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walled beams having arbitrary cross sections. Constitutive relations of the thin-walled
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1. Introduction

THIN-WALLED BEAMS MAY OCCUR NATURALLY or they can be prepared ar-
tificially. Natural or artificial thin-walled beams appear in many fields of our
modern life from the nano to the macro scale. Compared to solid beams with
the same cross-sectional area, thin-walled beams have greater flexural rigidity.
This makes them preferred structural elements in many applications. The usage
of thin-walled beams as structural elements dates back to ancient civilizations.
Nowadays, the use of thin-walled beams in steel frames and light weight struc-
tures has increased the interest in them. Hereby engineering calculations on thin-
walled beams get more sophisticated. In this manner studies of TIMOSHENKO
and GOODIER [1| can be counted as one of the first modern studies on thin-
walled beams. Works of VLASOV |2] and GJELSVIK |3| set the standards on the
modelling of thin-walled beams. While metal thin-walled beams are usually used
in buildings and chassis of vehicles, thin-walled beams made of composite ma-
terials usually are preferred at lightweight structures. LIBRESCU and SONG [4]
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compiled previous studies on the topic and developed a theory for thin-walled
composite beams.

As the dimensions of a structure reduces from macro to micro/nano scale
inhomogeneous properties such as atomic structure, grain size and orientation,
material voids etc. may get effective on the mechanical behavior of the structure.
In this case classical continuum equations can be enriched by using theories
such as nonlocal elasticity [5], strain gradient [6], micropolar [7] and surface
elasticity [8] to account for this kind of small-scale effects.

Nonlocal beams modelled by the Euler—-Bernoulli beam theory and Eringen’s
nonlocal elasticity theory has been specifically addressed in the literature. It has
been indicated that these nonlocal models show ill-posed properties [9-12] for
some boundary conditions, especially for cantilever beams under a concentrated
tip load. But, when the studies indicating this problem are examined, it is seen
that the mentioned ill-posed case occurs when the constitutive relations are ex-
pressed by using the strain driven differential form [9] instead of the original
integral form [5] of the nonlocal elasticity theory. To overcome this situation
several models and solutions are developed in the literature such as the gradi-
ent elasticity model |10, |13], local-nonlocal mixture model |10} |14], lattice based
model [15], stress driven model [16H19] and enhanced models [20]. Additional
to these models, CHALLAMEL et al. [21] managed to solve the cantilever beam
problem by applying a discontinuous rotation field at the acting point of the
concentrated load. They also solved the mentioned cantilever beam problem by
modelling the cantilever beam as half of a simply supported beam and acquired
the same results with the discontinuous rotation field solution. Latterly, FER-
NANDEZ et al. |22] compared the differential formulation and the integral formu-
lation of the nonlocal elasticity theory for nonlocal beams. And they mentioned
that while converting the integral formulation to the differential formulation, the
conditions described by POLYANIN and MANZHIROV [23] must be fulfilled. They
stated that if these conditions are not fulfilled the differential formulation may
lead to abnormal trends [22]. Additionally, FERNANDEZ et al. |22| showed that
the integral formulation can be used for any boundary condition and loading case.

Even though the small-scale effect theories are mostly used for investigation
of nano structures, the usage of these theories on micro-scale structures has been
increasing recently. LI et al. |24] examined vibrational behavior of microbeams
having circular and rectangular cross-sections based on the modified couple stress
theory. But still there are a few studies which combine thin-walled beam theories
with small-scale effect theories in the literature. GHANE et al. |25] investigated
vibrations of fluid-conveying thin-walled nanotubes by using the nonlocal strain
gradient theory. SOLTANI et al. [26] used the differential form of Eringen’s non-
local theory to analyze the stability of small-scale tapered I-beams with axially
varying material properties.
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Recently, GUNAY has investigated buckling and vibration [28]| of
nano/micro scale nonlocal thin-walled beams. Unlike the author’s previous works
this study focuses on the static analysis of nonlocal thin-walled beams, includ-
ing the problem of a nonlocal cantilever beam under a concentrated tip load.
Results of the developed model are compared with the results and solutions
available in the literature. It is validated that the developed model is capable of
performing static analysis of small-scale thin-walled beams showing a nonlocal
property for any loading or boundary condition. This is achieved by defining
the constitutive relations of the thin-walled beams theory with two phase
local-nonlocal integral formulation , . As numerical examples, effects of the
nonlocal parameters on the deformation of the micro-scale thin-walled beams
are investigated and discussed for several boundary and loading conditions.

2. Kinematics

Thin-walled beams theory developed by VLASOV and latterly by Li-
BRESCU depends on the idea of reducing three-dimensional geometry of the
thin-walled beam to an elastic line which is called as the pole. The intersection
of the cross-section plane and the pole called as the pole point P(x),y,) which
moves with the cross-section. By assuming that the cross section of the beam
does not change its shape in its own plane during deformation, the U, V dis-
placements and ¢ rotation of the cross section can be defined depending on the
pole point. Two coordinate systems are used in formulations as seen in Fig. 1.
The first one is the global (x,y, z) Cartesian coordinate system and the second
one is the local (s,n, z) coordinate system placed on the middle surface.

Middle
Surface

Fia. 1. Coordinate systems and displacements of an arbitrary point (m) on the middle
surface.

By neglecting the transverse shear stresses and allowing the cross-section
to warp perpendicular to its own plane, displacements of an arbitrary point-A
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which is (n) units away from the middle surface can be expressed in terms of U
and V' displacements and ¢ rotation as given below [4]:

(2.1a)  Us(s,z,n) = U(Z)% +V(z) Z—Z + ¢(2)(rn(s) +n),
(210)  Unls,2) = UEZ V() 2~ o(2)ras)

2)r
@10 Wio,zm) = Walz) ~ U'2) (a66) 4092 ) V() (316) ~ n o
— ¢'(2)(Fi1(s) + nFa(s)),

where W) is the axial displacement of the origin of the cross-section contour (sp),
rn(s) is the distance to the pole point in normal direction and similarly 7s(s)
is the distance to the pole point in the tangential direction. Fi(s) and Fa(s)
are the primary and secondary warping functions which depend on the shape of
the cross-section. Definitions of these terms are given in Appendix A.1. Based
on the small deformation assumption, the €5, £, and -y, strains are neglected
and the remaining ¢,, axial and 7., v,. shear strains of the thin-walled beam
are expressed as:

dW
2.2 ISR () (1)
( a) € dz €z + NEZ s
ow  oU.
2.2 -2 478 (0 (1)
( b) Vsz dS + 82 75,2 + n’Ysz ’
ow  oU,

(2.2¢)

where (...)(© indicates the middle surface strains and (...)(") indicates the mid-
dle surface curvatures.

3. Governing equations

Equilibrium equations of the thin-walled beam are obtained by equating the
variation of the total potential energy of the system to zero. The total potential
energy of the system is the sum of the strain energy and the work done by
external forces and a moment

(31) Htotal = Hstrain + Wemta

where the strain energy is defined as:

1
(3.2) Hsirain = 5 /(Ugﬁ)&z + Ug;)')/sz) dv.

v
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By substituting Eqgs. (2.2a) and (2.2b) into Eq. (3.2) and expanding the
displacement terms the strain energy is obtained as given below

(33) Hstrain -

{0 (ro22) v () -0 250

+ 052(5) {511(8)2% - n<5h($)§ﬁ(w - 502” ¢’} dv.

This equation can be rearranged by using stress resultants as:
l
1
(3.4) I strain = 5 /(Nzwé — M, V" — MyU” + M.¢' — M,¢")dz
0
where (N, My, My, M,,, M) are the beam forces and the moments which are
defined below:

h/2
(3.5a) NZ:/ / 0., dnds,
¢ —h/2
h/2 h/2
dx
(3.5b) Mx:/y / 0, dn + / nazzdnd—ds,
s
¢ —h/2 —h/2
h/2 h/2
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(3.5¢) My:/x / 0, dn — / nazzdnd—ds,
s
¢ —h/2 —h/2
h/2 h/2
(3.5d) Mw—/ / 0. dnFi(s) — /nazzdn}"g(s)ds,
¢ —h/2 —h/2
h/2
2Q
. M sz A2 AYA
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The work done by external forces and moments is calculated as:
l

(3.6) Wm_/(qz-Wo+qm-U+qy-V+mz-¢)dz
0
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where ¢, and g, are distributed transverse loads, ¢, is the distributed axial load
and m, is the distributed axial torque. By substituting Eq. (3.4) and Eq. (3.6)
into Eq. (3.1) then equating the first variation of the total potential energy to
zero, the following weak formulation is obtained:

l
(3.7) / (N, - W} — My - V" — My, - §U" + M., - 6¢' — M,, - 6¢"
0

4. Constitutive relations

As mentioned in the introduction section, some nonlocal beam models may
show ill-posed properties for some loading cases, especially for cantilever beams.
This situation can be avoided by using integral formulation as mentioned by
FERNANDEZ et al. [22]. Considering this situation, constitutive relations of the
developed model are defined by using the two-phase local-nonlocal mixture model
with integral formulation. The two-phase local-nonlocal mixture model combines
the classical local elasticity and nonlocal elasticity models. In general, constitu-
tive relations of a structure can be expressed with the two-phase local-nonlocal
mixture model as given below |5 |14]

(4.1) tkl(f, t) = élEijklek‘l(fa t) + 52 / a(\f - f/|, T)E’ijklskl(f,a t) dl‘,,
\4

(4.2a) Z={x,y,z},
(4.2b) 7= {2y, 7"},

where o(|Z— 7’|, 7) is the non-local kernel function which defines the influence of
the neighboring points (7’) to the actual point (Z), 7 is the nonlocal parameter
in length units, FE;;;; is the material constants and ey is the strain component;
&1 and & are volume fractions of classical local elasticity and nonlocal integral
elasticity, respectively. By definition summation of volume fractions equals to
one ({1 + & = 1). As seen from Eq. (4.1) choosing & as zero gives classical
constitutive relations and choosing &£; as zero gives pure nonlocal constitutive
relations in integral form. Here the kernel function can be chosen as a cone
function, a bell function, and the Gaussian function or similar. By choosing the
nonlocal kernel as a bi-exponential function the two-phase local-nonlocal shell
constitutive relations can be written as given below for a well-known plane stress
condition:
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[N..(2) ] [ A11 A2 At Bi1 Bi2 Big | 5%)(2)
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Here the nonlocal property is effective only in the z-direction. Assuming that
the hoop stress resultant (Ngs) and the hoop stress couple (Lss) are negligibly
small. As the & and & are positive real numbers, in the equations of Ny, and
Lgs both local and nonlocal part will be zero separately. This gives opportunity
to extract 5§2) and 5%) strains from the concerned equations. By substituting
the extracted strains into Eq. (4.3) the modified constitutive relations can be

defined in matrix form as presented below

NZZ(Z) a1 aie b1 bcllﬁ Ezg (Z)
(4.4) Nss(2) | _ 13 age bl Bes 9 (2)
Nas(2) din dig | | < (z)
Lerl2) o dos 1 [ (2)
ajp aie b big E?S)(z/)
1 —le=2l) a66 b?llG b66 75:5 (z/) /
g " dz.
5227'/6 dll d16 €ZZ (Z/) z
wn ] [0

Calculation of the elements of the modified constitutive relations can be
found in detail in |29]. Here the non-zero elements for an isotropic material are
expressed as following:

(4.5&) all = Eh,
(4.5b) a6 — Gh,
h3
4. — F__
(4.5¢) di1 E127
h3
(4.5d) des = G

E.
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The constitutive relations between the beam forces and the pole point dis-
placements can be obtained by substituting the modified constitutive relations
into Egs. (3.5) as:

N.(z2) €11 €12 €13 €14 €15 Wo'(z)
My(z) €22 €23 €24 €25 ~U"(z)
(4.6) My(2) | =& ez esq e35 | | —V"(z)
M, (2) sym €44 €45 —¢"(z)
M. (z) e1s ¢'(2)
€11 €12 €13 €14 €15 WOI(Z/
1 o] ear €23 e €25 | | —U"(2)
+€227/6_T es3 ey ez | | =V () | d2,
sym €44 €45 —¢" ()
€15 ¢'(2')

where [e;;] is called as the beam stiffness matrix. Elements of the beam stiffness
matrix [e;;] is given in Appendix A.2.

5. Finite Element Method

The governing equations of the system is solved by the displacement based
finite element method where the thin-walled beam is discretized with two node
finite beam elements. Generalized displacements are expressed by using linear
Lagrange (S, ;) and hermetic-cubic (Sg ;) shape functions as:

(5.1a) W= Zn:wi-SL,i,
i=1

(5.1b) U= zn:uz St
i=1

(5.1c) V= zn:w - SH,
i=1

(5.1d) P = z”: bi - SHy-
i=1

Governing equations of the thin-walled beam having nonlocal property is ex-
pressed in the matrix form as given below by substituting Eq. (4.6) and Egs. (5.1)
into the weak formulation given in Eq. (3.7)
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(5.2)
A R R RS A B ) B EA
K2 K3 K: K2 K3 K: |l
&1 373 K + &2 gs Kl47 v (= fous
sym K;‘f sym 4 i fo;

Here [K]* and [K]™V* are the local and nonlocal parts of the assembled global
stiffness matrix, {A} is the displacement vector and {f} is the force vector.
Displacements of the thin-walled beam having nonlocal property can be achieved
by solving Eq. (5.2). Elements of the local stiffness matrix [K] and the load
vector {f} can be found in [30]. The elements of the nonlocal stiffness matrix
[K]NE are given in reference [27] for the case of using the bi-exponential function
as the nonlocal kernel.

6. Illustrative examples

In this section, the convergence of the developed finite element model is
initially examined. Then validation of the presented model is realized by using
available results and solutions in the literature. Finally, several loading cases
are examined for nonlocal thin-walled beams. In the following calculations the
beams shown in Fig. 2 are used. Dimensions and mechanical properties of the
used beams are given in Table 1.

TABLE 1. Dimensions and mechanical properties of beams.

Bean Type a b L h E G v

Solid-Beam | 1.667 [nm] | 1.667 [nm]| | 20 [nm)] solid | 68.5 [GPa] | 26 [GPa] | 0.32
Box-Beam 2 [pm] 1 [um] 20 [pm] | 0.1 [um] | 100 [GPa] | 38.5 [GPa] | 0.3
U-Beam 2 [nm)] 1 [pm)] 20 [pm] | 0.1 [um] | 100 [GPa] | 38.5 [GPa] | 0.3

b) Box-beam ¢) U-beam

a) Solid-beam

Fia. 2. Investigated beams having nonlocal property.

6.1. Convergence and validation

The convergence of the finite element solution is calculated by applying the
simply supported boundary condition and the distributed load of ¢, = 1[N /m]|
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to the box-beam described above for the nonlocal parameter to the beam length
ratio (7/L) of 0.01, 0.1, 0.2 and the local volume fraction (£;) of 0 (pure nonlocal
case). As seen in Fig. 3 the finite element solution converges after 40 elements.
The finite element solution of a nonlocal part needs much more elements than
needed for a classical structure. Based on this convergence study, 50 finite beam
elements are used to discretize the investigated thin-walled beams at all following
calculations.

1.001

0.991
£ 0.984

N

= 0.971 - t/L=02
0.96' —_—— T/L:O.l

: /L=0.01
0.95¢ s
' 40 60 80 100

Number of Elements (7)

Fia. 3. Convergence of the finite element solution.

As explained in detail in Section 4, the presented model uses the integral for-
mulation to define nonlocal constitutive relations. Because the developed model
depends on the integral formulation, it is expected that the model could be
used for any boundary condition and loading case, including the problematic
cantilever beam problem. To further investigate the validity of the presented
model, the acquired results have been compared with the results and solutions
of FERNANDEZ et al. [22], CHALLAMEL et al. [21], and REDDY and PANG |[31].
The closed form solutions of CHALLAMEL et al. [21] and REDDY and PANG |[31]
are summarized in Appendix A.3. During validation, the solid-beam defined in
Table-1 has been used, the local volume fraction (§1) has been set to zero and
the nonlocal parameter to the beam length ratio (7/L) has been varied form
0.005 up to 0.05 with steps of 0.005.

In the first validation case, simply supported nonlocal beams under a dis-
tributed load of 0.01 [N/m] are investigated. The maximum transverse deflection
of the beams are calculated. The acquired results are compared with the solu-
tion of REDDY and PANG [31] and the results of FERNANDEZ [22] as presented
in Fig. 4.

In the second validation case cantilever nonlocal beams under a concentered
tip load of 0.1 [nN| and under a distributed load of 0.01 [N/m]| are investigated
separately. Acquired results for the cantilever beams are compared with the
solution of CHALLAMEL et al. [21] and the results of FERNANDEZ [22] as given
in Figs. 5 and 6.
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F1c. 6. Normalized transverse deflection for cantilever nonlocal solid-beam under distributed

load gy = 0.01 [N/m)].
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As seen in Figs. 46 the results of the developed model are perfectly in
alignment with the results of FERNANDEZ et al. and also with solutions of
CHALLAMEL et al. and REDDY and PANG [31]. It is seen that, the integral
formulation does not show ill-posed properties as differential formulation shows.
This finding has been also mentioned by CHALLAMEL et al. and FERNANDEZ

et al. [22].

6.2. Distributed load case for thin-walled beams

In this section simply supported, clamped-clamped and clamped-free (can-
tilever) thin-walled box-beams and U-beams, which are defined in Table 1, are
investigated for various 7/L ratios and & volume fraction values. In calcula-
tions, the volume fraction of local phase (£;) is increased from 0 to 1 with steps
of 0.01 and the 7/L ratio is increased form 0.01 up to 0.25 with steps of 0.02.
A distributed load of g, = 0.001 [N/m] is applied to micro-scale thin-walled box-
beams and U-beams. Maximum transverse deflection results of box-beams are
presented in Fig. 7 for simply supported, clamped-clamped and clamped-free
boundary conditions, respectively. Similarly, maximum transverse deflections of
U-beams are given in Fig. 8.

Fic. 7. Transverse deflection of box-beams under distributed load g, = 0.001 [N/m)].

When Fig. 7 is investigated it is observed that increasing the 7/L ratio or
decreasing the &; local phase volume fraction reduces the bending rigidity of
the beams thus the deflection increases. This situation is valid for all boundary
conditions. In Fig. 7 blue lines represent the relation between the deflection and
the & volume fraction for a specific 7/L ratio. And inversely, red lines represent
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the relation between the deflection and the 7/L ratio for a specific £ value. As
obviously seen in Fig. 7a and Fig. 7b blue and red lines have a nonlinear character
for simply supported and clamped-clamped beams. This means that for simply
supported and clamped-clamped boundary conditions the nonlocal 7/L and &;
parameters affect the beams nonlinearly. On the other hand, red lines look almost
linear for the clamped-free beams as seen in Fig. 7c. Besides the red and blue
lines, the black lines represent the iso-curves of the transverse deflection. These
iso-curves indicate that the same deflection value can be obtained by various
combinations of 7/L and &; parameters.

Fia. 8. Transverse deflection of U beams under distributed load g, = 0.001 [N/m].

When the deflection of box-beams having a closed cross-section and the de-
flection of U beams having an open cross-section are compared, it is visible that
the box-beams and U-beams show almost the same characteristics for the same
boundary conditions and parameters. The main difference between them is the
value of the deflection. This situation is reasonable as the nonlocal property is
only applied along the beam length and it does not affect the cross-section of
the beams in the current model.

In order to compare the effect of the nonlocal parameters on the beams
with different boundary conditions the deflection values of & = 0, & = 0.33,
& = 0.66 and & = 1 cases have been normalized by dividing them by their
local (&4 = 1) values. The normalized values are presented in Table 2, respec-
tively for clamped-clamped, clamped-free and simply supported boundary con-
ditions.
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TABLE 2. Normalized values for each boundary condition (V = V/Vg, —1).

Box-Beam U-Beam
C-C|7/L|&=0]|& =033 =066 =1[6=0[&=033|&=066|& =1
0.05| 1.44 1.20 1.08 1 1.44 1.20 1.08 1
hline | 0.1 2.10 1.43 1.17 1 2.10 1.43 1.17 1
0.15| 2.93 1.67 1.26 1 2.93 1.67 1.26 1
0.2 | 3.9 1.90 1.32 1 3.99 1.90 1.32 1
0.25| 5.29 2.11 1.37 1 5.29 2.11 1.37 1
CF |7/L & =0]&=033[&=066|&=1|&=0[&=033|&=066[&6=1
0.05| 1.19 1.09 1.04 1 1.19 1.09 1.04 1
0.1 1.42 1.17 1.07 1 1.42 1.17 1.07 1
0.15| 1.66 1.25 1.10 1 1.66 1.25 1.10 1
0.2 | 1.92 1.33 1.13 1 1.92 1.33 1.13 1
0.25] 2.21 1.41 1.16 1 2.21 1.41 1.16 1
S-S |7/L|&=0|&6&=033[6&=066[&=1[&=0[& =033[|&=066|&=1
0.05| 1.02 1.01 1.01 1 1.02 1.01 1.01 1
0.1 1.10 1.05 1.03 1 1.10 1.05 1.03 1
0.15] 1.21 1.11 1.05 1 1.21 1.11 1.05 1
0.2 | 1.38 1.18 1.08 1 1.38 1.18 1.08 1
0.25| 1.60 1.25 1.10 1 1.60 1.25 1.10 1

When the normalized values are inspected in Table 2 it can be inferred
that using the same 7/L ratio and & volume fraction affect the simply sup-
ported beams least (1.6 for & = 0 and 7/L = 0.25) and clamped-clamped
beams most (5.29 for £ = 0 and 7/L = 0.25). The clamped-free beams lay
between them (2.21 for & = 0 and 7/L = 0.25). No difference is observed
between the normalized deflection values of box-beams and U-beams as the
nonlocal parameters are only effective along the beam length in the presented
model.

6.3. Torsional load case for thin-walled beams

The torsional analysis of clamped-free box-beams and U-beams have been
realized by applying a torsional moment of 0.1 [uN - pm] to the free tip of beams.
Surface plots of the axial rotation of the free tip with respect to 7/L and &
values are given in Fig. 9 for box-beams and U-beams.

As seen in Fig. 9 the axial rotation increases as the 7/L ratio gets increased
or &1 volume fraction gets decreased. In the surface plots given above blue lines
(relation between ® and &) are nonlinear, on the other hand red lines (relation
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DCF | [

¢ [rad]

F1a. 9. Axial rotation of the free tip for (a) box-beams and (b) U-beams M, = 0.1 [uN - um)].

between ® and 7/L) is almost linear. Again, black lines represent the iso-curves
of the deformation which can be acquired by using various combinations of 7/L
and & parameters.

At the free tip of the beams the warping deformation occurs as a result of
torsional loads or torsion coupled deformations. Primary warping profiles of the
cross-sections are given in Fig. 10 for box-beams and U-beams. During primary
warping deformation, the corners of the cross-section displace inward and out-
ward equally. But here it should be noted that the open corners of the U cross-
section will have zero warping displacement.

Fia. 10. Warping profiles for (a) box-beam and (b) U-beam.

The primary warping displacements of the corners of the beams are calculated
using Eq. (2.1c¢) for the torsional load case described above and they are presented
in Table 3 for box-beams and in Table 4 for U-beams. Here similar to the axial
rotation, the warping displacements of the cross-section increase as the 7/L ratio
increases or &1 volume fraction decreases.
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TABLE 3. Warping displacement of corners for box-beam.

Nonlocal Wwarp [nm] Local
7/L| & =0 0102|0304 |05]06]07 08|09 |&=1
0.01 1.65 1.64]1.62]1.61]1.60|1.59|1.58 |1.58 |1.57|1.56 | 1.55
0.03 1.90 1.84 | 1.79 | 1.75 | 1.72|1.68 | 1.65 | 1.62 | 1.60 | 1.57 | 1.55
0.05 2.18 205196 |1.88|1.82|1.76 | 1.71 | 1.66 | 1.62 | 1.59 | 1.55
0.07 2.47 2.262.11(200]1.90|1.82]1.76|1.70|1.64|1.59| 1.55
0.09 2.76 2452241209197 |1.87|1.79|1.72|1.65|1.60| 1.55
0.11 3.06 2.621235(217]2.02(191]1.81|1.73|1.66|1.60| 1.55
0.13 3.37 27712451223 |12.07 (194|184 |1.75|1.67|1.61| 1.55
0.15 3.67 291 (253|228 |2.10(1.96|1.85|1.76|1.68|1.61| 1.55
0.17 3.98 3.04 1260|233 |213|1.98|1.87|1.77]|1.69|1.61| 1.55
0.19 4.29 3.15|2.66 | 2.37 | 2.16 | 2.00 | 1.88 | 1.78 | 1.69 | 1.62 | 1.55
0.21 4.61 3.2512.72(240|2.18 [2.02]1.89|1.78|1.69|1.62| 1.55
0.23 4.93 3.34 1276 | 2.43 | 2.20 | 2.03 |1.90|1.79|1.70 | 1.62 | 1.55
0.25 5.25 3.421281(245]|2.22(2.04]191|1.79|1.70 | 1.62| 1.55

TABLE 4. Warping displacement of corners for U-beam.

Nonlocal Wwarp [nm] Local
T7/L| & =0 0.1 0.2 03 |04(05]06]07]08|09 |&=1
0.01 6.74 6.70 | 6.65 | 6.61 |6.57|6.53|6.49|6.49|6.45|6.42| 6.41
0.03 7.74 7.52 | 7.33 | 7.17 |7.02]6.89 6.77|6.77|6.65 | 6.55 | 6.41
0.05 8.87 837 | 801 | 7.71 |7.44|7.21|7.00|7.00|6.82|6.65| 6.41
0.07| 10.04 9.21 | 8.62 | 8.16 |7.78|7.46|7.18|7.18|6.94|6.72| 6.41
0.09] 11.25 9.98 | 9.16 | 8.54 |8.05|7.66|7.32|7.32|7.03|6.77| 6.41
0.11 12.47 ]10.69| 9.61 | 8.85 |8.27|7.81(7.42|7.42|7.10]6.82| 6.41
0.13| 13.71 11.32]10.00| 9.11 |8.45(7.93|7.51|7.51|7.15|6.85| 6.41
0.15| 14.96 [11.88|10.34| 9.33 [8.60|8.03|7.58|7.58|7.20|6.88| 6.41
0.17| 16.21 12.39]10.62 | 9.51 |8.72(8.12|7.64|7.64|7.23|6.90| 6.41
0.19] 17.49 |[12.85|10.87| 9.67 [8.83|8.19|7.68|7.68|7.27/6.92| 6.41
0.21] 18.78 [13.26|11.09| 9.81 [8.92|8.25|7.73|7.73|7.30/6.93| 6.41
0.23| 20.08 [13.62|11.29| 9.93 [9.00|8.31|7.77|7.77(7.32|6.95| 6.41
0.25| 21.40 [13.96|11.4610.03|9.07|8.36|7.80|7.80(7.35/6.96| 6.41

6.4. Concentrated load case for thin-walled cantilever beams

In this example, a concentrated load of 0.01 [uN| has been applied to the
free end of the cantilever box-beams and U-beams. In calculations, the volume
fraction of the local phase (&) is increased from 0 to 1 with steps of 0.01 and the
7/L ratio is increased from 0.025 up to 0.25 with steps of 0.025. Surface plots
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of the transverse deflection of the free tip with respect to 7/L and &; values are
given in Fig. 11 for box-beams and U beams. As seen in Fig. 11 the developed
model is capable of solving the cantilever beam problem. It is seen that, reducing
the local volume fraction (£;) or increasing the nonlocal parameter (7/L) softens
the beam stiffness as expected and the deflection increases with this softening.

Fi1c. 11. Transverse deflection of the free tip for (a) box and (b) U-beams, F;, = 0.01 [uN].

Additional to transverse deflection, U-beams shows coupled displacement and
rotation because of their open cross-section. As an example, for the cantilever
beam given in Fig. 11b the coupled displacement and rotation values are given

TABLE 5. Coupled displacement of free and for cantilever U-beam.

Nonlocal U [pm] Local
/L | & =0 0.1 02 |03 |04 |05 |06 |07 ] 08]09 &=1
0.025| 0.076 [0.075|0.075]0.074|0.074|0.073 |0.073|0.072 | 0.072|0.072 | 0.071
0.050| 0.082 [0.079]0.078]0.076|0.075|0.075|0.074|0.073 |0.073|0.072 | 0.071
0.075| 0.088 [0.083|0.081]0.079|0.077]0.076 |0.075|0.074|0.073|0.072 | 0.071
0.100| 0.094 |0.087(0.084|0.081|0.079{0.078]0.076 | 0.075|0.074|0.073 | 0.071
0.125| 0.101 [0.091|0.087]0.084|0.081|0.079 |0.077|0.076 | 0.074 | 0.073 | 0.071
0.150| 0.107 ]0.095|0.090 |0.086|0.083|0.081|0.079{0.077 | 0.075|0.073 | 0.071
0.175| 0.114 [0.099|0.093|0.089|0.085|0.082|0.080|0.077 | 0.075|0.073 | 0.071
0.200| 0.121 [0.103|0.096 | 0.091 | 0.087 | 0.084 | 0.081 | 0.078 | 0.076 | 0.074 | 0.071
0.225| 0.129 [0.107|0.099|0.093|0.089|0.085 | 0.082|0.079 | 0.077|0.075 | 0.071
0.250| 0.135 [0.111]0.102]0.096 | 0.091 | 0.086 | 0.083 | 0.080 | 0.077|0.075 | 0.071
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TABLE 6. Coupled axial rotation of free and for cantilever U-beam.

Nonlocal ¢ [rad] Local
T/L| &=01]011]02 |03 )|04]|05] 06|07 08]09 [&&=1
0.025| 0.126 [0.124|0.123|0.122|0.121|0.121 {0.120 | 0.120 | 0.119|0.119 | 0.117
0.050| 0.136 |0.130|0.128|0.126|0.125|0.123 | 0.122 | 0.121 | 0.120|0.119 | 0.117
0.075| 0.146 ]0.137|0.133|0.130|0.128 | 0.126 | 0.124 | 0.122 | 0.121 | 0.119 | 0.117
0.100| 0.156 ]0.143|0.138|0.134|0.131|0.128 |0.126 | 0.124 | 0.122|0.120 | 0.117
0.125| 0.166 |0.150|0.143|0.138|0.134|0.131|0.128 | 0.125 | 0.123 | 0.120 | 0.117
0.150| 0.177 ]0.156|0.148 |0.142|0.137|0.133 {0.130 | 0.126 | 0.124 | 0.121 | 0.117
0.175| 0.188 ]0.163|0.153|0.146|0.141 | 0.136 | 0.131 | 0.128 | 0.124 | 0.121 | 0.117
0.200| 0.200 ]0.170|0.158|0.150|0.144|0.1380.133|0.129 |0.125|0.122 | 0.117
0.225| 0.213 |0.177|0.164|0.154 | 0.147|0.140 | 0.135 | 0.130 | 0.126 | 0.123 | 0.117
0.250| 0.223 ]0.184|0.169|0.158|0.150 | 0.143 | 0.137 | 0.131 | 0.127 | 0.124 | 0.117

in Table 5 and Table 6. As seen in the following tables, the coupled displace-
ments and rotations behaves similar to primary displacement for same nonlocal
parameters.

7. Conclusion

The main goal of this work is to develop a model for static analysis of small-
scale thin-walled beams showing nonlocal property. The developed model is ob-
tained by implementing integral formulation of local-nonlocal two-phase consti-
tutive relations into thin-walled beams theory. The developed model includes
flexural-torsional coupling, warping effects and as well as nonlocal elasticity. So-
lution of the model is realized by the displacement based finite element method.
The performed validations show that the developed model is compatible with
the results and solutions available in the literature. Additionally, the developed
model is able solve nonlocal cantilever beams under concentrated tip load. This
is possible because of the constitutive relations are directly modelled using the
integral formulation of the nonlocal elasticity theory. Another advantage of using
the integral formulation is that it gives opportunity to change the nonlocal kernel
function of the model easily.

As numerical examples, effects of the volume fraction and the nonlocal pa-
rameter on the deformation of the small-scale box-beams and U-beams are in-
vestigated for various conditions. The following findings are observed.

e The stiffness of the beam reduces as the 7/L ratio gets increased or the &;

local phase volume fraction gets decreased.

e The relation between the deformation and nonlocal parameters 7/L and &;

usually shows a nonlinear character for investigated boundary conditions.



STATIC ANALYSIS OF THIN-WALLED BEAMS. . . 691

But for clamped-free beams the relation between 7/L and deformation
looks linear both for transverse deflection and axial rotation cases.

e When boundary conditions are compared it is observed that the clamped-
clamped beams get affected most and the simply supported beams least
by the non-local parameters.

e For beams showing flexural-torsional coupling, the coupled displacements
and rotations get affected by the nonlocal parameters similar to primary
displacement.

e The warping of the cross-section gets affected by nonlocal parameters,
depended on the axial rotation or flexural-torsional coupling.

e As the developed model includes two independent parameters (7 and &),
the same displacement value can be obtained by various combinations of
these parameters.

e Thanks to integral formulation the developed model is able to solve non-
local cantilever beams under a concentrated tip load.

The presented model in this study can be enhanced by including shear deforma-
tion, cross-sectional deformation and nonlinear formulation. Other size depended
theories such as the strain gradient theory, the micro-polar theory may be im-
plemented in the model. Also, nonlocality can be applied along the cross-section
together with cross-sectional deformation.

Appendix

A.1. Definitions of the rs(s), r.(s) distances and the warping functions

(Ada)  r(s) = (als) ) G+ (uls) ) .
(ATD) () = (o) — ) P~ ws) — )

(A.1lc) Fi(s) = 0/ (rn(s)) ds — o J (h(s) G5 L) ds,

(A.1d) Fals) = b, 5(2— 29 ds ' >d$—rs(s),

ds
A ¢~ f iy

where h is the thickness and G, is the effective shear stiffness. Take dg = 1,
0. = 0 for open cross-sections or dg = 0, . = 1 for closed cross-sections.
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A.2. Elements of the [e;;] beam stiffness matrix

(A.2a) €11 :/a11 dS,

s

(A.2b) €12 —/an(s) dS,

(A.2¢) elgz/any(s) ds,

(AQd) 614:/011f1(8) ds,

(A.2e) egy = / (ana:(s)Q +dn <Zi’)2> ds,

(a20) en= [ (ana(o)pte) - an ) as
A3 en= [ (onsts0) + dnt )
) = [ (ot () )
(A%) s = / (an0(6)73(6) = 7o) ) s,
A2 cu= [ (Bl o) a

) o= | (o) oy +82) )

A.3. The closed form solutions

A.3.1. Tip deflection of cantilever beam under concentrated transverse end
load [21]

L3 3l

A.3.2. Mid deflection of simply supported beam under distributed transverse
load [31]

L L4 _ _ eo.li 2
(A.3b) w<2> —q0384EI(5+48-M), ,u-( 7 ) :
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