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Abstract: A bimodular material is a kind of material that presents two elastic moduli in tension and
compression. In classical thermoelasticity, however, the bimodular material is rarely considered due
to its complexity in analysis. In fact, almost all materials will present, more or less, bimodular charac-
teristics, and in some cases, the mechanical properties of materials cannot be fully utilized simply
by ignoring the bimodular characteristics. In this study, the thermal stress problem of bimodular
curved beams under the action of end-side concentrated shear force is analytically and numerically
investigated, in which the temperature rise modes in a thermal environment are considered arbitrary.
Using the stress function method based on compatibility conditions, a two-dimensional solution
of thermoelasticity of the bimodular curved beam subjected to end-side concentrated shear force
was obtained. The results show that the solution for a bimodular curved beam with a thermal effect
can be reduced to that of a bimodular curved beam without a thermal effect. At the same time, the
numerical simulation for the problem verifies the correctness of the theoretical solution. The results
may serve as a theoretical reference for the refined analysis and optimization of curved beams in a

thermal environment.

Keywords: thermal stress; bimodular materials; curved beams; tension and compression; concen-
trated shear force

1. Introduction

Curved beams, as one common load-bearing and connecting component, are widely
used in the fields of mechanical engineering and civil engineering. With the development of
material technology, the consideration of the material characteristics of these components is
no longer satisfied by the traditional assumption of a single modulus of elasticity [1-3]. In
the academic and engineering fields, the bimodular characteristics of materials have gradu-
ally been paid attention. On the other hand, these curved beam components sometimes
need to serve in certain high-temperature environments, so it is necessary to investigate
their problems with thermal stress. In this study, we used theoretical and numerical meth-
ods to investigate the thermal stress problems of bimodular curved beams in order to make
a valuable contribution to the thermal stress field of bimodular materials and structures. To
this end, the next review will be conducted from the following aspects: we will begin with
the bimodular materials model and the analysis of bimodular structures, next will be the
development of the theory of thermoelasticity, and lastly, on the basis of the review, the
shortcomings of the existing research are analyzed to propose the problem to be solved in
this study.

Many studies have indicated that some materials [4-6], such as graphite, ceramics,
rubber, concrete, and certain biomedical materials, under the same tensile and compressive
stresses have different tensile and compressive strains. Jones [1] referred to these materials
as bimodular or multimodulus materials. In the theoretical analysis of the engineering
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field, two kinds of bimodular material models are widely used. One is the Bert model [2],
based on a positive-negative signature of longitudinal fiber strain. This model is generally
used when analyzing orthotropic materials and laminated composites [7-9]. Another
is the Ambartsumyan model, which was established on the principle of positive and
negative signs of principal stress [3], and is mainly suitable for the analysis of isotropic
materials. Existing studies have shown that the application of the Ambartsumyan model to
structural analysis is of special interest because it is the judgment of the principal stress
that determines whether a certain point in the structure is tensile or compressive. Our work
is thus based on the latter model of principal stress.

For the description of the stress-strain relation, two broken straight lines were used by
Ambartsumyan [3] to linearize a real bimodular model, which was originally nonlinear,
as shown in Figure 1, where (a) is the real case and (b) and (c) are the bilinear models. In
Figure 1, the principal stress is ¢, and the principal strain is €. For this model, the basic
assumptions are as follows. (1) The research object is continuous, elastic, isotropic, and
homogeneous. (2) The material satisfies the small deformation assumption. (3) When the
material is stretched along a certain principal direction, the Young’s modulus is E*, and
the Poisson’s ratio is y*. When the material is compressed, the corresponding quantities
are E~ and pu~. (4) For three-dimensional problems, when the three principal stresses
are all positive or negative, the equilibrium equation, geometric equation, and physical
equation are basically the same as those of classical elasticity. However, when the signs of
the three principal stresses are different, except for the physical equation, the remaining two
equations are the same as the classical elastic equation. (5) u*/E* = u~ /E~, this ensures
the symmetry of the compliance matrix in the application of the finite element method.
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E E+

(@) (b) (©)

Figure 1. Ambartsumyan bimodular model. (a) the real case; (b) E* > E~; and (c) E* <E~.

According to the above bimodular material model, the constitutive relationship of
the bimodular material is based on the positive and negative signs of the determined
principal stresses, thus meaning that the principal stresses are known in advance. In the
vast majority of cases, however, the principal stress is usually obtained as a final result
rather than as a known condition before the solution. In addition, it is difficult to describe
the elastic coefficients experimentally under complex stress states. Analytical solutions
can be obtained in some simple cases, although they only deal with bending beams and
plates [10-12]. In complex problems, we have to resort to finite element methods using
iterative techniques [13-16].

In the theory of thermoelasticity [17], it is generally assumed that the material constitut-
ing an elastic body is completely elastic, homogeneous, and isotropic, so the conventional
analysis in classical elasticity [18] can also be used for thermoelastic analysis. For example,
the Lame equation in thermoelasticity is formulated with the displacement component as
the basic variable and solved by the conventional method of classical elasticity. However, if
the bimodular effect of the material is newly incorporated into the original thermoelasticity,
the existing analysis will more or less encounter difficulties. Thus, for a specific problem,
our work may be focused on what and how much the impact of the bimodal effect on
existing results is.
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With the development of thermoelastic theory, some generalized thermoelastic models
have been proposed for transient responses in many applications, such as low temperature
and ultra-fast laser heating, where the classical thermoelastic theory fails. Some represen-
tative theories in this regard are shown in [19-22]. It is important to note that Green and
Lindsay’s theory has been used in many types of media, among which Marin et al. [23]
used it in dipolar thermoelastic bodies. On the other hand, in addition to the development
of the theory itself, it is also very important to apply the theory to analyze engineering
components, or more specifically, to analyze the thermoelastic behavior of engineering
structures, such as nanobeams [24], microbeams [25], composite beams [26], and laminated
beams [27]. Obviously, bimodular material beams, including straight and curved beam:s,
should also be investigated in thermoelastic analysis of structures.

Following this demand, some scholars have carried out research on bimodular beams
in a thermal environment [28-31]. Wen et al. [28] first obtained a two-dimensional ther-
moelastic solution of a bimodular beam under thermal and mechanical loads, where the
Duhamel similarity theorem was used to transform the thermoelastic problem into a pure
elastic problem. For the thermal stress problem of the bimodular functionally graded
beam, the displacement method based on the Duhamel similarity theorem is no longer
applicable, so Xue et al. [29] used the stress method to obtain one-dimensional and two-
dimensional thermal stress solutions under different temperature rise modes. For metal
bars, Guo et al. [30] used the commonly used strain suppression method to derive a one-
dimensional thermal stress expression and, at the same time, used the Duhamel similarity
theorem to derive the two-dimensional thermoelastic solution. Unfortunately, the above
works are limited to straight beams; relatively little research has been found on curved
beams. As indicated above, curved beams are important components of a special shape
with an initial curvature. Compared to the analysis of straight beams, the analysis of curved
beams is more or less complicated due to the presence of the initial curvature.

More recently, He et al. [31] first investigated a bimodular curved bar under pure
bending in a thermal environment; the application of this problem may be easily found
in mechanical engineering. For example, if a certain portion between two adjacent cross-
sections of a ring is cut out (see Figure 2a), joining the ends of the ring again by welding
or another means gives a ring with an initial stress, that is, there is stress in the ring in the
absence of an external force. In Figure 2, r; and r, are the inner radius and outer radius
of the ring, respectively, and 6 denotes the small angle measuring the portion of the ring
that was cut out. Obviously, the closing of the ring requires the application of two bending
moments at the two ends of the ring, as shown in Figure 2b. The real problem finally
returns to a bimodular curved bar under pure bending in a thermal environment, and the
stress state is axisymmetric. But more general cases may be found in lifting machines and
other cases, for example, a hook made from bimodular materials in a thermal environment,
as shown in Figure 3a. In this case, the mechanical model is simplified as a curved beam
with an end-side concentrated shear force, as shown in Figure 3b. Obviously, due to the
existence of concentrated shear force, the solving problem has not been an axisymmetric
one; more importantly, the corresponding solving method has thus changed much.

In our previous study aiming at the pure bending problem [31], it was found that the
thermoelastic plane stress problem with a bimodular effect can also be transformed into a
purely elastic problem under known body forces and known surface forces, which is the
familiar Duhamel similarity theorem. However, once the beam is no longer under pure
bending but under transverse bending, the axisymmetric stress state in pure bending is
no longer maintained, as shown in Figure 3. In this case, the previous method based on
displacement is no longer applicable, and a new solving method must be resorted to.

Aiming at this more general case of curved beams, in this study, we analytically and
numerically investigated a bimodular curved beam under the action of end-side concen-
trated shear force in a thermal environment. To this end, the whole paper is organized
as follows. The problem is briefly described in Section 2 first, and the mechanical model
established on the subarea of tension and compression is also given. Section 3 is the an-



Materials 2023, 16, 5221

40f19

alytical solving process of the mechanical problem proposed, using the stress function
method based on compatibility conditions but not the displacement method. In Section 4,
the numerical simulation is conducted to verify the correctness of the theoretical solution.
The bimodular effect on stress distribution is discussed in Section 5, and Section 6 contains
the concluding remarks.

M M

(a) (b)

Figure 2. Welding of a bimodular material ring with initial stresses. (a) a ring with a gap; (b) the
mechanical model.
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Figure 3. Hook made by bimodular materials in a thermal environment. (a) sketch of a hook;
(b) mechanical model.

2. Problem

A curved beam with a rectangular section type was subjected to the concentrated
shear force P at one end and was fully fixed at another end, as shown in Figure 4. The
polar coordinate system rOf and the rectangular coordinate system xOy were combined to
describe this problem. For any point of the beam, its polar radius was denoted by r and
its polar angle by 6, whose positive rotation direction was defined as: from the positive
half x-axis to the positive half y-axis; that is, the positive rotation direction was clockwise,
as shown in Figure 4b. The inner radius of the curved beam was denoted by r;, the outer
radius by rp, and the curvature radius of the neutral layer by p, which was unknown
at present. Due to the constraint of the structure, under a certain temperature field, the
expansion and contraction caused by temperature changes will not be able to develop
freely, resulting in the so-called thermal stress. Without loss of generality, we assume the
temperature change is only along the radial direction, this is, T = T(r); in fact, this simple
case is also very common in real problems. For example, in a ring or cylinder in a thermal
environment in mechanical engineering, its heat distribution generally changes along the
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radial direction; thus, there are many thermal phenomena like this. In Figure 4b, mn stands
for any cross-section whose section type is as shown in Figure 4a, in which the height of
the cross-section is denoted by h and the width of the cross-section by b. Bounded by the
neutral layer, the whole beam, or the cross-section, was divided into two parts; the bottom
of the cross-section, or the outer part of the whole beam, was tensile, while the top of the
cross-section, or the inner part of the whole beam, as shown by the shadowed area, was
compressive, as shown in Figure 4. In Figure 4a, h; and h, denote the tensile height and the
compressive height of the section, respectively; A1 and A, denote the tensile area and the
compressive area of the cross-section, respectively; E* and E~ denote the tensile modulus
and compressive one, respectively.

A;
=
E] E'
A b
_ y

(a) (b)

Figure 4. A bimodular curved beam under concentrated shear force in a thermal environment. (a) the
cross-section; (b) the whole curved beam.

The basic assumptions used in this study are as follows. (i) The initial neutral layer
depends only upon the bending moment produced by shear force, having nothing to
do with the external thermal environment. (ii) Like the common analysis for shallow
beams, the bending is limited to in-plane small deflection bending without torsion. (iii) The
temperature varies only along the radial direction of the curved beam, resulting in T = T(r),
as indicated before. (iv) It is assumed that the material properties are independent of
temperature, or alternatively, if they are dependent on temperature, we may take a constant
average value to describe this dependency. The occurrence of creep, relaxation, and phase
transformation of the material is not considered in this work. Among the four assumptions,
only assumption (ii) aligns with the Euler-Bernoulli beam theory, while assumptions (i),
(iif), and (iv) differ from the Euler-Bernoulli beam theory.

Under the action of end-side concentrated shear force, a further deflection inward
will occur in the curved beam, thus forming compression for the inside part and tension
for the outside part of the beam. The elastic modulus for the inside part was taken as E~
while the modulus for the outside part was taken as E* accordingly, as indicated before.
In this study, we neglected the differences between the tensile and compressive Poisson’s
ratios. There were two main reasons for this practice. The first was that, if neglecting the
difference in tension and compression, the whole derivation process was slightly simple,
but another important reason was based on the fact that the influence of the Poisson’s ratio
on the results is small; thus, the moderate simplification is rational, and many other works
were based on this simplification. The same practice was followed for the line expansion
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coefficient «, also neglecting the differences in tension and compression. In a word, for
modulus of elasticity, we considered E* and E~; while for Poisson’s ratio and the line
expansion coefficient, we only had p and «.

For the realization of the tension-compression subarea, we needed to determine the
position of the unknown neutral layer of the beam under pure bending first. The solution
was obtained in our previous study [31], which gave:

+ +
E(r2—p)+p—r1—§plnr:—plnfl—o. )
If the values of E*, E~, rq, and rp are given, we may use Equation (1) to determine the
unknown neutral layer, that is, the curvature radius of this layer, p, and finally, the simplified
mechanical model based on the subarea of tension and compression is thus constructed.

3. Theoretical Solution
3.1. Application of the Stress Function Method

First, we gave the physical equation of two-dimensional thermoelasticity. As indicated
before, the problem was a representative plane stress problem concerning the thermal
effect. Under a polar coordinate system, the strain components of a plane stress problem
are denoted by ¢;, €g, and 7,4, and the corresponding stress components are denoted by o,
0g, and T,; the physical equation in two-dimensional thermoelasticity will give [18]:

& = #((Tr — uog) +aT
g0 = g/ (09 — pov) +aT 2
_ 20+p)

re — L/ — Tro

in which « is the thermal expansion coefficient, T is the temperature change, y is the
Poisson’s ratio, and E*/~ stands for the tensile Young’s modulus and compressive modulus.
For the time being, there is no way to determine in advance whether the stress state of any
point is tensile or compressive.

In this study, the stress function method was adopted to solve the thermoelastic
problem. From Figure 4, it is easy to see that the bending moment acting on any cross-
section of the beam is:

M = Py = Prsin0, 3)

this means M is proportional to sinfl, while the normal stress og is proportional to M, and
also due to 0y = 9%¢/9r?, in which ¢ is the stress function; thus, we may prescribe the
stress function is also proportional to sinf, this gives:

ot/ (r,0) = £,/ (r)sinf + £,/ (r), 4)

in which, f;" /~(r) and i /= (r) are two undetermined functions with respect to r. The
superscript ‘+/—" denotes the so-called tension and compression, and in some cases, they
will naturally separate; this is easily seen in our next application to boundary conditions
as well as continuity conditions. In fact, there is an implicit assumption here that due to
T = T(r), the corresponding stress function in Equation (4) is also axisymmetric, that is,

o /= (r) holds true. If a more complicated temperature distribution is considered here, for
example, T = T(r,0), the corresponding stress function in Equation (4) should be assumed
as 2* /= (r,0). In addition, the structural form of the stress function shows that the final
stress is a superposition of two effects, that is, the load effect and the temperature effect.
In the stress function, the first term, f;" /= (r) sin 6, stands for the stress from the external
load effect, while the second term, fz+ /= (r), represents the temperature effect, and the two

effects are independent of each other. Specifically, if we let f," /= (r) be zero, we may obtain
the solution of a bimodular curved beam without a thermal effect. Or vice versa, if we let
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fi /= (r) sin 6 be zero, obviously, we may obtain the solution of a bimodular curved beam
without a load effect.
The stresses may be expressed in terms of the stress function as:

+/— _ 1 aq)Jr/ 1 aZ(PJr/f
Or r 2; 2 962
_ d -
‘79+/ = (Zl;rz : (5)
1/— _ 182(P+/— 1 a(P+/— . 9 1a(p-%—/—
rf — T 7t orof 2090 —  or\r 90
Substituting Equation (4) into Equation (5), we have
- 1df 1df~(r)
ot/ —smH[ L f ()]—i—r 2
ot/ = — sin6” (r) d2f2 ) . (6)

d 2 dr?

+/-
Tr9+/ _ COSG|: +/— (r) — %df1 - (7)}

Also, substituting Equation (6) into Equation (2), the strains expressed in terms of stress
function are

S
BTt B Y. il ()+d2fdr ()]}-HxT

et/ — 1 Lsino f ()+d2fzd:2’(r) . @)
—u[f”— F )+ HED | L

e _zg;wcosg[ /() — 14T r()]

In addition, the strains need to satisfy the following compatibility equation:

192 19\ 4, 2 20\ ./ 19 19\ .,
(eae 7o)+ (e 2 )" (o rave) =0 ®

Substituting Equation (7) into Equation (8), we have

1 (10 _13)|sin0dfi’ (")  sine ()| - 2 (LR 10 sing®f— (0
Et/=\r2 002 ror r dr 2 /1 Et/=\r200> ror dr?
1 02 29 : dzf - (V U 02 2 ) smGdfl sinf +/—
+W(aﬁ+?a) sind—"gr—| —g=oz + 75 =S h)

. 9)

2(14u) (1 9 1 92 cosf +/— cosBdf1
ET/- (ﬁ%+?arae)[ () =
/_
po(12  10)|4S 0 12 1
E+/- (* or | talae Ty T
1 (2 20|20 1 (1% 12 1d2”’(r)
+E*/*(ﬁ+75) | T e\ T ) |7

220|140 * 120 =
_#(W‘F?m) AT +“(W+?5)[T(m_o

The left of Equation (9) seems to be complicated and hard to deal with, containing the
partial differential with respect to r and 0. But after simple computation, we can definitely
get an expression like the form Asinf + B, in which A and B stand for two functions only
related to r. In this case, for any 6, if this expression is equal to zero, that is, Asinf + B =0,
obviously, we have A = 0 and B = 0. In fact, this process is referred to as the separation
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of variables in mathematics. According to this conclusion, for any 8, Equation (9) always
holds; thus we have

v (4 28) | S|+ e (1) P a0
—le (& +23) |V | +a( &+ 23) T =0
and
e [B ) - ] 4 ot [0
gt (4) |20 - HE
vt (1) ||+ e (34 25) | a
—F (% + %%) %dﬁ;;m —2A0
S (L 1) |RA 0 - 10 =0

For the two ends of Equation (10), multiplying rdr and integrating with respect to r,
we have

d +/— 42 +/— d +/— - o
(zlsﬂt)r% [% L (r)} t e %[ fzdrz O _udh 20y arE/ ] =AY/~ (12)

in which A*/~ is an integral constant. Next, for the two ends of Equation (12), we make the
same mathematical operation, that is, multiplying r~'dr and integrating with respect to r:

1 [wf;/(m% 1 [dzf?/“umw—

Et/=|r dr E+/— dr? =AY " Inr+ B/ (13)

in which B*/~ is another integral constant. After the simplification, we have

d +/—
Ld ru = AT/ " Inr+ B/~ —aTE"/~. (14)
rdr dr

Note that in Equation (14), because E*/~ is also a constant, the original integral terms

A*/~E*/~ and B*/~E*/~ have been changed to the new A*/~ and B*/~ for convenience.
For the two ends of Equation (14), multiplying rdr and integrating with respect to 7,

and then multiplying r~'dr and integrating with respect to r, we have (note that T = T(r))

) = _aE“*/%/TrdrerrA;/*lnerB;/*r21nr+c;/*r2+D2+/*. (15)

in which the integral

/rlnrdr—rzlnr—lrz—l—c (16)
2 4 ’

is used, and the integral constants Az+ / -, B;r / -, C;r / —,and Dz+ /= have been combined
and simplified.
Similarly, for Equation (11), we have the same operation and obtain

()= A P+ B T /r ¢ T rinr + DY (17)
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in which the integral constants A;r/ -, Bl+ / -, Cl+ / ~,and Dfr /= have been combined and
simplified, and the constant term in f;" /= (r) has been omitted because there is no influence
on the stress.

Substituting Equations (15) and (17) into Equation (4), the stress function expressed in
terms of undetermined constants will become

9"/ (r,0) =sin0(Al/"P B/ /r+C/rinr+ D}/ r

. (18)
—aET/~[1f Trdrdr—l—A;/*lnr—O— B;/fi’zlnr“‘czr/irz + D;F

Substituting Equation (18) into Equation (5), the stresses expressed in terms of undeter-
mined constants become

o/~ :sin9<2A+/_r—ZB§/+Cl+r/>
—ES (, Trdr) + 22— A+ B/ (142Inr) 20/
ot/ = sm9<6A+/ "+ —5— BH_ + C{’r/‘ 19)
FEs (v )—A%%+B;/*<s+zlm>+zc;/*
Tt/ T = —cosG(2Af/7’ - 23}% + q:)

According to our previous study [31], due to the temperature variation, T is always positive;
the thermal stress, in this case, will correspond to the compressive state. Thus, E*/~ should
be changed to E~. In addition, among the above integral operations, the upper bound must
be the variable r and the lower bound of the integral can be arbitrarily chosen. If we take
different lower bounds, there is only a difference in the integral constant. In our study, the
inner and outer radius of the curved beam were denoted by r; and r;, respectively; thus,
the lower bound of the integral should be r; while an integral constant, D, was added to
the stress. Finally, we have

ot/ - = sin9<2A+/r — ﬂ + g
( " “(1+2In7) +2C57
opt/T = sin9< 6A; Tr+ ZB o + cjr/* (20)
+E52 (_{r’l Trdr + D — Tr2) — N B/~ (34 2Inr) +2C5
Tt/ =— cosG(ZAIr/r — ZB;# + C;;/_)

There were, in total, thirteen undetermined constants, and they are Af/ -, B;r / -, C;’ /= and
Az+ / -, BZ+ / -, Cz+ /= aswell as D. Due to the fact that the number of undetermined constants
is much more than in the case without thermal stress or the case without a bimodular effect,
the determination process of these unknown constants is also much more complicated than
before. However, by using boundary conditions on the inner and outer edges, as well as

continuity conditions on the neutral layer, this problem was still solved successfully.

3.2. Boundary Conditions and Continuity Conditions

First, let us consider the main boundary condition on the inner edge of the curved
beam. Since the inner side of the curved beam is always in compression, the superscript,

‘+/—’, in Equation (20) is naturally taken as the superscript ‘'—’, which gives

0, =0, T4=0,atr=rq. (21)
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Substituting Equation (20) into Equation (21), we have

0 = sinG(ZAl_rl -y %) + 22250 L By (142Inm) +2C; =0
1 2B; | Gy : @2)
T = —cosG(ZAl_rl — rl—% + ri) =0
For any 60, Equation (22) always holds. Obviously, we finally have
_ 2B | Cf
i‘i‘lrl*ﬁ+ﬁ:o . (23)
w5+ By (1+2Inr) +2C; = E4D
Similarly, the main boundary condition on the outer edges gives
ot =0,T5 =0, atr=r,. (24)

Note that the outer side of the curved beam is always in tension; thus, the superscript is
naturally taken as ‘+’. Substituting Equation (20) into Equation (24), we have

+ + _ +_p-
ot = sinG(ZAI’r -2 %) — B+ 450 B (14+2Inm) +2CF =0
L e - ()
Ty = —cosf 2A1r27r2—3+ﬁ =0
Obviously, we have
+ 2Bf | Cf
A+ _ 7
75 +Bf(1+2Inrp) +2C; = %(h + D)
in which ;
2
J1 :/ Trdr. (27)
r

In addition, using the de Saint-Venant Principle at the free end of the beam will give
the following three conditions:

Jy2ogdr+ [f oy dr =0
fp:z (f{jrdr + fr‘; o, rdr :PO ,at6 =0. (28)
fpz Tj{;d}’ + fr‘? Trgdr )

Substituting Equation (20) into Equation (28), we have, after the integration operation

[ro;" ];2 + [ro; ]p = ro0;,"

" - pO';_ |r:p + poy !r:p - noy ’r:rl =0, (29)

’r:}’z

AJ In % + B (r22 Inr, — p?Inp) + C5 (1% — p?)

+A; In &+ By (p*Inp —ri?Inry) +C; (0> —n?) =E ap +E aDIn 2’ (30)

and

A{(r%—p2)+B1+(%—pl—z) +Cfln%+Af(p27r%)+Bf<p%f%> +C il =—f, (31)

in which

1) 1 1
I, = / - / Trdrdr (32)
r1 r 1
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and Equation (29) have been naturally satisfied according to the above boundary conditions
and the subsequent continuity conditions.
At the neutral layer, the continuity conditions give:
o =0, ,0f =0, =0, atr=p. (33)

Substituting Equation (20) into Equation (33), we have

. c Af
s1n6<2A+p— —1 + ) +F + By (14 2Inp) +2C

2B, A (34)
:sine( p—fl+ )+p§+BZ_(1+21np)+2C2_
and
sm9(6A1+p+ +71+ + E (Jf Trdr 4D - Tp)——+B+(3+21np)+zc+
:sin9(6A;p+p %) Ep;fPTrdHD Tp?) — %% + By (3+2Inp) +2C; - (35)

=0
For any 60, Equation (34) always holds. Obviously, we have the following two relations:

24+p— B4 1—2A1p—2£+ L

A7 B+1 21 2CH By (1+21 20 (36)
2+ By (1+2Inp) + —7+2(+HP)+ 2

Similarly, for any 6, Equation (35) always holds; thus, we have the following three relations:
+ - -
6ATp+ p S =ear p+ 2+ =0
D=T(p f;; Trdr : (37)
+ -
L B;(3 +21Inp) +2C5 = 2% + By (3+2Inp) +2C; =0

Up to now, we obtained Equations (23), (26), (30), (31), (36) and (37), in which there are,
in total, thirteen relations containing AT / -, B;“ / -, C;’ /= and A;’ / -, B;r / -, C;r /= as well as
D. By using these relations, it is possible for us to determine the thirteen undetermined
constants. The detailed solving process may be referred to in Appendix A.

4. Numerical Simulation and Comparison

The software ABAQUS6.14.4 was used to conduct the numerical simulation, in which
the subroutine UMAT was also adopted because there was no bimodular material model in
this software. First, we needed to compile the subroutine UMAT for the next call and then
establish the numerical computation model, in which the related parameters during the
numerical simulation are listed in Table 1. The whole computational process is described
as follows.

(i) The establishment of a solid model of curved beam, according to the geometrical sizes
of the curved beam from Table 1, also see Figure 5a;

(ii) The editing of materials data, including thermal expansion coefficient, the tensile and
compressive moduli, and Poisson’s ratios;

(iii) The setting of incremental steps;

(iv) The editing of boundary conditions, one end of the beam is free, and another is fully
fixed, see Figure 5b;

(v)  The input of the temperature field, in which the temperature rise pattern is defined as
T(r) = To — To(r—p)3/(0.5 h)3, p is the curvature radius of the neutral layer, h is the
thickness of the curved beam and T is initial temperature rise, as shown in Table 1.

(vi) The input of the end-side concentrated shear load, please see Figure 5b;



Materials 2023, 16, 5221

12 0of 19

(vii) The grid division, in which the mesh was generated using hexahedral elements C3D20
for better accuracy, please see Figure 5a;

(viii) The call of. the UMAT subroutine;

(ix) The output of computational results.

Table 1. Given values in numerical simulation.

Physical Quantities

Taken Values

inner radius, rq 800 mm
outer radius, 1, 1000 mm
thickness of the curved beam, h 200 mm
width of curved beam, b 80 mm
tensile modulus, E* 3 x 108 Pa
compressive modulus, E™ 2 x 10® Pa
tensile Poisson’s ratio, u* 0.3
compressive Poisson’s ratio, ™ 0.3
concentrated shear force, P 50 KN
thermal expansion coefficient, « 1.6 x 1072/°C
initial temperature rise, Ty 100 °C

(a) (b)

Figure 5. Computational model: (a) grid division and (b) boundary constraint and loading.

For the convenience of comparison to the theoretical solution, we selected five inspec-
tion points on a certain cross-section of the curved beam. To avoid the negative influences
from the fixed end and free end of the beam, the midspan of the curved beam (6 = 7t/4)
was selected. The five inspection points (1# to 5#) were located from the outer edge layer to
the inner edge layer, with equal space, as shown in Figure 6.

1#

2#

—3#

4#

S#

Figure 6. Inspection points on the cross-section of the curved beam.
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Figure 7 shows the stress nephogram of the whole curved beam, including the cir-
cumferential stress and the radial stress. Figure 8 shows the stress nephogram of the
cross-section at 6 = /4, also including the circumferential stress and the radial stress. From
the results of the numerical simulation, the stress values of the five key points were obtained
and listed in Tables 2 and 3, in which Table 2 shows the comparisons of the circumferential
stress and Table 3 corresponds to the comparisons of the radial stress. The theoretical
results were also computed via Equation (20) and listed in Tables 2 and 3. It is also easily
found from Tables 2 and 3 that the radial stress is much smaller than the circumferential
stress; both the theoretical solution and numerical simulation give the same conclusion,
which explains why the radial stress is generally neglected in one-dimensional problems
since it is negligibly small.

From Tables 2 and 3, it is easy to see that the theoretical results are grossly close to
the ones from the numerical simulation, with the bigger errors occurring at the inner edge
for the circumferential stress. Please refer to inspection point 5# in Table 2; this is mainly
due to the influence of the boundary. The overall difference may come from many factors,
including the determination of a neutral layer, the differences between the two solution
methods themselves, and the precision of the numerical simulation (element selection and
grid division, for example). Despite the differences, it is a representation of the real result.

Figure 8. Stress nephogram of the cross-section at § = 71/4. (a) circumferential stress; (b) radial stress.

S, S22 (CSYS-1) S, S11 (CSYS-1)
(Avg: 75%) (Avg: 75%)
+1.115e+02 +4.603e+01
+9.270e+01 +3.923e+01
+7.388e+01 +3.244e+01
+5.506e+01 +2.565e+01
+3.624e+01 +1.886e+01
+1.742e+01 +1.207e+01
-1.398e+00 +5.276e+00
-2.022e+01 -1.516e+00
-3.903e+01 -8.307e+00
-5.785e+01 -1.510e+01
-7.667e+01 -2.189e+01
-9.549e+01 -2.868e+01
-1.143e+02 -3.547e+01
(a) (b)
Figure 7. Stress nephogram of the whole curved beam. (a) circumferential stress; (b) radial stress.
S, S22 (CSYS-1) S, S11 (CSsYs-1)
(Avg: 75%) (Avg: 75%)
+1.115e+02 +4.603e+01
+9.,270e+01 +3.923e+01
+7.388e+01 +3.244e+01
+5.506e+01 +2.565e+01
+3.624e+01 +1.886e+01
+1.742e+01 +1.207e+01
-1.398e+00 +5.276e+00
-2.022e+01 -1.516e+00
-3.903e+01 -8.307e+00
-5.785e+01 -1.510e+01
-7.667e+01 -2.189e+01
-9.549e+01 -2.868e+01
-1.143e+02 -3.547e+01
(a) (b)
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Table 2. Comparisons of circumferential stress.

Inspection Points

Theoretical Solution

Numerical Simulation

Absolute Errors

(Pa) (Pa) (Pa)
1# 69.251 64.677 4.574
2# 22.783 23.779 0.996
3t —4.049 —4.492 0.443
4# —25.209 —26.713 1.504
5# —76.767 —65.952 10.815

Table 3. Comparisons of radial stress.

Inspection Points

Theoretical Solution

Numerical Simulation

Absolute Errors

(Pa) (Pa) (Pa)
1# 0 —-0.171 0.171
2# —2.359 —2.823 0.464
3t —3.108 —3.327 0.219
4# —2.696 —3.528 0.832
5# 0 —0.123 0.123

5. Bimodular Effect on Stress Distribution

In the previous section, the theoretical solution was verified by numerical simulation.
In this section, we used the theoretical solution to investigate the bimodular effect on stress
distribution. For this purpose, we let the ratio of the tensile modulus to the compressive
modulus be parameter §, that is,
E+
=_, 38
B= 1 (38)

and then we kept the compressive modulus constant (for example, E~ =2 x 10® Pa, see
Table 1) while changing the tensile modulus (for example, E* = 4 x 10% Pa, 3 x 10° Pa,
2 x 108 Pa, 1.5 x 108 Pa and 1 x 108 Pa), that is, f is taken as 2.0, 1.5, 1.0, 0.75, and
0.50, according to Equation (38). In the real computation, other given values may refer
to Table 1. For different moduli cases, the circumferential stress distribution on the cross-
section (which is near the fixed end) is shown in Figure 9, and the stress values of the five
inspection points are listed in Table 4 for further reference.

—5=20
wef=15
0. 3=1.0
B =0.75
B=05
iz |
-120 -100 -80 -60 -40 -20 20 40 60 80 100 120

0
Ug/Pa

Figure 9. Circumferential stress distribution of five bimodular cases.
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Table 4. Circumferential stress values of inspection points.

Inspection g (Pa)
Points =20 B=15 B=10 =075 B=05
1# 114.972 108.562 100.952 96.362 90.932
2# 41.095 41.819 41.904 41.543 40.715
3# —7.198 —3.865 2.765 7.101 11.384
4# —39.905 —40.226 —40.269 —39.715 —37.683
5# —101.219 —105.653 —113.143 —119.475 —130.076

By observing Figure 9, it can be found, first, that all lines are composed of two seg-
ments, which reflects well the different moduli characteristics of tension and compression.
Secondly, when 8 = 1.0, this case corresponds to the classical material of the same modulus;
the expression of the stress component in the tensile region is consistent with that in the
compressive region, as shown in Figure 9, in which the curve is continuous and smooth at
the neutral layer. For other cases of §, the continuity of the curves is still there, but they are
not smooth, especially for the cases of f =2 and = 2, in which a clear turn can be observed
at the neutral layer. In addition, it can be found that with a decrease in different moduli
coefficients, B, the tensile elastic modulus gradually decreases. Thus, the height of the
tensile zone gradually increases, and the slope of the stress curve gradually decreases (with
respect to the horizontal stress axis), while in the compressive zone, it shows completely
opposite changes. Such a synchronous change makes the beam maintain the equilibrium of
stress on the cross-section.

6. Concluding Remarks

In this study, the thermal stress problems of bimodular curved beams under the action
of end-side concentrated shear force were analytically and numerically investigated, in
which the temperature rise modes of the curved beam in a thermal environment were
considered to be arbitrary. The three important conclusions can be drawn as follows.

(i) In the previous problem of pure bending the displacement method based on the
displacement potential function was used. While in existing, more general, problems
of end-side concentrated shear force, since the displacement method was no longer
applicable, the stress method based on compatibility equation was used to solve the
problems. The comprehensive application of the two methods improves, to a certain
extent, the thermoelastic problem of bimodular materials and structures.

(ii) During the obtainment of the theoretical solution, the number of undetermined con-
stants was much more than in the case without thermal stress or the case without a
bimodular effect. But, via stress continuity conditions on the neutral layer and bound-
ary conditions on the inner and outer edges, this problem was still solved successfully.

(iii) The theoretical solution obtained can be reduced to the solution of a bimodular curved
beam without thermal stress. At the same time, the numerical simulation for the same
problem verifies the correctness of the theoretical solution.

The theoretical solution presented in this study may be used in the refined analysis
and optimized design of bimodular curved bars in a thermal environment. The method
proposed in this study can be extended to the thermal stress problems of similar structures,
namely, arch and shell structures with initial curvature. The relative work is in progress.
In addition, the results of this study can be further applied to the analysis of viscoelastic
materials, especially under a high-temperature environment [32,33]. Viscoelasticity is the
joint property of elasticity and viscosity, and thus it describes materials with both fluid and
solid properties simultaneously. If the solid properties of the materials present obviously
different elastic properties in tension and compression, their bimodular characteristic
should be given some attention.
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Appendix A

In the main text, Equations (23), (26), (30), (31), (36) and (37) were used to determine
the thirteen undetermined constants, Af'/ -, Bf' / -, C;’ /= and A;“ / -, B; / -, C;’ /= as well as
D. First, among these relations, we found seven equations containing Az+ / -, B2+ / -, C;r /=
and D, and they are from the second relation of Equations (23) and (26), Equation (30), the
second relation of Equation (36), as well as the last two relations of Equation (37), which

are listed in order as follows:

Ay

I\J

5> + By (1+2Inr) +2C, = E£D

7’1 n

A+
5+ Bf (1+2Inrp) +2C; = ’i—(h+D)
A;rln%2 +B;(7221nr2—p21np) Cy (r22 — p?)
jfz_ lnrﬁl—Q—Bz_(p2h1p—r12h:;1) —|—C2 (0> —n?) =E aj+E aDIn?
%+B+(1+21np)+2C§“fp—§7B2_(1+21np)72C2_ =0
—Az B; (3+2Inp) +2C; =0
+B+(3+21np)+2c2+ =
D= T(p)o? — [F Trdr

(Al)

where -
EL(h+D)=H
Eap—_p . (A2)
E’oc]z—i-E’szln% =5

A;/_,B;/_,C;“/_ may be determined as

Af = =P 2,2 In2—1 —0—&

AE — _4P3P2p21, 2 "1 -1 +

By = 23 (0% + 12 )ﬂ?

B5:2F3P2(p +r?) + 3

Cf =-8hp? (3—|—21np)+r2 (1+21In7y)] + %

C, = F3P2 [0%(3+2Inp) +r2(1+21Inry)] + 58

, (A3)

in which
Py =12 —p? +2r°In(p/11)
Py =12 — p2 + 21,2 In(p/77)
Q1 =4r%p?In(p/r1)[In(p/r1) + 2] + r1* + 220> — 3p* , (A4)
Q2 = 4r2%0% In(p/r2)[In(p/12) + 2] + r* + 2r22p? — 3p*
R=P01—PQ
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and

Ky = p21’22 [41:21’14 - F1T14 + F1p21’12 + 3F1p27’22 — 4F2p21’22
—31:11’121’22 + 8F21’14 ll’lp — 41:21’14 Inr; — 41:21’14 Inr, + 41:21’14 In? 0
+2F10%112 Inp + 2F10%1p% Inp — 4Fp%r1% Inp — 2Fp?r1? Inry
—8F11’121’22 Inp — 2F1p27’22 Inr, + 4F2p21’12 Inr, + 61:11’121’22 Inrq

+2F; 11212 Inry, — 4Fr* Inplnry — 4Fr*In plnry + 4Fr*Inr Inr,
—4F0%r1%In(p/r1) + 4F0%r1? In(p /1) — 4Fy7r1%1? In? 0

+4F 1?22 InpInry + 4F % Inplnry — 4F r1%rp% Inry Inry

—4F 0112 In(p/r1) Inp + 4F0%r1%In(p/11) Inp

+4F0%r1%In(p/11) Inry — 4F0%r1%In(p/r1) In7s]

Ky, = pzrzz [F2r24 — 4F11’24 + 4F1p21’22 — 3F2p21’12 — P2p21’22
+3Fr1%19% — 8F 1ot Inp + 4F 4 Inry +4F 4 Inry, — 4Frp* In? 0
+4F1 0% Inp — 2F0%11% Inp — 250?122 Inp — 4F;p?r2% In1y
+2F2p21’12 Inr; + 81:21’12}’22 In o+ 2F2p21’22 Inr, — 2F2r12r22 Inrq
—6F,11219% Inry + 4F 1% Inplnry +4F % In plnry —4F rtInryInr,
+4F 0%19% In(ry/ p) — 4F20%12% In(r2 / p) + 4Fpr1%1y? In? 0

—4Fr12r2 1In plnry — 4F 1122 In plnry + 4F 1122 Inry Inry
+4Fp%122 In(ra/p) Inp — 4F0%r2* In(r2/p) Inp

—4F10%15%In(ry/p) Inry + 4F0%122 In(r2/p) In1y]

K3 = [P1p21’24 + 2F1p41’22 + 2F2p21’14 — 2F2p41’12 — F17'121’24
—F11’14r22 + 21:21’147’22 — F1p21’121’22 — 2F2p21’121’22 -+ 2F2p21’14 ll’lp
2R 422 Inp + 2F 11 %1% Inry — 2Fr* 22 Inry + 2Fp*r %2 In(p/11)
+2F1p*r0%In(ry/ p) — 4F1p2r1%12% In(p/11) — 2F10%r1%12% In(r2/p)
+2F0%r1%21% In(p/11) — 2F10%11%15% In p + 2F; p?r1°1r2% In g
—4F10%r1%12%In(p/11) Inp — 4F1 0?1222 In(r2 /p) Inp

+4Fp%r1%r% In(p/r1) Inry + 4F 0?1122 In(r2 /p) In7q]

Ky = [-2Fp%r2* + 2F p*r? — Bp?*ri* — 2F0*r? — 2Fir %t + B2t
+FEritr? + 2F1p2r12r22 + szzrlzrzz — 2F1p21'24 Inp — 2F 1121t Inp
+2F1p21’24 In Ty + 21:27'141’22 In 1Y + 2F17’121’24 In Ty — 2F21’141’22 In 18]
+2F0%r12In(p/11) + 2F1p*r22 In(r2 / p) + 2F1 02112122 In(r2/ p)
—2F0%r1°1% In(p/11) — 4F0°1r1%1% In(r2/p) + 2F20%r1%12% Inp
—2F0%11%122 Inry — 4F20%11%122 In(p/71) In p — 4F20%71%12% In(r2/p) Inp
+4F0%r1%1r% In(p/11) In1y + 4Fp?r1%12% In(r2 /p) In 1)

Ks = — [31:1{)47’22 + 3F2p21"14 - 3F2p41’12 — F11’141’22 + F27’14I’22
—2F10%11%12 — Fo0%1119% + 2F 1 p*rp? Inp + 5F0%r1* Inp — 2Fp%*r1% Inp
—Fyri#ry? Inp — 3F2p2r14 Inr; + F1p2r24 Inry + Fpritry? Inp — Fir12rt Inry
—Bri*r?Inry + 26r1*n? Inry + 3F0%r 2 In(p/r1) + 3F1 022 In(r2 /)
+2F0%r1* In? p — 2F0%r* InpInry — 2Fyry2r* Inplnr,

+2F21’141’22 In 1Y In ry + 2F11’121’24 In r1 In rp — 2F21’141’22 In 1 In 1)
—4F10%r1%r2% In(p /1) — 3F1p*r1?r? In(ry/p) + Fp*r1%r2% In(p/11)
+2F0*21In(p/r1) Inp + 2F1 0*r22 In(r2/p) In p — 2F; 0?1122 In? p
—5F10%r1%12% Inp + 4F, 0211122 In 1y — 260%11 %122 In 7y

—8F1p°r1%r2* In(p/r1) Inp — 8F0*r1°r2* In(r2/p) Inp

+4F1 02112122 In(p/71) Inry + 6F 02112122 In(r2/p) Inrq

+2F0%r1%1% In(p/71) Inry — 4Fp%r1 %122 In(p/11) In? [y

—4F1p2r12r22 In(ry/p In? 0+ 2F1p27121'22 Inplnr

+4F1 02112122 In(p/71) InpInry + 4F 01?122 In(r2/p) InpInr]

~— — — —

(A5)

(A6)

(A7)

(A8)

(A9)
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K¢ = [ 3P1p21’24 + 3F1p41’2 - 3F2p27’1 - F17’121’24 + F21’127’24

+F1p2r1 2+ 2F2p 12152 — 5Fip Zppt Inp + 2F1p4722 Inp —2Fp 4,2 Inp
—Fr?rtInp — Bp?ri*Inry + 3Fp%r Inry + Bri?r* Inp — 2F 1%t Inry
+Fr?2r* Inry + Bry*ro? Inry + 3F0%r 2 In(p/11) + 3F1p*r% In(ra /o)
721-“1‘021’24 In? o+ 2F 0% InpInry — 2F 1% In plnry + 26,7145 Inplnrg
+2F 2t Inr Inry — 261 r22 Inry Inry + Fip?r%r% In(ry /)

—3E0%11%1% In(p/11) — 4Fp%r1 %12 ln(rz /p)+ 2F2p4r12 In(p/r) lnp

+2F ptrp? ln(rz /p)Inp + 2F7_p 11212 1In% p + 5F202r1 22 In p + 2F; p%r1 21,2 Inry
—4F0%r1%1y% Inry — 8F0%r1 %152 ln(p/rl) Inp — 8F0%r1 %1% In(ry/p) Inp
+2F1p2r1 122 In(ry/p) In 1’1 + 6F0%11 722 In(p/r1)In r2 +4F0%r1%1p% In(ry /p) Iny
—4F,0%r12r22In(p/11) In? p — 4F>0%1; rz ln(rz/p) In? o — 2F0%r12r22 InpInr,
+4F0%11%r% In(p/11) InpInry + 4F>0%11%1% In(r2 /) In p In 73]

(A10)

Second, we found six equations containing A;r/ -, Bl+ / -, Cf /= which are from the

first relation of Equations (23) and (26), Equation (31), and the first relation of Equations
(36) and (37). They are listed in order as follows:

2A7 T — —i——:O
ZAI“rZ———i—CJr—
AF (1 p)+B+<1%_P12)+Cl+lnrp2
A= (2 —r1)+B (—}%>+Cl‘1nfl:—§ (A11)
24} —1+ 2A;p+25%—%:
6A1p+ 1+ =0
6A1+p—|—25%1++%—0

where Af/f, Bf/f, Cf/f may be determined as

A+ - P(p6—2p4r12+p4722+p2r14—2p2r12r22+r1 7o )
1= 2bS

B — P(3p6—6p4r12—p4r22+3p2r14+2p2r12r22—r14r22)p2r22
1 = bS

Cc+— P(3p8—6p6r12+3p4r14+p4r2 —20%ry r24+r14r24)
1 = bS

A — P(p*+11%) (P=1%)° ’ (A12)
1= 265,

B — 7P(p27r22) (3p27r12)p2r12
1 = ,2b5

o = Pl Grten)
1 = bS

in which

S =20%r* —20%r12% — 20%ry* +20°r22 + 308 In(p /1) + 308 In(r2/p)
+ptri*In(p/r1) +3p*r1*In(ra/p) + 3p*r2* In(p/r1) — 6p%r1% In(r2/p)
—6p bry2 In(p/r1) +p r24 ln(rz /p)+r1 4pyt ln(p/rl) + 4t In(r2/p)
+20%11212% — 20%1r141p% — 207114122 In(p /1) — 20%r1 %12 In(r2 / p)

(A13)
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