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Abstract Due to the conflict between equilibrium and constitutive requirements,
Eringen’s strain-driven nonlocal integral model is not applicable to nanostructures of
engineering interest. As an alternative, the stress-driven model has been recently
developed. In this paper, for higher-order shear deformation beams, the ill-posed issue
(i-e., excessive mandatory boundary conditions (BCs) cannot be met simultaneously)
exists not only in strain-driven nonlocal models but also in stress-driven ones. The
well-posedness of both the strain- and stress-driven two-phase nonlocal (TPN-StrainD
and TPN-StressD) models is pertinently evidenced by formulating the static bending
of curved beams made of functionally graded (FG) materials. The two-phase nonlocal
integral constitutive relation is equivalent to a differential law equipped with two
restriction conditions. By using the generalized differential quadrature method (GDQM),
the coupling governing equations are solved numerically. The results show that the
two-phase models can predict consistent scale-effects under different supported and
loading conditions.

Key words well-posedness, strain- and stress-driven two-phase nonlocal (TPN-StrainD
and TPN-StressD) models, refined shear deformation theory, functionally graded (FG)
curved beam, generalized differential quadrature method (GDQM)

Chinese Library Classification 0342
2010 Mathematics Subject Classification 74K10

1 Introduction

Beam-like micro- /nano-structures are essential parts and are often utilized in the engineering
design of micro-/nano-electromechanical systems (MEMSs/NEMSs). In such applications, both
experiments and atomistic simulations show that the size-effect must be comprehensively and
rigorously considered. Owing to the lack of any inherent length characteristic parameter, the
classical elasticity theory fails to address such size-dependent problems. Molecular dynamics
(MD) simulations require high computational costs, and experiments are often difficult to
implement at a micro-/nano-scale. Therefore, several non-classical continuum theories are

x Citation: ZHANG, P. and QING, H. On well-posedness of two-phase nonlocal integral models for
higher-order refined shear deformation beams. Applied Mathematics and Mechanics (English Edition),
42(7), 931-950 (2021) https: //doi.org/10.1007/s10483-021-2750-8

1 Corresponding author, E-mail: qinghai@nuaa.edu.cn
Project supported by the National Natural Science Foundation of China (No.11672131)

©The Author(s) 2021



932 Pei ZHANG and Hai QING

suggested to account for the size-effects, thereby overcoming the breakdown of classical
elasticity. Among the higher-order continuum theories, the nonlocal elasticity model™ 3! is
a popular tool.

Unlike the classical local elasticity theory, the nonlocal stress is expressed as a convolution
integral of a decaying kernel and the strain fields at each point, which is the so-called averaging
kernel. At the same time, a length-scale parameter is introduced to evaluate the size-effect. In
practical applications* % integral constitutive relations are usually converted into a differential
form that is easier to solve. However, some paradoxes appear when applying the differential
form of Eringen’s strain-driven model to bounded beam structures. In particular, Refs. [7] and
[8] have shown that the results based on Eringen’s model coincided with the local one in the
case of a cantilever beam subjected to tip forces, which are inconsistent with the results under
other supported conditions. As for a reason, Romano et al.l systematically studied Eringen’s
nonlocal differential model over the bounded continuous domains and recently pointed out
that such inconsistencies are induced by the neglect of the two constraint conditions related
to the differentiation process of the originally integral equation, and these two constraint
conditions happen to conflict with the equilibrium requirement in the case of cantilever beams
under point-loading conditions. Alternatively, the two-phase formulation of the nonlocal model
suggested by Eringen is used to bypass such ill-posed issues. Wang et al.['> 1) employed such a
model to study the Euler-Bernoulli and Timoshenko beams, in which the integral constitutive
equation is utterly equivalent to a differential equation with two higher-order constitutive
boundary conditions (BCs). Zhang et al.'?] investigated the scale-dependent bending response
of circular beams. The two-phase nonlocal integral equations are solved directly via the Laplace
transform method.

Another option for removing the defects mentioned above is the so-called stress-driven
nonlocal integral elasticity theory[!3 4. The philosophy of such a novel theory is similar
to Eringen’s strain-driven nonlocal model, but by exchanging the positions of stress and
strain terms, the integral constitutive relation is expressed as an integral convolution of the
stress field instead of the strain field. Therefore, the constitutive BCs are converted from
force-described ones to displacement-described ones, thereby eliminating the conflicts in BCs.
So far, the stress-driven nonlocal model has been successfully used to investigate static and
dynamic mechanical behaviors of beam structures, in which a consistently stiffening effect is
captured®16]. However, the research ob jects of these studies focus on the classical or first-order
shear beam models (i.e., the Euler-Bernoulli beam theory and the Timoshenko beam theory,
respectively).

In fact, the Euler-Bernoulli beam theory is the most straightforward beam theory and
is inaccurate for estimating the deformation of non-slender beams owing to the neglect
of the shear-deformable effect. Although the Timoshenko beam theory can overcome the
Euler-Bernoulli beam theory’s limitations by taking into account the shear-deformable effect,
it does not satisfy free shear stress on the upper and lower surfaces of the beam. As a result,
a shear correction factor needs to be introduced to compensate for the difference between the
actual stress state and the assumed one. To remove these defects and better predict beam
behaviors, various types of higher-order shear deformation beam theory are developed, such
as the third-order one, the sinusoidal one, the hyperbolic one, the exponential one, and the
exponential onel!”. The shear strain distribution across the beam section is governed by
a shear shape function, which meets the free traction conditions on surfaces, and thus no
shear correction factor is required. Furthermore, Vo and Thail'®l presented a refined shear
deformation theory, which divided the components of transverse displacement into bending
components and shear components. In this model, the bending and shear forces are only
determined by the bending component and the shear component of the beams, respectively.
Also, the bending component is similar to the expressions in the Euler-Bernoulli beam theory,

and the shear component is expressed as a specific high-order variation of shear strain!*$l.
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Therefore, the shear stress will also vanish at the top and bottom surfaces. After that, various
higher-order refined shear deformation beam theories (HORSDBTS) have been proposed®-21l.
Up to now, although several authors have studied the mechanical behavior of nanostructures
based on the higher-order shear deformation theories!?? 24/, most of the existing literature is
still based on Eringen’s ill-posed constitutive relation, that is, the inherent constitutive BCs
are rarely considered.

Motivated by these reasons mentioned above, this work aims to extend those well-posedness
nonlocal models to the application of higher-order refined shear deformation beams. The main
novelty of this paper is a discovery that the stress-driven model is also ill-posed in higher-order
refined shear deformation beams. As a remedy, the well-posedness and the consistency of both
the strain- and stress-driven two-phase local/nonlocal mixed models are pertinently evidenced
by studying the size-dependent bending of various high-order refine shear deformation beams.
The content of this article is arranged as follows. In Section 2, the mathematical formulation of
the bending problem of a functionally graded (FG) curved beam is established by using different
versions of nonlocal elasticity. Such a beam model can degenerate into a homogeneous beam
or a straight beam by adjusting related parameters. In Section 3, the ill-posedness of pure
nonlocal elasticity of both the stress- and strain-driven types is pointed out, and the necessity
to use the two-phase nonlocal models is illustrated. In Section 4, an effective method named
as the generalized differential quadrature method (GDQM) is introduced to solve the coupling
governing equations of curved beams. In Section 5, several numerical examples are considered
to validate the consistency of the predicted scale-effects. Finally, the conclusions are given in
Section 6.

2 Problem formulation

2.1 Higher-order refined shear deformation curved beam made of FG materials

A slightly curved FG beam having the length L, the width b, the thickness h, and the
constant curvature radius R together with the coordinate system is shown in Fig.1. The
properties of the beam are assumed to vary smoothly through the thickness of the beam by a
power-law. Therefore, the useful material properties of the beam, including Young’s modulus
FE, Poisson’s ratio v, and the shear modulus G are given by

E(z) = (B2 — Ey) <% + %)O‘ + Ey,
o (1)
z 1 E(z)
I/(Z) = (I/Q — 1/1) <E =+ 5) + vy, G(Z) = 2(1 n V(Z))’

in which subscripts 1 and 2 denote the properties of materials 1 and 2, respectively. « is a
non-negative power-law index, which governs the material distribution along the beam section.

z
z
< y (0]
R
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Cross-section
Fig. 1 Schematic of FG curved beam (color online)
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It is easy to know that o = 0 indicates homogenous cases (i.e., the full material 2), while & — oo
indicates the full material 1.

According to the assumption of the HORSDBTS, the general forms of the circumferential
displacement field u, and the radial displacement field u, of a curved beam can be expressed
as follows[?%):

e = (14 2 Jul@) = zuf(2) = f(ul(a), u. = w (o) + (@), (2)
in which u(z) is the tangential displacement of any point on the central axis, and wy,(z) and
ws () stand for the bending and shear components of radial displacement, respectively. Also, a
shape function f(z) is taken into account to determine the shear strain and stress distributions
across the beam’s thickness. In this paper, the following various shape functions!?6-27 are

adopted.
(I) The third-order polynomial type of the HORSDBT (HORSDBT-T)

423
f2) =55 3)
(IT) The sinusoidal type of the HORSDBT (HORSDBT-S)
h . (w2
flz)=2z—- ;sm(?) (4)

(III) The hyperbolic type of the HORSDBT (HORSDBT-H)
1
f(z):z—hsinhi—l—zcoshf. (5)
h 2
(IV) The exponential type of the HORSDBT (HORSDBT-E)
f(z)=2z— ze(722°/h%) (6)

Moreover, a limit case f(z) = z corresponds to the Euler-Bernoulli beam theory.
The non-zero strains of the curved beam can be given by!2®!

Wy + Wg

Exp = (1 + i)u’ — 2wy — f(2)w! + 7

R
e = (1= Lt = gpu,

where the prime symbol represents the differential with respect to the coordinate x.
It can be seen that the shape function form depends on the satisfaction of stress-free BCs
on the top and bottom surfaces of the beam without utilizing a shear correction coefficient.
The variational principle of virtual work is used to derive the governing equations and BCs,
which states

(7)

5(U. — W) =0, (8)

where the variation of strain energy is

5U€ = / (Umwégxx + O—a:z&%vz)dv
\%

([ (v Sy [ (g Jomaes [ (- @)

M, L
N (N+ fb)éu‘o +M{)5wb]§ +(MS’+Q)5ws|OL —Mbéwug —Mséw;}g), (9)
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and the virtual work done by the distributed external force ¢y and the concentrated force at
beam ends is given by

L
SW, = / God (wy, + w.)dw + Q8 (wy + w,)|~. (10)
0

By inserting Egs. (9) and (10) into Eq. (8) and setting the coefficients of du, dwy, and dws
to zero, one can obtain the following governing equations:

M/ N
N R =0 oM a =0,
11
N " / ( )
E_Ms —Q —q =0,

and the corresponding BCs at x = 0, L are

M, ~
N+—=—=0 or u=0, M,-Q=0 or w,=0,
7 b — @ b (12)
M +Q-Q=0 or wg=0, M,=0 or w,=0, My=0 or w,=0.
Those resultants in the above equations are defined as
(V.M M) = [ (12 f@)ondd, Q= [ g(:)orda, (13)
A A

where A stands for the cross-sectional area of the beam.
2.2 Different versions of nonlocal constitutive relation
2.2.1 Strain-driven type

Eringen’s strain-driven nonlocal model assumes that the nonlocal stress o;; at any point
is assumed to be a convolution integral of the strain €;; at each point in the domain and a
decaying kernel . In this framework, the constitutive relation for a one-dimensional case is
given by

oij(x) = / Wlz — T, X) Eyjraci; (@)dT, (14)

in which the so-called nonlocal parameter y is used to depict long-range interactions in the
region [x1, T2].

However, some ill-posed issues appear when studying bounded structures. As a remedy,
the strain-driven two-phase nonlocal (TPN-StrainD) model is proposed initially by Eringen, in
which the stress-strain relation is expressed as a combination of classical local elasticity and
nonlocal elasticity through a volume fraction &,

75(0) = (1= Bz a) + € | b = 31,0 Biuasis (@) (15)

In this paper, the classical Helmholtz kernel is adopted for all the nonlocal models mentioned,

_|=—=|

1 _le—m
770 = ie A (16)

in which k = xl. = ega is a nonlocal length-scale parameter, and a and [, denote the internal and
external characteristic lengths, respectively. eg is the non-negative nonlocal material constant.

A combination of Egs. (7), (13), (15), and (16) gives the strain-driven nonlocal constitutive
equations of the FG curved beams,
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!

N = (1- (Ao + ) 4y (3 — ) - Buul)

4 % /OL o= (A}:(u/ + %) + A (% — ) - B! ) @)z,
My = (1 _5)(A1(u’ + b;wS) +A2(% —w{D’) —Aswé')
+i£1~36%@+%;%w%4g_%-Aw@mm, (7)
M= (- &) (By(w + ) + Ag(% — ) - Byul)
f <<*><>><>

«(z)dz,

where the sectional r1g1d1t1eb are determlned by

(Ag, A1, Az, A3, By, Ba)T /E )(1,2,2%, 2f(2), f(2), f2(2))"dA4,

By = /A G(2)g2(2)dA

Such a formula can revert to the strain-driven pure nonlocal and classical local theories by
setting € = 1 and £ = 0, respectively.
2.2.2  Stress-driven type

As another innovative strategy, a stress-driven nonlocal integral model was presented in
Refs. [9], [13], and [14], which expresses the strain field at a certain point as a convolution
integral of the stress field and the kernel at all points in the region,

'ijlE’Lj / 'll) “T - I|5X)O—ZJ( ) (19)

Following the successful application of the stress-driven nonlocal integral model to various
size-dependent static and dynamic problems of simple beam models, Barretta et al.29 also
developed the stress-driven type of two-phase local /nonlocal mixed formulation,

&Mﬁﬁu>=(r—ocmw>+§/”uﬂx—5mmUm®Mm (20)

(18)

Such a two-phase strategy seems more applicable than the pure nonlocal model, because
two control parameters can be used to reflect the nonlocal effect of different materials and
structures.

Using the TPN-StressD strategy with the Helmholtz kernel (see Eq. (16)), the constitutive
relations of the one-dimensional FG curved beams become

(0 + Y 4 (% —uf)) ~Buul) = (1N + = / 7,
(o = 25) (G )~ o) ==+ / o
(3 (0 + ) g (3 —ug) -~ Bawt) = -+ 2 [ @z .
&%:@%w+§/e“7b@ﬂ-
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This formulation corresponds to the stress-driven pure nonlocal theory and the classical
local theory as € = 1 and £ = 0, respectively.
2.3 Non-dimensional problem formulation

By introducing the following non-dimensional quantities:

T
* % * * % s\ T (xﬂu’wbﬂw&H?R) 2
(", u™ wp,wi, k", R*)" = 7 , I = [ z2dA,
A

. NL2, MyL, ML, QL?,OL?, g L3) "
(VMM Q) = e o0 (22
242

AgL2, AL, Ay, As. B{L. By, BsL?)"
* * * * * * w\ T 0 9 144 25 35 14, 25 3
(AO,A13A27A3,317327BS) :( E2I2 ) B

one can obtain the equilibrium equations in non-dimensional forms as (hereafter, dropping the
asterisks for convenience)
M N N

2=0 oM —@=0, &M -Q -q=0, (23)

N/
+ R

and the corresponding BCs at x = 0,1 are

M, ~
N+fb—0 or u=0, M, —-Q=0 or w,=0,

Mé—l—Q—@:O or ws=0, M,=0 or wy,=0, My=0 or w,=0.

(24)

Besides, the non-dimensional constitutive equations under the two different types of nonlocal
models are, respectively, as follows.

(i) TPN-StrainD model

According to Ref.[29], one can derive the following equivalent differential TPN-StrainD
constitutive equations:

(1= (100 ) (o ) 4 () - ).
(ot = (-0 ) ) ) aat).
(= (1= 0= ) (5 ) () - ).
(o )o= (1- 00
with the following constitutive BCs:
(e =01 ) (v ) e ) mt), e
<1+K%>N:(1* (1+/~c )(A()(u+wb+ws>+A1<E7wb>fB1w;/>, e =1,
(-0 ) (A ) () aa) om0
(n = 01w (4 ) (8 ) - ). o
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(or =00 (B ) () ). w0
(1ot -0 ) (o + ) 4 o8) -5 2=,
(-xh)a-0-0( s, <=0 .
(1 +n;—m>Q —a-91 +n%)33w;, r=1

E;L)C(’il;i-gs?(;eii(?f I[ggﬁe‘ihe TPN-StressD constitutive equations can be equivalent to
(1- HQdi;) (4o (v + %) + A (% —ul) = Buul) = N = (1 - x*N",
(1- HQdd—;) (40 (v + %) + Ay (% ) = Agul!) = My — (1 - r2M], 0
(1= w2 ) (B (o ) oy () — Bou?) = M, — (1 - M
(1= Bt =@ - 1oy

with the following constitutive BCs:

()0l + ) () ) =000 w)y wm0
(o) (s ) () ) ~0 -0 oo

{ ()0 ) () at) =000 x o e
(o) (= ) () ) ~ -0 oo

{ R
(1+n%) Bl( g wb;“’s) +A3<% ﬂué’) fBzw;'> =1 *f)(ler%)MS, z=1,

{(1,@%)ngf - (1—5)(1—5%)@ z=0, "
<1+m£)ngb - —£)<1+I€@)Q, =1

3 Ill-posedness of pure nonlocal models

3.1 Strain-driven type

In the frame of Eringen’s strain-driven pure nonlocal model, the static bending of
higher-order refined shear deformation curved beams is governed by the equilibrium equation
(23) and the constitutive law (25) with £ = 1. At the same time, the natural BCs (24) and the
constitutive BCs (26)—(29) with £ = 1 are mandatory.

Now, assuming £ = 1 and substituting first three equations of Eq. (25) into Eq. (23), one can
easily find that the paradox existing in classical simple beam theories is still unavoidable; that is,
the problem has more BCs than those required (i.e., 18 mandatory BCs and 12 required BCs).
Since all BCs cannot be satisfied simultaneously, the problem may be over-constrained and
usually cannot be solved. Besides, the influence of nonlocal parameter on the deformation of the
cantilever beams under end-point load is inconsistent with that of other supported boundaries,
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which is mainly due to the conflict between the natural BCs (see the second equation to the
fifth one of Eq. (24)) and the constitutive BCs (see Egs. (27)—(28)).

In the frame of Euler-Bernoulli and Timoshenko beam theories, such paradoxes of Eringen’s
strain-driven pure nonlocal model can be entirely overcome by using the stress-driven model. By
exchanging stress and strain terms in the integral constitutive relation, the inherent constitutive
BCs are transformed from stress-described ones into strain-described ones, thereby eliminating
the conflict between the natural BCs and the constitutive BCs. Also, swapping the positions of
the strain field and the stress field in the constitutive equation increases the number of required
BCs, and thus the problem becomes solvablel'6:3% However, for higher-order shear deformation
beam models, this is not the case.

3.2 Stress-driven type

In the frame of the stress-driven pure nonlocal model, the equilibrium equation and
constitutive laws for the problem can be obtained from Egs. (23) and (30) through setting
¢ = 1. In this way, the expressions of those internal forces (N, M, My, Q) can be obtained
directly from the constitutive equations. After bringing them into the equilibrium equations,
one can find that the number of required BCs for the problem now becomes 16, i.e., the problem
of excess BCs still exists.

All in all, the two commonly used pure nonlocal elasticity models are both ill-posed when
analyzing nonlocal higher-order refined beam models. Therefore, it is necessary and mandatory
to try another strategy, i.e., two-phase nonlocal formulation.

4 Solution procedure for two-phase nonlocal models

4.1 Equations in terms of displacements

Since the derived equations with two-phase nonlocal models are lengthy and complex, it is
hard to obtain their analytical solutions accurately. As an alternative, a numerical solution
method, named as the GDQM, is adopted in this paper. Before this process, the governing
equations and the corresponding BCs should be expressed in terms of displacements u, wy,, ws
and variable Q.
4.1.1 With TPN-StrainD model

Using the TPN-StrainD model, the governing equations can be re-expressed in terms of the
displacement components,

guu”" + grou” + grzwy” + grawy + giswy, + grew! " + girwl’ + grsw] = 0, (35)
ngu/// Jr gQQUI Jr 9237_,0{)//1/, Jr 924w{)//, Jr 9257_0{)/ + g26wb + g27wé///// + gzsw;///
+ gaow! + gorows — R*qo/(R* + k%) =0, (36)
gs1u"" + gsou” + gsswy" + gsawy” + gasswy, + gsewp + gzrw!"" + gsswl”
—+ gggw;/ =+ g310Ws — quO/(R2 + 162) = 0, (37)
(1 —&)r*Bsw! — Bsw!, — k*Q" +Q =0, (38)

and the constitutive BCs become
CHUNH + clgu’" + ClguN + cl4u’ + 01511]{)"” + clgwg” + cnw{," + clgw{)’ + Clgw{)
+ c1rowp + 11wl + criowl” + criswy’ + criawy + criswl + cr16ws

RK2qq
g

111
Co1U " + CooU

=0 at z=0,

1 " ! " nn " 1 !
+ Co3u” + CoqU + CosWy T+ CogWy, + CarWy, + CogWy, + CogWy,

" mnn " 1 !
+ C210Wpb + C211Wg T + Co12Wg T + C213Wg + C214Wg + C215Wg + C216Ws
RK2qq
R? + K2

=0 at z=1,
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"

"
c31u’ T + c3u

1 ! " nn " 1 A
+ c33u” + 34U + 35wy, + C3eWy, + C3rwy + C3gWy, + C39Wy,
" mnn " 1" !
+ c310Wp + C311Wg  + C312Wg T F C313W + C314Wg + C315Wg + C316Ws
+qok*R*/(R* + k%) =0 at z=0,

"

"
cy U+ cqou

+ cagu” + caa’ + capwp” + cagwy)”’ + carwy + caswy, + cagwy,
+ carowp + canrwl"” + carpw!"” + carsw!’ + caraw + carswl + carews
+qok*R*/(R* + k%) =0 at z=1,
cs1u”"" + e’ + eszu” + esat’ + esswy” + esewy” + csrwy + esswy, + csowy,
+ es1owp + csnwy’” + 0512w§/" + 6513’LU£” + cs1awl + 051511); + C516Ws — HBQ”
+ 12Q" 4+ qur*R*/(R* +K%) =0 at z=0,

et + ceau’" + cozu” + coat’ + coswyy” + coswy,” + corwy, + ceswy, + Cowy,

"
+ C610Wh + C11 Wy

+ cor2w’” + cer3w’ + coraw’ + co15w] + corows + K2 Q"

+ 12Q" 4+ qr*R*/(R* +K%) =0 at z=1,
(1—-¢&Bs(w, — kw) —(Q—rQ)=0 at z=0,

{(1—5)Bs(wé+f€wg)—(Q—i—feQ’)=O at x=1.

(42)

The natural BCs for different supported types can also be expressed in terms of
displacements, which are not listed here for simplicity. Moreover, the explicit expressions for
the coeflicients n;;, m;;, gij, and ¢;; are not listed here owing to the limited space of the article.
4.1.2  With TPN-StressD model

For the TPN-StressD model, the governing equations can also be expressed in terms of
displacements, namely,

mnn " 1" " / i 7 !
Griu"" + Giau” + G13wb + G14wb + G15wb + Glgws + G17ws + Glg’ws =0, (43)
17 ! " mnn 1 " mnn
Gt + Goou' + Gagwy' " + Gogwy,” + Gaswy, + Gaswy + Gorw, " 4 Gagw

S S

+ Gaow! + Garows + (R*/(R* 4+ £*(1 =€) — 2)q0 = 0, (44)
Gslu/// + G32u/ + ngw{)///// + G34wl/)/// _"_ 035111}/3/ + GSwa + G37wé///// + Gsswé///

-+ Gggw;/ + G310ws + (R2/(R2 + Iiz(l - f)) — 2)(]0 =0, (45)
k2Bsw! — Bsw! +Q — (1 — &)x*Q" = 0, (46)

and the constitutive BCs become

Cru"" 4 Crou”” + Crau" 4 Cryu’ + Crswy'” + Crewy,” + Crrwy + Crgwy + Crowy,
+ Criowp + Criwl"" + Cripw!” + Criswl” + Crigwl + Criswl + Crigws

+ Re*(1 - &)2q /(R +K*(1-¢)) =0 at z=0,

Coru”"" 4 Coou’”" + Cozu" 4 Cogu” + Coswy)" + Coswyy,” + Corwy + Cogwy, + Caguyy,
+ Corowp, + Copwl”” + Corpw!”" + Cor3wl’ 4+ Corgw! + Corswl, + Corws

+ Rr*(1 - &)2q /(R +K*(1-€)) =0 at z=1,

Ca1u”"" + Cyou" + Cs3u” + Csqu’ + Cyswp)” + Csewy)” + Carwy + Csswy, + Cygw,
+ Carowp + Capnwl”” + Cappwl” + Carzwl” + Cyiaw! + Carsw] + Carews

+ R?K%(1 — €)2qo/(R* + k*(1 - €) =0 at z =0,

Cpu"" + Cyou" + Cyzu” + Cygtt’ + Cyswp)” + Cuewy)” + Curwy) + Cagwy, + Chowy,
+ Carowp + Canrwl”” + Carpwl” + Curzwl” + Chigw! + Carsw] + Cargws

+ R?%(1 - €)2qo/(R* + K*(1 - ¢) =0 at z=1,

(47)

(48)
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Cs1u”"" + Csou™ + Crzu” + Csatt’ + Cspwy)” + Csewy” + Csrwy,’ + Crswy, + Chouwy,

"

+ Cs1owp + Cs1wl”” + Csrpwl” + Csi3wl” + Cs1awl + Csi5wl + Crr6ws
— P 1-9’Q"+ (1 -’Q + R**(1 - )’qo/(R*+ x*(1 =) =0 at z=0,

Co1t”"" + Coou”" + Cozu”’ + Coatt’ + Coswy)" + Coewyy” + Corwy, + Coswy, + Coowt, (49)

+ Ce1o0wp + Coriw!"" + Corow]"” + Corzwl” + Coraw + Cor5w, + Cor6ws

+ R (1= 6°Q" + k(1 - °Q + R*:*(1 - §)%qo/(R* + (1 =€) =0 at z=1,
{Bg(wé—ﬁ;w;')—(1—5)(@—5@’) =0 at z=0, (50)

By(wi+rwl) —(1-(Q+rQ)=0 at z=1.

Similarly, the natural BCs in displacement forms are not listed here for brevity. Moreover,
the explicit expressions for the coefficients N;;, M;;,G;;, and Cj; are not listed here owing to
the limited space of the article.

Remark 1 According to the above formulation, it can be found that, when using the
TPN-StrainD or TPN-StressD model, the orders of the unknown variables, i.e., u, wy, ws, and
Q, are 4, 6, 6, and 2, respectively, which means that 18 BCs are required. This number is
exactly equal to the number of mandatory BCs for the problem (i.e., 10 natural BCs and 8
constitutive BCs). That is to say, the ill-posedness in the pure nonlocal models is utterly
avoided by using two-phase nonlocal strategies. Therefore, when solving the size-dependent
problems of the higher-order refined beam models, a two-phase nonlocal strategy must be used
to replace the pure nonlocal model, regardless of the strain- and stress-driven nonlocal types.
4.2 Solution procedure

By using the GDQM[BY, the coupled differential equations with arbitrary BCs can be solved.

First, for faster convergence and better calculation accuracy, the grid points are considered

xj;(lcos<(jn_ll)7r>>, j=1,2,-,n. (51)

Thereafter, the following vectors are defined:

as

u / li
d _(u17u27"' 7u’nau17un)7

wy / / " 1
d¥ = (Wp1, Wh2,** , Whn, Whys Whyys Whis Why, ) 5

We / / " 1
d s = (wslvw527 e 7wsn7wslvwsna wsla wsn) 9 (52)

dQ = (leQQ?"' 7Qn)7
d=(d",d",d" d9)"

while the approximation forms of the unknown variables can be expressed by using different
interpolation functions,

u(z) 2 ep(e)uy + o1 (@)uy + v (@)u,,
j=1

wp () =Y Q¥ (@)wn; + Y (@)why + ) (@), +IF (2)why + I (@)wy,,
(53)
ws(z) 2 ) ¢ (w)wg; + Y (@)wly + ¢y (2)wg, + 97 (2)wly + 05 (2)w,,
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where n is the number of the grid points, ¢*/*(z),"/*(x), and 9*(z) are the Hermite
interpolation functions®' 32l and 1;(z) denotes the Lagrange interpolation function.

Based on these assumptions, the governing equations and BCs of the problem can be
expressed in matrix forms as below,

K(4n+10)x (4n+10)d = Flant10)x1, (54)

through which the unknown variables can be carried out.

5 Results and discussion

5.1 Validation

Since the ill-posedness of the pure nonlocal models exists, and there is no relevant research on
higher-order refined beams related to the two-phase nonlocal models, the efficiency and accuracy
of the present solution procedure are validated by comparing the results of a degradation case
(i.e., £ = 0.0001, k = 0.001) with those of the local elasticity theory. In calculations, the
number of grid points is set as n = 21. For comparison, the FG parameter is set as a = 0, and
the material properties of the beam are assumed to be the same as in Ref. [26],

Ey =70GPa, FE»=380GPa, 11 =1,=03, L=10nm, b= lnm, (55)

while the following non-dimensional deflections are defined26!:

*Eh3 *EhS *EhS *EhS
@, = 100222 — 1002w, = 10l g = 10 (56)
qoL qoL QL? QL2

From Table 1, one can see that, for different values of the length to height ratio L/h, as the
curvature radius R = 10000 (i.e., approximately regarded as infinite), the difference between
the present solutions and the results of those straight beams in Ref. [26] can be negligible,
regardless of TPN-StrainD and TPN-StressD models.

Table 1 Comparison of non-dimensional midpoint deflections Wy (0.5) +ws(0.5) of simply-supported
(SS) curved beams (R = 10000) subjected to uniformly distributed loads, predicted by TPN
models (with £ = 0.0001, k = 0.001) and local theory

TPN-StrainD TPN-StressD Local theory[26]
Beam theory
L/h=5 L/h =20 L/h=5 L/h =20 L/h=5 L/h =20
HORSDBT-T 3.165 370 2.896 241 3.165374 2.896 244 3.1654 2.896 2
HORSDBT-S 3.164 890 2.896 215 3.164 894 2.896 219 3.1649 2.896 2
HORSDBT-H 3.165372 2.896 240 3.165 376 2.896 244 3.1654 2.896 2
HORSDBT-E 3.163 520 2.896 134 3.163 524 2.896 138 3.1635 2.896 1

Moreover, a comparison between a limit case (f(z) = z,g(z) = 0) of present models and the
two-phase nonlocal Euler-Bernoulli beam modell®” is made in Table 2. Also, good agreement
is obtained for both the TPN-StrainD and TPN-StressD models. These comparative results
show that the present solution procedure is effective and accurate.

5.2 Consistency of nonlocal effects

In this subsection, the numerical examples are considered to study the consistency of
current two-phase nonlocal integral models for addressing the size-effect in bending behavior
of various higher-order refined shear deformation curved beams (i.e., based on all of the
shear functions HORSDBT-T, HORSDBT-S, HORSDBT-H, and HORSDBT-E) made of FG
materials. Different boundary edges and loading conditions are considered, including SS,
clamped-clamped (CC), and CF beams subjected to a uniformly distributed load ¢, as well as
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Table 2 Comparison of non-dimensional tip deflections wy (1) + ws(1) of clamped-free (CF) curved
beams (R = 10000) subjected to concentrated load

¢ TPN-StrainD TPN-StressD
K
Ref. [29] Present Ref. [29] Present
0.1 0.343 813 0.343 814 0.323533 0.323 534
0.2 0.2 0.353419 0.353416 0.314 869 0.314871
0.3 0.361 469 0.361455 0.307 899 0.307 894
0.1 0.363 066 0.363 066 0.308 833 0.308833
0.5 0.2 0.392050 0.392 046 0.287172 0.287176
0.3 0.418 242 0.418253 0.269 746 0.269 747

CF beams under an end-point load @ Moreover, it is worth mentioning that, unless otherwise
stated, the definitions (see Egs. (55) and (56)) in Subsection 5.1 will continue to be used in
subsequent sections.

In Figs.2-5, the subfigure (a) depicts the variation of the dimensionless midpoint or tip
deflections versus the volume fraction parameter £ with a fixed dimensionless nonlocal parameter
k = 0.15, and the subfigure (b) presents the dimensionless midpoint or tip deflections versus
the dimensionless nonlocal parameter k with a fixed volume fraction parameter ¢ = 0.3. In
calculations, the FG power-law index, the dimensionless curvature radius, and the length to
height ratio of the beam are assumed to be « = 0, R = 10, and L/h = 10.

3.3 3.3
= 3.0r = 3.0r
S S
=1 =8
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(a) (b)
——TPN-StrainD, HORSDBT-T TPN-StrainD, HORSDBT-S ——TPN-StrainD, HORSDBT-H
——TPN-StrainD, HORSDBT-E  -»-TPN-StressD, HORSDBT-T TPN-StressD, HORSDBT-S
-<-TPN-StressD, HORSDBT-H -»-TPN-StressD, HORSDBT-E

Fig. 2 Non-dimensional midpoint deflections wy(0.5) + ws(0.5) of SS beams subjected to uniformly
distributed load versus (a) volume fraction { with x = 0.15 and (b) nonlocal length-scale
parameter £ with £ = 0.3 when a =0, L/h = 10, and R = 10 (color online)

It can be seen from these pictures that, for all boundary types, the TPN-StainD nonlocal
integral model shows a consistent softening impact on beam deformations. Increasing the
value of the dimensionless length-scale nonlocal parameter x or the volume fraction of nonlocal
part £ leads to an increase in dimensionless deflections of the beam. On the contrary, there
is a stiffening effect on the beams for the stress-driven strategy as the nonlocal length-scale
parameter increases. Moreover, the larger the volume fraction of the nonlocal stress part,
the more significant the stiffening effect of the nonlocal length-scale parameter on beams.
That is to say, both types of two-phase nonlocal models can predict consistent size-dependent
responses. Therefore, the two-phase nonlocal integral strategies are suitable for addressing the
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Fig. 3 Non-dimensional midpoint deflections wy(0.5) + ws(0.5) of CC beams subjected to uniformly
distributed load versus (a) volume fraction £ with x = 0.15 and (b) nonlocal length-scale
parameter k with £ = 0.3 when & =0, L/h = 10, and R = 10 (color online)
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Fig. 4 Non-dimensional tip deflections w, (1) +ws(1) of CF beams subjected to uniformly distributed
load versus (a) volume fraction ¢ with k = 0.15 and (b) nonlocal length-scale parameter &
with € = 0.3 when a =0, L/h = 10, and R = 10 (color online)

size-dependent behaviors of bounded structures. The different nonlocal responses of such two
models provide more flexible options for studying a wide range of structural problems of interest
in nanoscience. Besides, it is found that there is almost no difference between the results of
various HORSDBTS for all boundary cases considered.
5.3 Parametric analysis

Figure 6 presents the non-dimensional midpoint or tip deflections of the curved beam versus
the dimensionless nonlocal length-scale parameter for different values of the length to height
ratio L/h. The non-dimensional nonlocal length-scale parameter is ranging in an interval [0, 0.6].
Since there is no difference between the results of various HORSDBTS, only the HORSDBT-T
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Fig. 5 Non-dimensional tip deflections wy, (1) + ws(1) of CF beams subjected to point load at beam
end versus (a) volume fraction £ with x = 0.15 and (b) nonlocal length-scale parameter x with
&€ =0.3 when a =0, L/h =10, and R = 10 (color online)
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Fig. 6 Non-dimensional midpoint deflections wy(0.5) + ws(0.5) of (a) SS and (b) CC curved beams
subjected to uniformly distributed load, as well as non-dimensional tip deflections wy (1) +
wWs(1) of CF curved beams subjected to (c) uniformly distributed load and (d) concentrated
load at beam end versus nonlocal length-scale parameter, with different length-height ratios
L/h =5, 10, and 20 when oo = 0, R = 10, and £ = 0.3 (color online)
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is considered in Fig.6. One can find that the dimensionless deflections of SS and CC beams
decrease significantly with an increased length to height ratio. When the slenderness ratio is
greater than 10, the deflection change of the CF beams is relatively tiny.

Figure 7 illustrates the variation of the non-dimensional midpoint or tip deflections versus
the curvature radius of different supported curved beams based on both TPN-StrainD and
TPN-StressD models with different volume fractions £ = 0.25, 0.5, and 0.75. The HORSDBT-S
is utilized. In contrast to the stress-driven pure nonlocal model®® increasing the curvature
radius leads to the increased beam deflections for all boundary types. Moreover, with the
increase in the curvature radius, the nonlocal effects on SS and CC curved beams are enhanced
by increasing the volume fraction £. However, for cantilever beams, the effect of nonlocal
volume fraction seems to have nothing to do with the radius of curvature of the curved beams,
because the shapes of the deflection curves are almost the same at different values of the radius
of curvature.

Figure 8 presents the dimensionless transverse displacement at midpoint or end point of

the curved beam under different boundary edges versus the FG power-law index of curved
beams with different BCs based on both TPN-StrainD and TPN-StressD models with different
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Fig. 7 Non-dimensional midpoint deflections wy(0.5) + ws(0.5) of (a) SS and (b) CC curved beams
subjected to uniformly distributed load, as well as non-dimensional tip deflections wy (1) +
Ws(1) of CF curved beams subjected to (c¢) uniformly distributed load and (d) concentrated
load at beam end versus curvature radius, with different volume fractions ¢ = 0, 0.25, 0.5,
and 0.75 when o = 0, L/h = 10, and x = 0.1 (color online)
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Fig. 8 Non-dimensional midpoint deflections wy(0.5) + ws(0.5) of (a) SS and (b) CC curved beams
subjected to uniformly distributed load, as well as non-dimensional end deflections wy (1) +
wWs(1) of CF curved beams subjected to (c) uniformly distributed load and (d) concentrated
load at beam end versus FG parameter, with different volume fractions £ = 0, 0.25, 0.5, and
0.75 when L/h =10, R = 10, and x = 0.1 (color online)

volume fractions £ = 0.25, 0.5, and 0.75. It can be seen that the non-dimensional deflections
of all beams consistently increase with the increase in the FG parameter. As the FG index «
increases, the proportion of the material 1 increases, making the sectional stiffness of the beams
decrease. As the index « continues to increase, the FG influence gradually stabilizes.

6 Conclusions

In this paper, the ill-posedness of both the strain- and stress-driven models for higher-order
refined beam models is uncovered. As a remedy, the well-posedness of the two-phase strategy of
nonlocal integral models is illustrated by analyzing the scale-effected bending of a curved beam
made of FG materials. The governing equations and the corresponding BCs are established by
invoking the variational principle of virtual work. The two-phase nonlocal integral constitutive
law is converted to an equivalent differential one with two constraint BCs. With the GDQM,
the coupling governing equations are solved numerically. Then, several numerical examples
are given for investigating the consistency of the two-phase nonlocal models. From the above
results, the conclusions are given below.

(i) Unlike the case based on the classical simple beam theories, the strain- and stress-driven
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pure nonlocal models are both ill-posed for higher-order refined shear deformation beam models.
There are too many BCs in such problems to be met simultaneously, thereby leading to ill-posed
issues.

(ii) With the utilization of the two-phase nonlcoal strategy, the number of mandatory BCs
for the problem happens to equal the number of BCs required, and the consistent size-effects
can be predicted for different boundary and loading conditions. Therefore, it is necessary and
mandatory to adopt the two-phase local /nonlocal formulation when analyzing the higher-order
shear deformation beam models, regardless of the strain- and stress-driven types.

(iii) Furthermore, the effects of the length to height ratio, the curvature radius, and FG
materials are investigated extensively. It is found that the dimensionless deflections decrease
with the increase in the length to height ratio. Increasing the curvature radius leads to an
increase in beam deflections. With the increase in the curvature radius, the nonlocal effect of the
volume fraction £ on SS and CC curved beams is significantly enhanced. The non-dimensional
deflections of curved beams under all supported conditions consistently increase with the
increase in the FG parameter, and as the index « continues to increase, the FG effect on
the beam gradually stabilizes.

This study reveals the ill-posedness of both the strain- and stress-driven pure nonlocal
models for various higher-order refined beam models. The conclusions and the present
solution methods are also applicable to other structural problems related to high-order shear
deformation assumptions.
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