics.

3. Static case - finite domain
3.1. Loading configuration

We are studying a uniform bar of length L under pure tension, which may be expressed from the principle of virtual
work:

L
/GASu’dx—ooASu(L)zo (27)
0

where oy is the uniform tension stress applied at the end vicinity, and A is the cross-sectional area. The bar is fixed at
x =0, which means, after an integration by part, that

L
/—(aA)’au dx + [0 ASuls — opAsu(L) =0 (28)
0
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The boundary conditions are obtained:
u0)=0 and o(L)=o09 (29)
and the stress is homogeneous for a uniform bar A’(x) = 0:
Nx=0 = ok =o0g (30)
3.2. Eringen’s differential model
For Eringen’s differential model [22], the nonlocal elasticity model degenerates into the local model:

N'(x=0 = N-IN'=N=EAu (31)
and we then obtain the local elasticity solution:

u(x) = gox

3.3. Exponential kernel with infinite domain

The displacement field has to be extended outside the domain to be compatible with natural and essential boundary
conditions of the bar problem. Recently, Sumelka [26] used a similar concept based on the extension of the domain outside
its initial definition. One possibility is to take the continuation rule:

U@ =ut(x) forx<0 and u " (x)=u"(x) forx>1L (33)

In this case, it is easy to check that the uniform solution:

u(x):%x = u/(x)z% for x € [—o0; +00] (34)
is solution to:
—+00
1 _x=v
N(x)=EA/ je e g(y)dy =0pA (35)
C
—00

There is an equivalence between the integral model for infinite domain with periodic boundary conditions and the Eringen’s
stress gradient model also extended to an infinite domain. The correspondence (valid for infinite media) can be also achieved
for the peridynamic model with the exponential kernel given by Eq. (26).

3.4. Exponential kernel with finite domain - direct nonlocal measure

If now one considers the integral model with a truncated exponential kernel, one would obtain:

L
1 x—
N(x):EA/je_%e(y)dyzaoA (36)
C
0

As shown by Benvenuti and Simone [21], such integral equation implicitly contains some constraints on the normal force at
the boundary such as:

4 1 4 1
N'(0) = -N© =0 and N'(L)+-N(L)=0 (37)

Clearly, these boundary conditions violate the natural boundary conditions of the problem, and the kernel of Eq. (36) is
not admissible for the loading case considered in this part (see also the recent discussions in [14] or in [15] for nonlocal
beam problems - see also the discussion in Appendix A). Furthermore, the kernel chosen in Eq. (36) does not verify the
normalization criterion given by Eq. (3).
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3.5. Exponential kernel with finite domain — combination of nonlocal and local measures

Following the methodology of Eringen [27], it is possible to consider a combination of local and nonlocal measures given
by:

N() =EA[§1e + 58] withé +8 =1, § €[0;1]and & €[0; 1] (38)

The requirement &; € [0; 1] is necessary to preserve the positivity of the nonlocal kernel operator. For & > 1, & =1 — &
becomes negative and the associated nonlocal strain-based energy functional loses its definite positiveness, thus preventing
to obtain the uniqueness property of the integral nonlocal boundary value problem [6,5]. It is eventually possible to express
this model in term of nonlocal strain and strain gradient energy functional (see [28,29] or [30]), which may eventually
restore the positive definiteness of the nonlocal strain and strain gradient energy functional. However, the paper is mainly
focused on strain-based nonlocal models and we will impose that both & and &, belong to [0; 1]. As shown by Challamel
and Wang [28] for nonlocal bending problems or by Challamel et al. [29] for nonlocal axial rods, the nonlocal kernel can be
introduced from the following nonlocal measure (which is used by Peerlings et al. [31] for nonlocal damage applications):

g-Lg' =¢ (39)

Furthermore, the following boundary conditions have been obtained by Challamel and Wang [28] or Challamel et al. [29]
from the application of a variational principle:
L

F0)=¢(L)=0 = §=/F(x,y)8(y)dy with

0
Fx,y)= tE(ILC)) cosh(f) ifx<y
(;) (40)
Fxy) =1 — h(ch) cosh() ifx>y

Such a kernel can be found in [32] as the Green function associated with the differential equation associated with the
considered boundary conditions (see also [33] for nonlocal damage mechanics applications).
These higher-order boundary conditions can be re-expressed in term of mixed normal force-strain variable as:

N'(0) _1[N@ N -
5—2[ (0)]—5[ EA —%‘18(L)]—0 (41)

We note that the uniform local solution for both the stress and the strain is compatible with these boundary conditions:

N(x) = 09A = AEe(x) (42)
We finally have:

Gx,y) =66 y)+&EFKx,y) withé +6 =1 (43)

Note that this model is also equivalent to a nonlocal coupled strain gradient elasticity model:

2
N(x) —2N"(x) = EA[e(x) — a*e” (x)] with&:(?) €[0;1] (44)

C
Applying this model to the uniform bar under tension gives the local solution and the uniform strain model. Note that this
model can be cast in the so-called micromorphic approach [29,34]. Exact solutions for nonlocal beam problems (including
bending, buckling and vibration) have been elaborated by Zhang et al. [35]. Lim et al. [30] also showed the thermodynamic
background of this model, which can be classified also as a nonlocal strain gradient model.
3.6. Alternative of the exponential kernel with finite domain - nonlocal solution affected by the small-length-scale terms

In this model, used by Benvenuti and Simone (2013), Egs. (38) and (39) are used (Eq. (44) is also valid) but the boundary
conditions for defining the nonlocal strain differ and are defined by:

- 1_ - 1_
£(0) — 1—8(0) =0 and g(L)+ l—e(L) =0 (45)

which can be re-expressed in term of mixed normal force-strain boundary conditions as:
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1[N 1 N 1 [N(L 1 N(L
—[ ( )—sle’(0>} - —[%—sls(m] - —[ ( )—éla’(n} +—[§—slaa>] —0 (46)

& EA &2lc & EA &alc

We note that the uniform local solution given by Eq. (42) for both the stress and the strain is not compatible with these
boundary conditions, which would imply that:

N'=0 and ¢ =0 = N=EA&e (47)

Equation (44) which is also valid for this model, can be equivalently presented in the following differential form:

N(x) — 2N"(x) = EA[e(x) — 126" (%)] (48)

Note that the consideration of Eqs. (47) and (48) shows that the uniform local solution for both the stress and the strain
cannot be a solution to this nonlocal model, except in the local case where & = 1. The kernel of this nonlocal model is
obtained from:

2
x=yl
G(x,y)=&08(,y)+&F(x y) withF(x,y)= %e  and & = (lﬂ) (49)
C C
The solution to this problem is given by Benvenuti and Simone [21] for nonlocal axial bars or by Khodabakhshi and
Reddy [36] or Wang et al. [37] for nonlocal beams. Such a model has been also considered by Pisano and Fuschi [38] -
see also the recent discussion of Pisano and Fuschi [39].
The solution for uniform stress is clearly affected by the small-length-scale terms. It is possible to check in this case that
the normalization criterion is not fulfilled in the finite domain:

L

[ G y)dy #1 (50)
0

3.7. Some alternative kernels - a spatial-dependent combination of local and nonlocal measures

The following nonlocal measure has been first proposed by Borino et al. [19] for nonlocal damage mechanics applications
(see also the discussion in [40]), and has been used quite recently by Koutsoumaris et al. [41] for nonlocal elastic beams.
The model can be presented in the following form:

L L

N(x) = EA[&1€ + &¢] with& +& =1ande = |:1 — / F(x,y) dyi|8 + / F(x, y)e(y)dy (51)
0 0
If now we specify & =1, the nonlocal kernel is obtained:
L
Gx,y)= |:1 - f F(x,y) dy:|8(x, y)+ F(x,y) with F(x,y) = Zilcef lxiy‘ (52)

0

In this case, the normalization criterion is effectively checked. This problem has been numerically investigated by Kout-
soumaris et al. [41] for beam problems, but no analytical solutions have been found up to now.
This model can be also expressed in the following form:

L L
1 _lxyl
Nx) =EA[&1(x)e + ] withe= / Fx, y)e(y)dy, &) =1~ / F(x.y)dyand F(x.y) = 5 -e © (53)
0 0 ‘
The coefficient & (x) can be easily calculated as:
1, _x _Llx

£1(x) = i[e e T | (54)
This model can be cast in a differential form:

N —EN"(x) = EA[(1 + &)ex) — 2[160)]"] (55)

It is easy to check from Eq. (55) that:

ex)=g = Nx —I2N"(x)=EAgo (56)
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However, from the boundary conditions to be checked by Eq. (45), we find that:

[N © — (&1 )(0)] - —[@ —& (0)] [N(L) (&18) (L)] —[Q —&ie (L)] (57)

EA

Again, we note that the uniform local solution given by Eq. (42) for both the stress and the strain is not compatible with
these boundary conditions.

3.8. Peridynamic model - kernel with inverse distance

Semi-analytical solutions are available and are expressed in integral form in [10] and [16] for the static analysis of in-
finite bars with the relative displacement-based (or peridynamic) model. Recently, Nishawala and Ostoja-Starzewski [18]
obtained an explicit analytical solution for a homogeneous elastic bar with various distributed loading, based on the follow-
ing peridynamic model with the inverse distance interaction function:

x+a
M®=EA/Hmth%wwﬂ® mmmxw=gwtﬂ (58)
X—a
and the normal force is calculated by integration:
2E A u —u
N =N@©) + 222 / / HOD IO 4, gy (59)

y1=0y2=y1—a

It can be checked that the normalization criterion is verified, at least if the kernel interaction is extended beyond the limit
of the finite bar:

—+00 X+a X+a 2
/ H(x, y)(y — 02 dy = f Hex, y)(y — 0% dy = f 21y —xidy =2 (60)
—00 X—a X—a

Note that the normalization criterion cannot be checked in the vicinity of the boundaries, if the kernel is truncated at
the boundaries, as suggested by Nishawala and Ostoja-Starzewski [18]. Consequently, Nishawala and Ostoja-Starzewski [18]
obtained a non-uniform stress state for the homogeneous bar under pure tension, by adding some distributed forces at the
boundary to correct this effect.

To avoid this effect due to the truncated nonlocal measure, and following the methodology introduced for the strain-
based nonlocal problem, the displacement field can be extended outside the domain to be compatible with the natural
and essential boundary conditions of the bar problem, which can be related to the extended layer concept introduced by
Silling [9] or Macek and Silling [11].

As the kernel is truncated over a distance defined by a, the extended domain is concerned by x € [—a;0] and x €
[L; L +a).

One possibility is to take the continuation rule:

u"(x)=ut(x) forx<0 and u " (x)=u'(x) forx>1L (61)
The following local-type solution is solution to the problem:
o]
ux) = Fox forxe[—a; L +a] (62)

It can be checked that this solution verified the nonlocal governing equation (58), i.e. N'(x) =0 for x € [0; L], and the
boundary conditions:

u(0)=0 and N(L)=N(0)=o0oA (63)

due to the normal force integration along the bar:

yi+a
ZEA u(y2) —u(y1) ZUoA
/ / U2 ZUWD 4 g / f L gy, d =0 (64)
ly2 — y1l
y1=0y2=y1—a y1=0Y2=y1—a

The natural boundary condition of this problem would not have been verified with a truncated kernel, as observed by
Nishawala and Ostoja-Starzewski [18].
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3.9. Peridynamic model - kernel with discrete distance

Let us now consider the following peridynamic model (based on single discrete symmetrical interactions) for a finite bar
with some extended compatible boundary conditions:

+o00
) - 28 S(x —
N'(x) =EA / H(x, y)[u(y) —u)]dy with H(x, y) = x+ay) (axz N +ox=a.y) (65)
—00
which is equivalent to:
-2 —
N = AU O T2 FUR =D ik N = 6pA (66)

a2
which is a functional equation that should be valid for x € [0; L]. This functional equation needs to define the displacement
function for x € [—a; L 4+ a], which is somehow related to the extended layer concept introduced by Silling [9] or Macek and
Silling [11].
By integration of Eq. (66), the normal force of this peridynamic model can be calculated from:

N :EA/ Wdy (67)

or equivalently from:

Xx+a

N(X)=EA/ Wdy (68)

or also using a “centred scheme”:

x+5
N(x)=EA/ u(y+a/2)a—2u(y—a/2)

dy (69)
=

The domain is extended outside its physical definition x € [—a; 0] and x € [L; L + a], following the same method used for

finite difference problems using some fictitious points.

Again, the homogeneous solution Eq. (62) is valid for this nonlocal peridynamic bar, and it can be checked that the
natural and essential boundary conditions are checked:

L
u(0)=0 and N(L)=EA/
L—a

U(y+<:1)2 u(y) dy = oA (70)
As already pointed out in the paper, and as mentioned by Silling [9] or Macek and Silling [11], the static boundary condition
needs to include the behaviour of the bar outside its initial domain, using some extension properties, as used in finite
difference method by the concept of fictitious nodes.

The solution to the functional equation (66) with the boundary conditions - Eq. (70) - partially expressed in integral
format is the local displacement solution, given by Eq. (62).

The proof comes from the difference formulation associated with the functional problem, and expressed by:

Ujr1 — 2Uj + Ujq

EA P

=0 withug=0 (71)
The solution to this linear second-order difference equation can be built from the difference equation:

Uip1 —2Uui+ui1=0 = u=ai+p (72)
Introducing the fixed boundary condition leads to

Uup=0 = u=oai = u(x):otg (73)

The last boundary condition N(L) = 0pA gives o = % Of course, these results, valid for the peridynamic model based on
the kernel given by Eq. (25), are also valid for the strain-based nonlocal model with the kernel given by Eq. (6), due to the

correspondence rule.
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4. Dynamic case
4.1. Loading configuration

We are now studying the vibration of a fixed-fixed uniform nonlocal bar, where the integral nonlocality can be related
to a strain-based or to a relative displacement-based (or peridynamic) model.
The principle of virtual work which includes the inertia effects can be written as:

L
/N(Su/—i-pAﬁ(Su dx=0 (74)
0
which means, after an integration by part, that
L
/—N/au+pAu‘5u dx + [Nsul§ =0 (75)
0

The boundary conditions are obtained for the fixed-fixed bar from:

u(0)=0 and u(l)=0 (76)
and the balance equation is given by:

N’ = pAii (77)
Considering the harmonic motion u(t) = uel®t where j=+/—1 and w is the angular frequency of vibration, the balance
equation reads:

N 4+ w?pAu=0 (78)

4.2. Eringen’s differential model for finite domain

For finite domains, the strain-based nonlocal problem to be solved is the following integro-differential eigenvalue prob-
lem:
d L
aEA/G(x y)— (y)dy+a) pAu=0 withu(0)=u(l) (79)
0

The kernel of Eringen’s differential model depends on the compatible natural boundary condition. Due to Eq. (78), the
fixed-fixed boundary conditions can be expressed in term of static equivalent boundary conditions:

u@=u(ll) = N(@O=N(L) =0 (80)
so that Eringen’s differential model can be inverted in this case in the following form (see also Eq. (40)):

cosh(7Y)

. / L o . G y) =1 () cosh(%) ifx<y
N-N'=EAY = N(x):EA/.G(x,y)@dy with (;) . (81)
0 Gx,y)= mh(lf) cosh(y) ifx>y
The integro-differential Eq. (79) can be equivalently cast in a single second-order differential equation:
(EA - ?pA2)u" + ? pAu=0 withu(0) = u(l) (82)
The dimensionless parameters can be introduced as:
H:%, R:%; /S:,oszz and u:% (83)

The nonlocal vibration equation is then obtained from:

1 —=puwu” +pu=0 withu(0)=1u(1) (84)
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where the derivatives are now expressed with respect to the dimensionless spatial variable X. For the fixed-fixed nonlocal
rod, the natural modes and the natural frequencies are obtained as (see [42]):

_
1+ p(nm)?

2L2
<(mm)? with By = p

I
2

u(x)y=U sin(?) and B and yu = (85)
It is shown that the small-length-scale term p tends to soften the natural frequencies of this nonlocal bar, a conclusion
that is in agreement with the results obtained for nonlocal beams [43]. It is worth mentioning that such a nonlocal kernel
may be considered as a good approximation of lattice model with direct neighbouring interaction, as shown by Challamel
et al. [24] for instance.

It may be also commented that the exponential kernel considered in Eq. (36) cannot be used because the stress-
based boundary conditions in Eq. (37) coupled with the natural and essential boundary conditions would lead to an
over-constrained problem without any solution. The same incompatibility was found for the bar in pure tension.

4.3. Exponential kernel with finite domain — combination of nonlocal and local measures

The dynamic behaviour of a nonlocal bar composed of local and nonlocal strain measures (which has been shown to
be equivalent to a nonlocal strain gradient model) was considered by Challamel et al. [29], Song et al. [44], Challamel [45]
or Lim et al. [30] from the wave dispersion properties. Recently, Li et al. [46] studied the vibration of such a nonlocal bar,
using the combination of local and nonlocal strain measures. In this case, the nonlocal strain measure is given by Eq. (39).

Using Eq. (48) coupled to the balance equation (78) leads to the normal force expression:

N = (EA — * pAIR)u’ — &1ZEAu” (86)
The fourth-order governing differential equation is finally obtained:
—612EAU® + (EA — 0?0 AR + 0?pAu=0 (87)

This is a higher-order elasticity theory with a fourth-order spatial derivative similar to what was observed for gradient
elasticity theories of axial bar (see [46-49]), which can be presented as a generalization of the nonlocal equation (82):

—&put® + (1 - g’ + pu=0 withW(0) =u(1) = pu(0) + & 1"(0) = BU(1) + &1 (1) =0 (88)

where the higher-order boundary conditions €'(0) = (1) = 0 has been used. The solution to this fourth-order differential
equation may be expressed as:

u(x) = Cocos(r1X) + Cq sin(A1X) + Co cosh(A2X) + C3 sinh(A2X)

with Ay :\/\/(1 — B2 +4BE 1 —1+Bu andkz:\/\/(l — B2 +4BEin+1—Bu

(89)
251 251
Injecting the four boundary conditions give the vibration mode and the natural frequency of this nonlocal bar:
_ N 1 nm)?
u(X) =Cysin(nnx) and g, = (mr)ZM < (nm)? (90)

1+ p(nm)?

which is also the value reported by Li et al. [46]. It is shown that the small length scale term w also tends to soften the
natural frequencies of this nonlocal bar, as & € [0; 1] a conclusion in agreement with the results presented for nonlocal
beams [28,35,45].

4.4. Eringen’s differential model for infinite domain
If we now consider the Eringen’s differential model - Eq. (8) - for an infinite medium, we assume a continuous kinematic

field outside the domain, so that the natural vibration mode is valid not only for x € [0; L], but also outside the domain of
definition:

X
u(x) :Usin(nnz> for x € [—o0; +00] (91)
It can be checked that this trigonometric solution verifies the following integrodifferential equation:
d 3
x=yl du
—EA | ——e & —(y)d 2pAu=0 92
I /ZIC ay(y) ly +wp (92)

o
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which is equivalent to the differential Eringen model applied to the infinite periodic problem. Introducing Eq. (91) in Eq. (92)
gives:

+x +00
EA nmn =Xty y x-y y 5 . X
—U—| — e It cos|nm= )d el cos|{nm=|d w”pAUsin|{ nt— )| =0 93
22 L[/ (g )ars | (L)@+ g L ©
X

It can be shown by integration by part that:

+Xx
1+ L /e#cos n y d L sin( n X + L2 cos( n X and
— c > =— T— —_— T—
(nm)212 L Y nm L (nm)2l, L
o0

+00
1+ L / exl;y cos nny dy = L sin nnx + L cos nnx (94)
(nm)22 )Y L) L
X
and then Eq. (94) shows that g = 5 4-(;113;)2 which is the value reported for Eringen’s differential model.

In other words, for this dynamic problem, Eringen’s differential model is equivalent to an integral approach with a finite
kernel based on Eq. (79) for the finite bar, or an integral approach with an infinite kernel given by Eq. (92) using a contin-
ualization of the kinematic field outside the finite domain of the bar. It is also possible, using the correspondence principle
between the strain-based and the peridynamic nonlocal models, to derive the same solution valid for the peridynamic bar
for the extended infinite periodic bar with the exponential kernel given by Eq. (26).

4.5. Peridynamic model - kernel with discrete distance

Finally, the lattice-based peridynamic model based on the discrete kernel of Eq. (23) can be formulated by the functional
equation:

ux+a) —2ux)+ux—a
EA *+a) g ) Ul ) +a)2,0Au(x):0 withu(0) =u(L) =0 (95)
a

and the continuation rule - Eq. (33) - is followed.
Then, the problem can be converted, for some solution points of the problem, into a second-order linear difference

eigenvalue problem, expressed by:

Ujp1 — 2Uj + Uj—q

EA >

+w2pAui=0 withug=up =0 (96)
where the integer parameter p is defined such as pa = L. This problem is analogous to the vibration problem of a string
with concentrated masses, as already solved by Lagrange [50,51] for the string of the axial lattice. The vibration solution
can be also expressed in sinusoidal form (see also [24]), analogous to Eq. (91), but now presented in its discrete version,
u(x) = Usin(nr) for i € {0;1;2...p — 1; p}. More generally, it can be shown that Eq. (91) is the continuous solution to the
functional difference equation. Note, however, that Eq. (91) is a continuous solution, instead of the discrete solution induced
by the difference eigenvalue problem. The Lagrange solution is obtained from the resolution of the linear second-order
difference equation:

ﬁn=4pzsin2(%> forne{1;2...p — 1; p} (97)

(nm)?

which also leads to the softening effect, due to the approximated formulae 8, = Tram?
+(nn

—— + ... It is shown that the small

1212

length scale term p = a?/(12L2) also tends to soften the natural frequencies of this nonlocal bar, a conclusion in agreement
with what we previously observed for strain-based or relative displacement-based nonlocal models. We then obtained an
approximated formula for the frequency of this fixed-fixed peridynamic bar. One also recognized in the approximated
formulae the natural frequency equation of a nonlocal bar based on Eringen’s differential model, as shown by Eq. (85).

The present solution is also valid for strain-based nonlocal bar based on the kernel exposed in Eq. (6). In a certain sense,
Lagrange [50,51] indirectly obtained the first analytical solution to a peridynamic problem, by solving a lattice problem
based on a difference equation, whose continualization constitutes a particular strain-based or relative displacement-based
(or peridynamic) nonlocal problem.

We may also comment that the sinusoidal function has been found as a common solution to various integral strain-based
or peridynamic nonlocal models. This property, however, would not have been verified for the vibration of a peridynamic
bar with the model considered by Nishawala and Ostoja-Starzewski [18], who used an alternative kernel.



N. Challamel / C. R. Mecanique 346 (2018) 320-335 333

5. Conclusions

Strain-based or relative displacement-based (also referred to as peridynamic) integral nonlocal models need to account
for the finiteness of the structural element for engineering applications. This paper aims to classify different nonlocal models,
with respect to their mathematical properties and their ability to preserve some fundamental features such as the invariance
of the nonlocal operator for uniform field. It is shown in this paper that such a fundamental requirement is preserved for:

- an unmodified infinite kernel for finite domain by extending the domain outside its boundary. This method is used, for
instance, for solving the finite difference equation using the so-called fictitious point method. As already outlined by
Maugin for instance ([52]; see also [53]), lattice difference equations may be related to the finite difference formulation
of the partial differential equations associated with the local continuum mechanics problem. In that spirit, it is not
surprising that integral nonlocal models that may capture the small-scale effects in lattice mechanics have similar
features in terms of mechanical resolution. Strain-based or relative displacement-based nonlocal models are similar
from this point of view;

- a modified finite kernel valid inside the domain by combining a local measure with a nonlocal one. The nonlocal
measure should be compatible with the natural and essential boundary conditions of the problem. It has also to respect
the invariance of the homogeneous strain state for uniform stress state.

Analytical solutions valid for finite bars have been derived for nonlocal integral models including strain-based and peridy-
namic models, both in static and in dynamic conditions. It has been shown for both families of integral models (peridynamic
or strain-based nonlocal integral models) that softening occurs in presence of non-homogeneous strain states, with relevant
nonlocal strain measures. These analytical solutions can be used as benchmark solutions in the computational validation of
nonlocal structural problems. The conclusions of this paper, especially the ones associated with the softening effect induced
by the nonlocal scale effects are valid for the simple one-dimensional cases considered in this paper, with the considered
kernels, and should be investigated more generally for two-dimensional and three-dimensional nonlocal media.

Appendix A

Starting from the introduction of the integral model in the finite domain, it is not difficult to show that:

L L
1 _kxy ; 1 _xvy 1 xy
N(x):EA/—e c eg(y)dy=EA /—e le e(y)dy—i—/—e e g(y)dy (98)
2l 2l 2l
0 0 x
By derivation and using Leibniz’s rule for differentiation, the derivative of the normal force is equal to:
A r 1 7 1
E _xy x=y
N'(x) = — —/—e 'cys(y)dy+/—e E e(y)dy (99)
IR 2l 2l
0 X

By combining both equation (98) and equation (99), the integral definition of the normal force in the finite domain implies
a constraint on both the normal force and its derivative at the boundaries of the domain (as also shown by Benvenuti and
Simone [21]):
/ 1 ! 1
N(O)—I—N(O)=O and N(L)+I—N(L)=O (100)
C C

which may violate the natural boundary conditions of the mechanical problem to be studied. Furthermore, the uniform
strain field €(x) = &g leads to the non-uniform normal force field:

1x

L
l _ lx=yl ] _ X x=L
N(x):EASO/je Ic dy:EA[l—E(e Ik 4ek )] (101)
C
0

Lignola et al. [54] recently suggest adding a stress-based boundary term in the integral definition of the normal force. This
additional boundary term could be chosen as:

i 1 ko . 1 _x x=L
N(x)= EA/ TR T e(y)dy + g(Nx),x,1c) with g(Nx),x,Ic) = 5[N(0)e e +N(Lye & | (102)
0

One easily verifies that the additional term automatically fulfils the following second-order differential equation:
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g —12g"x) =0 (103)
so that both nonlocal elastic laws equation (98) and equation (102) verify Eringen’s differential law:

N(x) — 2N (x) = EAg(x) (104)

The advantage of the nonlocal law of equation (102) is that the uniform strain field &(x) = &g is associated with a uniform
normal force field N(x) = EAgp, as shown by the normal force equation valid for the homogeneous strain field:

N(x) — %[N(O)e‘% +N(L)e%] = EAsO[l - %(e_% +e%)} (105)

However, this integral definition of the normal force is also associated with some constraints on the normal force. Indeed,
it can be easily shown that:

1 —N(0) 1 N(L)
g0~ +~g(0)=—— and g'(L)+-gl)= (106)
lc lc lC lC
Applying the combination of the normal force derivative and the normal force to Eq. (5) gives by superposition:
, 1 1 , 1 1
N'(0) — —N(0) = _I_N(O) and N'(L)+ —N(L)= —N(L) (107)
C C C C

The nonlocal integral definition of the normal force in equation (102) is then equivalent to the normal force boundary
conditions:

N'(0)=0 and N'(L)=0 (108)

which may also violate the natural boundary conditions of the mechanical problem to be studied. Even if this measure
leaves the uniform strain field invariant, it may be as well in contradiction with the imposed natural boundary conditions
of the problem. Note that equation (102) can be equivalently written as:

cosh(:2X .
f . Fx,y)= %#(l’i))cosh(%) ifx<y
N= EA/F(x, y)e(y)dy with cosh(fo) (109)
177V NANE
0 Fx,y) =1, n(L) cosh({) ifx>y
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